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FOREWORD

Sandrine Humbert's team, where | conducted my doctoral research, explores how the
mutant form of the protein huntingtin (HTT) affects the biology of neural stem cells. The team
showed that mutant HTT impairs several steps of cortical brain development such as proliferation
of neuroepithelial stem cells, neuroprogenitor polarization, axonal growth and synaptogenesis. In
the adult mouse brain where neural stem cells reside, mutant HTT diminishes also neurogenesis
by decreasing the maintenance of subventricular zone (SVZ) stem cells. Regarding its role in neural
stem cells and considering recent evidences showing that glioblastoma may originate from
deregulated SVZ cells, | asked whether wild-type HTT might be involved in glioblastoma stem cells

(GSC) biology and notably in their ability to resist to anticancer treatments.

Conventional therapeutic approaches have generally proven inadequate in effectively
treating glioblastoma multiforme (GBM). The alkylating agent temozolomide (TMZ) remains the
most potent anticancer drug to date, significantly increasing the median survival of patients.
However, the development of resistance to TMZ, and notably the expression of the enzyme O°-
methylguanine-DNA methyltransferase (MGMT) by tumor cells, poses a significant challenge. Here,
| tested whether decreasing HTT levels in GSC would sensitize them to TMZ. | used antisense
oligonucleotides (ASO) to target HTT mRNA and showed that decreasing HTT protein levels
sensitizes glioma cell lines to TMZ as lower concentrations of TMZ exacerbates DNA damage and
cell death. The same results were obtained when treating highly resistant patient-derived GSC that
express MGMT. In Nude mice injected with human GSC, co-treatment with the ASO and TMZ was
able to reduce brain tumor growth. An in vivo survival assay is currently ongoing. This work
represents the main part of my thesis (Part |) and will be submitted for publication by the end of

the year.

During the first year of my PhD, | studied the role of HTT in the progression through the
neural stem cells lineage of the subventricular zone cells and found that HTT is a key intrinsic
regulator of the quiescent and activated stem cell states. | showed that HTT downregulation is

necessary to promote the transition from the activated stem cell state to the progenitor state.



Preliminary experiments showed that HTT is degraded at the progenitor stage. Moreover, in
HD SVZ cells, HTT is maintained at the progenitor stage. | also showed that differentiation of
HD SVZ cells is directed towards the glial fate at the expense of the neuronal fate. Further work
has to be done to determine how downregulation of HTT at the progenitor stage affects

differentiation. This work is presented in (Part Il).

In parallel to the first and second research projects, | had the pleasure of collaborating
with other members of my team, notably Mariacristina CAPIZZI, on a project focused on the
role of NUMAL in the microtubule and axonal growth. For instance, suppressing NUMA1 in
wild-type cells recapitulates the microtubule and axonal growth defects of HD, whereas raising
NUMAT1 levels restores microtubule organization and rescues axonal growth (Capizzi et al.,
2022). In a second collaboration, this time with Monia BARNAT, | worked on embryonic
development defects in a murine model of MH and contributed to demonstrating that these
defects are present in the brains of human fetuses carrying the mutation (Barnat et al., 2020).

These studies are published and | added the manuscripts in (Part Ill).



ABSTRACT

Glioblastoma multiforme (GBM) is a deadly brain tumor with limited treatment options.
The alkylating agent temozolomide (TMZ) significantly increases the median survival of patients.
However, tumor cells develop resistance to TMZ. In this study, we explored a novel therapeutic
approach to sensitize cells to TMZ. Huntingtin (HTT), which mutated form causes Huntington
disease, is a prosurvival protein widely expressed by neurons. HTT is also expressed in
glioblastoma. We downregulated the huntingtin (HTT) protein using an antisense oligonucleotide
(ASO) that directs the HTT mRNA for RNAse degradation. We treated ASO-transduced glioma cell
lines with TMZ and found that HTT-depletion exacerbates TMZ-induced DNA double-strand
breaks, poly(ADP-ribose) polymerase 1 (PARP1) cleavage, cell cycle arrest in G2 and eventually cell
death by apoptosis. ASO-mediated HTT downregulation also sensitize patient-derived glioma stem
cells (GSCs) that express the DNA repair enzyme O6-methylguanine-DNA methyltransferase
(MGMT). Moreover, HTT-downregulation decreases stem cells properties namely expression of
the proneural stem cell marker DLL3 and self-renewal. In vivo, in immunocompromised mice
injected subcortically with MGMT expressing GSCs, a single intracerebroventrical administration of
ASO followed by oral TMZ treatment delayed significantly proliferation, expression of DLL3 and
tumor growth as compared to mice receiving a scramble oligonucleotide. The ASO-mediated HTT
downregulation strategy to sensitize GSCs to TMZ holds promise for the treatment of

glioblastoma.

Keywords: glioma stem cells, temozolomide, glioblastoma, huntingtin, antisense oligonucleotide,
MGMT.



RESUME

Les glioblastomes sont des tumeurs cérébrales létales pour lesquelles les options
thérapeutiques sont limitées. L’agent alkylant témozolomide (TMZ) augmente significativement la
durée de vie des patients. Cependant, les tumeurs deviennent résistantes au traitement
anticancéreux. Dans cette étude nous proposons une nouvelle approche consistant a sensibiliser
les cellules cancéreuses au TMZ. La huntingtine (HTT) est une protéine connue pour causer la
maladie de Huntington lorsqu’elle est mutée. C’'est une protéine impliquée dans la survie des
neurones. HTT est exprimée par les cellules de gliomes. Nous avons diminué les niveaux
protéiques de HTT en traitant des lignées cellulaires de gliomes avec un oligonucléotide antisens
(ASO) ciblant I’ARNm de la HTT ce qui induit sa dégradation par la RNAse H1. La diminution des
niveaux de HTT exacerbe les effets toxiques du TMZ, augmentant les cassures double-brins de
I’ADN, le clivage de la poly(ADP-ribose) polymérase 1 (PARP-1), I'arrét du cycle en G2 et la mort
cellulaire par apoptose. La diminution des niveaux de HTT par traitement a I’ASO sensibilise
également des cellules souches de gliome (GSCs) issues d’un patient et exprimant I'enzyme
méthylguanine méthyltransférase, une enzyme de réparation de I’ADN. De plus, la diminution des
niveaux de HTT diminue les capacités d’autorenouvellement des GSCs et I’expression du marqueur
de cellules souches proneurales DLL3. /n vivo, des souris immunodéficientes ont été greffées avec
ces GSCs en sous-cortical pour former des tumeurs et I'injection d’ASO dans le ventricule latéral
suivi du traitement oral avec du TMZ retarde significativement la pousse tumorale comparé a des
souris traitées avec un oligonucléotide contréle (non dirigé contre un ARNm). Ce ralentissement
tumoral est associé a une diminution de la prolifération des cellules tumorales ainsi qu’a la perte
d’expression du marqueur DLL3.

L"utilisation d’ASO pour diminuer la HTT sensibilise les tumeurs au TMZ et semble une

stratégie prometteuse dans la lutte contre les glioblastomes.

Mots-clefs : cellules souches de gliome, témozolomide, glioblastome, huntingtine, oligonucléotide

antisens, MGMT.
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INTRODUCTION

CHAPTER.1 The GLIOBLASTOMA MULTIFORM

1.Generalities
1.1-Epidemiology

Glioblastoma (GBM) are tumors from glial origin and is considered a grade IV glioma based
on the WHO classification (Louis et al., 2016). GBM is the most common and most aggressive brain
tumor with an average annual incidence of 3.23 per 100 000 persons in the United States(Miller et
al., 2021). In 2018 in France, 3481 patients were newly diagnosed for GBM (Defossez et al., 2021).
While the average annual age-adjusted incidence rate of primary malignant brain and other CNS
tumors was 7.08 per 100 000, GBM accounts for half of all malignant brain tumors (Miller et al.,
2021; Ostrom et al., 2020). GBM is uncommon in children and affects people age 45 to 75 with a
median age at diagnosis of 64(Tamimi and Juweid, 2017). The incidence of GBM is 1.6 times higher
in men than women(Colopi et al., 2023). Extracranial metastases of GBM are rare due to the fast-
growing nature of the tumor and the short overall survival.

To date, there is no effective treatment to cure GBM. The standard of care consists of
maximal resection of the tumor followed by radiotherapy. Concomitant and adjuvant
chemoradiotherapy with temozolomide (TMZ) increases the median survival by 2.5 months that
reaches 15 months after diagnosis ((Stupp et al., 2005). Despite treatments, the five-year survival

rate is of only 7.2% and the disease remains 100 % lethal (Ostrom et al., 2020).

1.2-Etiology of GBM and risk factors

Most of the GBM occurs sporadically and their origin remains elusive. There is no evidence
supporting environmental causes for developing glioma with the exception of exposure to ionizing

radiation due to prior radiotherapy during childhood (Braganza et al., 2012).
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There is an ongoing debate on whether cell phone use can increase the risks of developing
brain tumors. A recent study led in UK on more than 700 000 women followed-up for 14 years
concluded that there was no association between cell phone use and brain tumors (Schiiz et al.,
2022).

An aggregation of cases of gliomas was reported several years ago in the Isere department
in France, in a small village of 1600 inhabitants. Seven cases of brain tumors including
glioblastomas were reported between 2002 and 2016, which is 7 times more than expected.
Nevertheless, the inquiry failed to elucidate a cause and attributed this aggregation of cases to the
random distribution of the disease in a small population.

Regarding genetic factors, a higher risk of GBM was found in patients with hereditary
tumor syndromes, such as Li-Fraumeni and Turcot syndromes. The Li-Fraumeni syndrome is a
hereditary genetic condition caused by germline mutations in the tumor suppressor gene TP53
that predispose patients to the development of cancer and notably to low grade and high grade
gliomas (Orr et al., 2020). Turcot syndrome is characterized by the formation of multiple benign
growths (polyps) in the colon that occur in association with a primary brain tumor. This is an
extremely rare disease with only 150 cases reported worldwide. Turcot syndrome is due to
mutations in DNA mismatch repair genes such as MLH1 and PMS2 or in the tumor suppressor
gene APC (“adenomatous polyposis coli”). Other inherited familial tumor syndromes that increase
the risk for malignant gliomas include germline mutation of the tumor suppressor gene NF1
encoding for neurofibromin, a GTPase activating protein that inactivates Ras proteins (Reuss and
von Deimling, 2009).

Interestingly, the incidence of glioma is reduced in patients suffering from asthma, allergies
and atopic diseases probably because of the exacerbation of immune surveillance mechanisms

(Tamimi and Juweid, 2017).

1.3-Symptoms and diagnosis

GBMs are commonly located in the supratentorial regions of the brain: namely the frontal,
temporal, parietal and occipital lobes, and rarely in the cerebellum and brainstem. According to
GBM localization, symptoms include headache, alterations in mental status, speech and language
difficulties, gait alteration, sensory abnormalities and seizures (Tamimi and Juweid, 2017).

Magnetic resonance imaging (MRI) is the modality of choice for diagnosis and is also used

to plan the surgery and assess the treatment response. T2-weighted, fluid attenuated inversion
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recovery (FLAIR) and pre- and post-gadolinium T1-weighted MRI exams capture detailed images of
the tumors and associated features such as tumor volume, peritumoral edema, necrosis, degree
of enhancement, and presence of cysts. MRI provides better pictures of soft tissue organs than X-
rays-based computerized tomography (CT). However, as MRl is contraindicated for patients with a
pacemaker or an implantable cardiac defibrillator, CT scan is prescribed alternatively to these
patients. Advanced MRI techniques provide more detailed information about the tumor, which is
essential to make an informed decision about tumor management. As an example, diffusion
tensor imaging (DTI) uses anisotropic diffusion to reconstruct the white matter tracts in the
peritumoral regions, enabling surgeons to assess tumor infiltration (Bernstock et al., 2022). When

removed, the tumor tissue is sent to histopathology for histological diagnosis.

Figure.1| Typical imaging findings of glioblastoma in a 12-year-old male patient. In the axial T2-weighted(A)
and fluid-attenuated inversion recovery (FLAIR) images (B), there is a tumor located in the left occipital lobe
that appears as a heterogeneous T2 hyperintense area. Additionally, there is noticeable peritumoral edema
surrounding the tumor (indicated by an arrow). On the axial post-contrast T1-weighted image, the tumor
exhibits a characteristic heterogeneous rim enhancement. Furthermore, the color-coded fractional anisotropy
image shows disruption of the brain structure at the necrotic core of the tumor (C). Adapted from (Bernstock
2022).

2-Classification of GBM

2.1-Historical facts

The first recorded reports of non-metastatic primary central nervous system (CNS) tumors
were reported by Berns in 1800 and by Abernety in 1804. Their reports were based on autopsy
materials and gross morphological observations lacking information about the origin of the cells
and their structural features. They defined tumors as being infiltrate malignant cells growing in the

CNS, distinctly different from healthy tissues (Scherer, 1940). In 1865, Rudolf Virchow gave the
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first description of a glioma based on its cellular organization: it is a tumor from glial origin, which
organization contrasts with the healthy surrounding tissue. He noticed differences at the
histological levels between tumors and therefore proposed the first classification into groups
based on the cellularity and general contrast when compared to normal brain tissue. The two
distinct groups correspond to low-grade gliomas (LGGs, Grade | and Il) and high-grade gliomas
(HGGs, grade Ill and IV) as defined now in the WHO classification.

Later, Percival Bailey and Harvey Cushing introduced the base of modern glioma
classification based on histological observations. Bailey and Cushing introduced the term
« Spongioblastoma multiforme » to the most malignant glioma tumor. Multiform refers to the
polymorphic appearance of the tumor within the same tissue sample. Bailey discovered tumors
originating from astrocytic glia termed astrocytoma according to their microscopic similarities with
astrocytes. After, spongioblastoma term was replaced by glioblastoma (GBM).

In the 30s, the German pathologist Hans-Joachim Scherer proposed a diagnosis based on the
histopathological observations of the whole tumor sample rather than individual cells and
conclude that GBM and astrocytoma share the same precursor origin cell and that astrocytoma
can progress to GBM along the course of the disease. These secondary GBM arising from previous
astrocytoma share similar histomorphological features with de novo primary GBM however, they
respond differently upon clinical treatments. Primary GBM are more aggressive than secondary
GBM.

In 20t century, the immunohistochemistry technique was introduced and GBM tumors
were characterized as being positive for glial markers such as S100, GFAP and Vimentin. Later, the
introduction of genetic studies and progress in DNA sequencing refined the classification
according to the presence of key mutations (Stoyanov and Dzhenkov, 2018). Nowadays, the World
Health Organization (WHO) proposes a classification based on histopathological features of the

tumor, the cell of origin and genetic mutations and epigenetic alterations.

2.2-WHO classification of gliomas

There are two main groups of gliomas: the diffuse and the non-diffuse ones. Non-diffuse
glioma has a more circumscribed growth pattern, pilocytic astrocytomas and ependymal tumors
being the most frequent representatives. Diffuse gliomas extensively infiltrate the healthy CNS
parenchyma and therefore are difficult to treat. Diffuse gliomas are the most frequent and

comprise astrocytomas, glioblastomas, oligodendrogliomas and oligoastrocytomas (Figure 2).
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According to the mitotic pattern of the tumor, the presence of necrosis and neovascularization, a
grade ranging from | to IV is assigned. The grading correlates with aggressiveness, with LGG
(grades Il and ) being less aggressive as compared to HGG such as anaplastic astrocytomas (grade
[11) and glioblastoma (grade IV).

Primary and secondary GBM previously characterized by Scherer based on histological
observations are distinguishable genetically according to their isocitrate dehydrogenase (IDH)
status: primary tumors are IDH wild type whereas secondary GBM are mutated for this enzyme

(Louis et al., 2016).

2.2.1-Primary GBMs

Primary GBM develops de novo in patients at the median age of 62 years old and represent
90% of the GBMs. These tumors are highly necrotic and are very aggressive as the median overall
survival time with the Stupp protocol is about 15 months. Among the mutations (Table 1) that

characterized these tumors:

e TERT: alterations in the promoter region of the telomerase reverse transcriptase (TERT)
gene occur predominantly in /DH wild-type glioblastoma (70% of cases). TERT are
nucleoprotein complexes located at the end of chromosomes and are required to repair
and maintain telomere length in cycling cells, avoiding replicative senescence or cell death.
Mutations at locations upstream the translation start site result in the upregulation of

TERT gene expression (Meyerson et al., 1997).

e EGFR: the epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor belonging
to the ERBB family of receptors. Once activated by EGF binding, two receptors dimerize
and their intracellular domains auto-phosphorylate at tyrosine residues that serve as
docking sites for adaptor proteins with SH2 domains. These adaptor proteins activate pro-
proliferative and pro-survival pathways such as the Ras/MAPK kinases and the
phosphoinositide 3-kinase (PI3K)-AKT pathways. In primary GBM, exacerbated
proliferation is associated with the amplification of the EGFR gene or the expression of an
oncogenic receptor with constitutive activity (35% of cases). The oncogenic receptor
EGFRvIIl is caused by an in-frame exons 2-7 deletion, resulting in a receptor with a lack of

cysteine rich region in N-terminal. Thus, EGFR is continuously activated in a ligand-fixation
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independent manner promoting GBM cell growth and tumorigenesis (Guo et al., 2015).
EGFRvIII expression is frequently enhanced in GBM due to its promoter demethylation
(Del Vecchio et al., 2013). In addition, it was shown that the co-expression of EGFR WT
and EGFRVIII promotes oncogenicity. In fact, activated EGFR WT phosphorylates EGFRvIII
triggering nuclear transport of EGFRVIII that binds and phosphorylates STAT3, which
drives transformation (Fan et al., 2013). Despite exacerbating proliferation, EGFR
amplification does not correlates with poor outcomes (Quan et al., 2005),(Hsu et al.,
2022).

e PTEN: loss of the tumor suppressor gene “phosphatase and tensin homologue” (PTEN)
results from the deletion or mutation of the 10923 locus and is found in 37% of cases.
PTEN is a phosphatase that regulates the PI3K-AKT pathway associated with cell survival.
PTEN removes the phosphate from the phospholipid second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP3) impeding the activation of the pro-survival
serine/threonine kinase AKT. When PTEN is lost, apoptotic pathways are inhibited. Loss of

PTEN is associated with poor prognosis in glioma patients (Han et al., 2016).

2.2.2-Secondary GBMs

Secondary GBM arise in younger patients at the median age of 44 years old and represent
10% of the GBMs. They develop from previous tumors such as anaplastic or diffuse astrocytoma.
Secondary GBMs are found in equal proportion between males and females while primary GBM
are more frequent in males. Necrosis is limited in these tumors. The prognosis is better as
compared to primary GBMs as the median overall survival time with the Stupp protocol reaches

31 months. Among the mutations (Table 1) that characterized these tumors:
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IDH-wildtype glioblastoma IDH-mutant glioblastoma

Synonym [g::j:"r};d?;g lastoma, %ﬁ?r:i?arymglioblastoma.
Brasiasr Not identifiable; Diffuse a_strocylcma
develops de novo Anaplastic astrocytoma
Proportion of glioblastomas ~80% ~10%
Median age at diagnosis ~62 years ~44 years
Male-to-female ratio 1.42:1 1.05:1
Mean length of clinical history 4 months 15 months
Median overall survival
Surgery + radiotherapy 9.9 months 24 months
Surgery + radiotherapy
+ chemotherapy 15 months 31 months
Location Supratentorial Preferentially frontal
Necrosis Extensive Limited
TERT promoter mutations 72% 26%
TP53 mutations 27% 81%
ATRX mutations Exceptional 71%
EGFR amplification 35% Exceptional
PTEN mutations 24% Exceptional

Table 1| Key characteristics of IDH-wildtype and IDH-mutant glioblastomas. Adapted from (Louis
et al 2016).

IDH: the enzyme isocitrate dehydrogenase (IDH) is key enzyme of the Krebs cycle that
catalyzes the oxidative decarboxylation of isocitrate, resulting in a-ketoglutarate, carbon
dioxide and NADPH release. Point mutations in /IDHI (R132) and /IDH2 (R172) results in the
loss of the IDH native enzymatic activity and gain of alternative enzymatic activity
producing the oncometabolite D-2-hydroxyglutarate from a-ketoglutarate. NAPDH is
consumed during the reaction, which increases the oxidative burden of the cell that may
potentiate the cytotoxicity of Stupp treatment. D-2-hydroxyglutarate is a competitive
inhibitor of a-ketoglutarate -dependent enzymes such as DNA and histone demethylases.
This inhibition modifies the epigenetic status of histones and DNA, resulting in increased
levels of DNA and histone methylations. IDH-mutant gliomas exhibit a cytosine-phosphate-
guanine (CpG) island methylator phenotype (G-CIMP) characterized by a genome-wide
hypermethylation induced directly by mutant IDH1 (Turcan et al., 2012). The two mutated
isoforms are found in secondary GBM but also in grade Il astrocytoma and grade Il
oligodendrogliomas. IDH-mutant GBMs respond better to therapy with longer survival as

compared to IDH wild-type patients (SongTao et al., 2012).

ATRX: loss-of-function mutations of the genes coding for the histone chaperone alpha

thalassemia/mental retardation syndrome X-linked (ATRX) or for the cofactor death-

24



domain associated protein (DAXX) have been found to be mutually exclusive with TERT
promoter mutations. In these cells, lengthening of the telomeres during replication is
independent of telomerase activity and rely on hyperactive homologous recombination. It
has been shown that loss of ATRX or DAXX activates the alternative lengthening of

telomeres (ALT) mechanisms in cancer cell (Li et al., 2019).

e TP53: TP53 deficiency invariably co-occurs with mutations in ATRX and IDH1/2. The TP53
gene encode the p53 protein that plays a critical role in cellular responses to DNA damage.
Activation of p53 triggers cell cycle arrest to allow for DNA repair or directs cellular
senescence or apoptosis. Mutations in the p53 pathway are found in 80% of cases of
secondary GBMs. P53 is a tumor suppressor and its inactivation in GBM (mutation,
homozygous depletion, 35% of cases) promotes tumor formation by enabling damaged
cells to survive and grow. Overexpression (gene amplification) of the MDM2 oncoprotein,
an E3 ubiquitin ligase promoting p53 proteasomal degradation, is found 14% of the GBM
(Cancer Genome Atlas Research Network, 2008),(Phillips et al., 2013).

Histology Astrocytoma Oligoastrocytoma Oligodendroglioma Glioblastoma

|
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i us IDH mutant 1DH wild-type ; IDH mutant IDH wild-type
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'
[ Oligodendroglioma, /DH mutant and 1p/19q codeleted Genetic testing not done
or inconclusive
v

'
1

After exclusion of other entities: :
Diffuse astrocytoma, IDH wild-type 1
i

1

1

i

Oligodendroglioma, NOS

v

Diffuse astrocytoma, NOS
Oligodendroglioma, NOS
Oligoastrocytoma, NOS
Glioblastoma, NOS

* =characteristic butnot
required for diagnosis

Figure.2 | A simplified algorithm for classification of the diffuse gliomas based on histological and genetic
features, adapted from (Louis et al 2016).
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2.3-Other mutations

2.3.1-PDGFRA amplification

Platelet-derived growth factor receptor A (PDGFRA) is the second most frequently mutated
tyrosine kinase receptor following EGFR in GBM. The PDGFRA gene is amplified in 10% of GBM. In
the CNS, activation of PDGFRA by PDGF induces the proliferation of oligodendrocyte precursors.
PDGFRA amplification is associated with worse overall survival in IDH-mut GBM (Phillips et al.,

2013).

2.3.2-Mutations or deletion of the Ras antagonist NF1

The Neurofibromatosis type 1 (NF1) gene encodes the neurofibromin 1 protein.
Neurofibromin 1 transduces signals from receptor tyrosine kinases to the Ras-MAPK pathway.
Neurofibromin 1 possesses a GTPase-activating domain related domain that promotes the
hydrolysis of active Ras-GTP to the biologically inactive form of Ras-GDP. Neurofibromin 1
negatively regulates the Ras/MAPK pathway. NF1 is mutated in approximately 13—14% of GBM
patients. When NF1 is mutated, Ras is hyperactivated (Scheer et al., 2021)(Eckel-Passow et al.,
2015)

2.3.3-1p/19q co-deletion

Loss of heterozygosity (LOH) due to partial or total deletion of the p and g arms of
chromosomes 1 and 19 respectively is mostly found in of low-grade oligodendroglioma, anaplastic
astrocytoma, anaplastic oligodendrogliomas and in secondary GBM (or IDH mutant grade 4
astrocytoma). Patients with this co-deletion have a better favorable outcome with longer survival
when treated. 1p/19q co-deletion is frequently associated with TERT and IDH1 mutations (Eckel-

Passow et al., 2015).

2.3.4-Homozygous deletion of CDKN2 (cyclin-dependent kinase inhibitor 2) A and B
(CDKN2A/B).

CDKN2A/B homozygous deletion is a strong adverse prognostic factor. It is found in about
45% of primary GBM and 20% of secondary GBM (Hsu et al., 2022; Huang, 2022; Ohgaki and

Kleihues, 2013). The CDKN2A/B genes are located on chromosome 9p21 locus and encode for the
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tumor-suppressor proteins p14(ARF), p16(INK4A) and p15(INK4B). P15 and p16 are cyclin-
dependent kinase (CDK) inhibitors, which form a complex with CDK4 or CDK®6, limiting their
activating interaction with the CDK cyclin D1. Progression through the G1 phase of the cell cycle is
therefore stopped as CDK4/cyclin D1 or CDK6/cyclin D1 cannot phosphorylate the retinoblastoma
protein RB that sequesters the transcription factor E2F. p14(ARF) triggers p53-mediated cell-cycle
arrest or apoptosis by inactivating MDM?2 (mouse double minute 2), an E3 ubiquitin-protein ligase

targeting p53 for degradation.

2.3.5-06-Methylguanine-DNA Methyltransferase (MGMT) expression

The expression of MGMT will be treated in a following chapter (5-3.2)

3- Glioma cancer stem cells

3.1-Tumor growth relies on GCSs

Malignant solid tumors are heterogeneous neoplasms composed of different types of cells
in different states of incomplete differentiation. It was proposed that any differentiated cells of
the adult brain that undergo oncogenic transformation could de-differentiate, proliferate
unrestrictedly and become tumorigenic. In line with this stochastic model, within a tumor, any
given cells would be capable of initiating tumor growth and recreating the cellular heterogeneity
of the original tumor. This hypothesis was challenged by observations that not all cells of the
tumor mass can reinitiate a tumor when grafted in immunodeficient mice. Historically, Bonnet and
Dick found that only a subpopulation of acute myeloid leukemia cells (as few as 0.2% in one
patient) purified from a human patient sample were able to transfer the disease to NOD-SCID
mice (Bonnet and Dick, 1997). Therefore, tumor initiation and growth rely on a subpopulation of
cells endowed with stem cells capacities: cells capable of proliferating, self-renewing and giving
rise to pseudo-differentiated cells constituting the heterogeneous population of the tumor mass.
In accordance with this hierarchical cancer stem cell model, glioma cancer stem cells (GSCs) i) are
able to reinitiate a tumor after sequential transplantations in immunodeficient mice (Galli et al.,
2004) and ii) transplantation of as few as 10 GSCs is sufficient to generate a tumor (Richichi et al.,
2016).

Glioma stem cells (GSCs) have been originally isolated from tumor biopsies using the

functional sphere-forming assay. Culture methods used to culture neural stem cells from the
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mouse subventricular zone (SVZ) were applied to tumor biopsies (Galli et al., 2004; Singh et al,,
2004; Vescovi et al., 2006; Yuan et al., 2004). Neural stem cells are grown in culture in free-
floating: after mechanic and enzymatic dissociation of freshly dissected SVZ explants, SVZ cells are
cultured in serum-free medium completed with epidermal growth factor (EGF) and basic fibroblast
growth factor (FGF-2). SVZ neural stem cells were originally cultured using this protocol in the
seminal work of Reynolds and Weiss in 1992 (Reynolds and Weiss, 1992). Four to 6 days later, the
clonal proliferation of stem cells generates free-floating neurospheres containing both progenitors
endowed with a limited proliferation capacity, and stem cells with an unlimited capacity to self-
renew. To assess self-renewal, spheres are dissociated and single cells are re-plated in the same
conditions: capacity to regenerate neurospheres is indicative of self-renewal (Weiss et al., 1996). A
clonal sphere derived from a neural stem cell give rise to neurons, astrocytes and
oligodendrocytes when adhered and upon growth factor withdrawal as a neural stem cell is
multipotent. The differentiated cell progeny of neural stem cells is therefore postmitotic cells. In
contrast, the progeny of GSCs never terminally differentiate and can reenter the cell cycle. Caren
and collaborators differentiated GSCs by long-term exposure to BMP4. This treatment decreased
cell proliferation and stem cells expression of OLIG2 and EGFR genes while differentiating cells in
GFAP astrocytes and O4 oligodendrocytes. However, when re-exposed to EGF and FGF2,
astrocytes and oligodendrocytes re-entered the cell cycle indicating that were not driven to a
terminally differentiated cell-cycle arrested state by BMP4 treatment. Moreover, despite long-
term BMP4 treatment, the cells were able to initiate tumors when orthotopically grafted in
immunodeficient mice. This failure in inducing complete differentiation and cell-cycle arrest is due
to inappropriate chromatin remodeling and an incomplete DNA methylation associated with

downregulation of oncogene pathway silencing (Carén et al., 2015).

3.2-Markers of stem cells

One of the main challenges for studying GSCs was to identify a bona fide marker. Several
markers have been described such as the transcription factors Sox2 and Olig2, the intermediary
filament nestin, the RNA-binding protein musashi-1 and others. However, theses intracellular
markers are not found in all tumorigenic cell derived from GSCs cultures. Moreover, identifying a
cell-surface marker is of better interest in the prospective of sorting these cells from the cells
constituting the tumor mass or from GSC cultures. Sorting for CD133 (promininl) expressing cells

was for a time the gold standard for GSCs isolation. CD133 is a cholesterol-binding membrane
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protein of unknown biological function expressed by haemopoietic stem cells as well as by fetal
brain cells. It was reported that only CD133+ cells isolated from GBM derived stem cell cultures
can initiate tumors after xenotransplantation and only as few as 100 CD133+ cells could do soin a
NOD-SCID mouse brain while CD133- are non-tumorigenic (Singh et al., 2004). Nevertheless,
CD133 negative cells from primary tumor-derived adherent cultures were also able to reinitiate a
tumor (Beier et al., 2007). Percentage of CD133+ cells were reported to vary from 30 % to 5% in
tumor-derived culture which questions CD133 as a reliable marker for GSC. Indeed, CD133 has
been shown to increase with hypoxia (Rosenberg et al., 2018).

The cell surface marker stage-specific embryonic antigen 1(SSEA-1/LeX) is a trisaccharide
highly expressed on embryonic stem cells in the developing brain and adult SVZ (Capela and
Temple, 2002) SSEA-1+ cells isolated from GSC cultures are highly tumorigenic in vivo. This marker
seems to be more reliable than CD133 as it is expressed in 96% of GBM tumors analyzed in Son et
coll whereas CD133+ cells are found in 54% of these tumors (Son et al., 2009).

GSCs can also be identified and isolated with functional assays. GSCs exhibit a high activity
of the enzyme aldehyde dehydrogenase 1 (ALDH1). ALDH1 catalyzes the oxidation of retinol to
retinoic acid (RA) and RA contributes to the maintenance of an undifferentiated stem cell
phenotype. ALDH1 has been described as a marker of cancer stem cells in numerous solid tumors
including glioma (Rasper et al., 2010). The ALDEFLUOR™ was developed by the firm STEMCELL
Technologies to sort cells with high ALDH1 activity, i.e., GSCs.

The tumorigenic capacity was shown to be retained by a side population of cells able to pump out
the Hoechst 33342 dye, due to the expression on their surface of ABC transporters such as the
multidrug resistance transporter 1 and the ABCG2 (also known as BCRP1). In the rat C6 glioma cell
line, 0.4% of cells have this capacity and only these cells display tumorigenic potential (Kondo et
al., 2004). However, brain endothelial cells express also these pumps (Golebiewska et al., 2013)
therefore, this functional assay does not allow the isolation of a pure population of stem cells. All
these markers (antigenic and functional) are still used to date, none of them is considered
indisputably.

The search for a universal marker for GSCs main in fact be senseless as molecular profiling

showed that GBMs may originate from different tumor initiating cells.
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3.3-Molecular Classification

Histopathology ambiguity and tumor heterogeneity challenges GBM diagnosis and
prognosis. Molecular classification of GBM base on transcription profile complements the
traditional pathology base description. Gene expression profiling initially used microarray
technology, then large-scale high-throughput next-generation sequencing technology. In the
seminal work of Phillips and collaborators, microarray expression profiling of high-grade glioma
samples identified 3 GBM subtypes according to a set of 35 signature genes (Phillips et al., 2006).
Each subtype is characterized by an over-expression of signature genes. The pro-neural (PN)
subtypes which affects younger patients, express genes associated with neurons (e.g., Neural cell
adhesion molecule (NCAM) and Gamma-aminobutyric acid B receptor 1 (GABBR1)). The
proliferative subtype presents mRNA associated with proliferation (e.g., proliferating cell nuclear
antigen (PCNA) and DNA topoisomerase lla (TOP2A)), a gene signature that resemble the one of
stem cells. The mesenchymal (MES) subtype displays overexpression of angiogenesis markers such
as PECAM1 (Platelet endothelial cell adhesion molecule) gene and VEGF (Vascular endothelial
growth factor).

Subtypes of GBM have been further characterized by combining transcriptomic analyses to
the Cancer Genome Atlas (TCGA) Research Network TCGA catalog of genomic abnormalities in
GBM (Verhaak et al., 2010). The PN stem cells overexpress PDGFRa due to focal amplification of its
locus at 4g12. In addition, point mutations in the isocitrate /DH1/2 genes are characteristic of the
pro-neural (PN) subclass of GBM as well as mutations in TP53. Classical (CL) tumors were
characterized by EGFR overexpression (gain on chromosome 7), deletion of PTEN (chromosome 10
loss), focal 9p21.3 homozygous deletion (loss of P16INK4A, P14ARF) and over-activation of NOTCH
pathway (Verhaak et al., 2010). The Mes subtype is characterized by the focal hemizygous deletion
of a region at 17g11.2 containing the gene NF1. Genes in the tumor necrosis factor super family
pathway and NF-kB pathway are highly expressed in this particularly necrotic and inflammatory
subtype (Verhaak et al., 2010). Finally, Neural subclass was characterized by the expression of
neural markers. Among the four subtypes of GBM, the PN one show longer survival. Patients with
CL subtype shows a significant reduction in mortality with aggressive radiotherapy and
chemotherapy. Although responsive to aggressive radiotherapy and chemotherapy, the prognosis
of MES subtypes is the worst among all subtypes. The 2016 WHO classification propose a simpler

classification based on IDH mutation status (Louis et al., 2016) (Table 1) .
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In addition, the methylation profile of GBM is altered as compared to the normal brain which
probably mediates tumorigenesis and the DNA methylation states in GBM has been shown to
correlate with survival. Brennan and collaborators (Brennan et al., 2013) identified a subtype of
glioma carrying hypermethylation in cytosine-phosphate-guanine (CpG) island: the G-CIMP
(glioma-CpG island methylator phenotype). Most of the PN tumors displays the G-CIMP phenotype
that confers the survival advantage over the non-G-CIMP tumors.
The methylation status of the MGMT promoter is used as a predictive biomarker for TMZ
response (see 5-3-2). The MGMT promoter is methylated in 79% of G-CIMP versus 46% for non-G-
CIMP. However when correlated with outcome, MGMT status distinguished responders from non-
responders only amongst samples classified as classical (Brennan et al., 2013).

Detecting molecular markers specific for each GSCs population is valuable for accurate
diagnosis and stronger prognosis. However, despite the classification, there is no targeted therapy

based on molecular characteristics of GBM subtypes.

Phillips et al. Proneural Proliferative Mesenchymal
(2006)
Signature NCAM, GABBR1, PCNA, TOP2A, EGFR VEGF,VEGFR1,
SNAP91 VEGFR2, PECAM1
Chromosome None Gain on Chr.7, loss on Chr.10 Gain on Chr.7, loss on
Gain/loss Chr.10
Biological Neurogenesis Proliferation Angiogenesis
process
Verhaak et al. Proneural Neural Classical Mesenchymal
(2010)
Signature PDGFRA, OLIG2, MBP/MAL, NEFL, EGFR, AKT2, SMO, YKL40, MET, CD44,
DDL3,SOX2, NKX2-2 SLC12A5, SYT1, GAS1, GLI2, NOTCH3, MERTYK, TRADD,
GABRA1 JAG1, LFNG RELB, TNFRSF1A
Mutated genes TP53, PI3K, IDH1, PTEN, CHKN2, NF-kB, NF1
PDGFRA PDGFRA

Table.2 | GBM stem cells classification, adapted from (Zhang et al 2020).

4-Are tumor originating from deregulated NSCs?

Evidences suggest that CSCs may originate from the deregulation of neural stem cells
(NSCs) located close to the lateral ventricles. NSCs are slowly dividing cells in the brain capable of
generating new neurons in rodents. As dividing, these cells are more prone to accumulate DNA
damages and mutations than postmitotic cells and are therefore more susceptible to oncogenic

transformation.
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4.1-NSCs and neurogenesis in the adult brain

Neurogenesis persists in the brain of adult rodents throughout life. The first evidence was
reported in the sixties: using a tritiated-thymidine uptake assay, it was shown that a population of
cells in the adult rodent brain retains the capacity to cycle. The new generated cells are found in
the anterior forebrain in the subventricular zone (SVZ), the olfactory bulb and the sub-granular
zone of the hippocampus (SGZ) of rats (Altman and Das, 1965a) Since then, many studies have
shown that constitutive neurogenesis in the SVZ and SGZ of adult rodents produces neurons that
add to the olfactory bulb and to the granule cell layer of the dentate gyrus respectively (Ming and
Song, 2011). In the olfactory bulb, the new neurons differentiate into inhibitory interneurons that
integrate into the pre-existing circuitry and modulates the processing of sensory information by
the olfactory bulb’s projection neurons, regulating odor discrimination (Lledo et al., 2006). In the
DG, these newly born neurons mature into new granule cell neurons, extending axonal projections
to area CA3 and dendritic arbors into the molecular layer. These newly generated neurons are the
cellular substrate to memory, learning and stress regulation (Braun and Jessberger, 2014). The
magnitude of neurogenesis has been estimated to 30 000 neuroblasts exiting daily the SVZ while
9000 new granule cells are produced in the rodent DG over the course of a day (Lledo et al,,
2006).

NSCs in the SVZ have been identified as a subpopulation of astrocytes. In the adult rodent
brain, the SVZ is localized in the walls bordering the lateral ventricle. This region contains slowly
dividing astrocyte-like NSCs termed astrocytes B1, expressing glial fibrillary acidic protein (GFAP),
glutamate-aspartate transporter (GLAST), brain lipid binding protein (BLBP) and CD133
(prominin1) but are negative for the mature astrocyte marker S100B. Astrocytes B1 extent a single
cilium to contact the cerebrospinal fluid of the lateral ventricle and have a long basal process
ending on blood vessels (Obernier and Alvarez-Buylla, 2019).

The majority of NSCs divisions in the SVZ are symmetric “consuming” divisions where NSCs
generate C cells or progenitors that differentiate into A neuroblasts. These consuming divisions
represent 80% of NSCs divisions. The pool of NSC is maintained in the SVZ by 20% of symmetric
self-renewing divisions giving rise to two NSCs (Obernier et al., 2018) NSCs are found in two
different states in the SVZ, in an activated (a) proliferative state and a quiescent (q) state. gNSCs
extend a cilium at their apical surface and do not express the EGFR while aNSCs do no longer
present the cilium and express EGFR. It has been shown that gNSCs and aNSCs can interconvert

between more quiescent and activated states (Codega et al., 2014). C cells are transit amplifying
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prognitors expressing the transcription factors DIx2 that give rise to neuroblast or type A cells. A
neuroblasts express the surface marker polysialylated neuronal cell adhesion molecule (PSA-
NCAM) and the microtubule-associated protein doublecortin (DCX), both expressed by migrating

and immature neurons (Doetsch et al., 1997; Garcia et al., 2004).

In the human SVZ, NSCs persist in the adult however, neurogenesis is largely extinguished
in the adult. Extracted from the adult brain, cultured NSCs are able to generate multipotent
neurospheres (Sanai et al., 2004). In vivo, migration of PSA-NCAM and DCX positive neuroblasts
born in the SVZ has been observed till the 18™ month of postnatal life. Interestingly, these
neurons migrate toward the olfactory bulb but also to the ventromedial prefrontal (Sanai et al.,
2011) via the RMS and the medial migratory stream respectively (MMS). Beyond 18 months of
age, both proliferative activity and chains of migrating immature neurons are largely depleted
(Sanai et al., 2011). The adult SVZ in humans has a different cyto-architecture organization as
compared to rodents. It is composed of four distinct layers. Layer | is an ependymal monolayer
that borders the lateral ventricles. Layer Il consists of a hypocellular gap that separates the layer |
from the ribbon of astrocytes of the layer lll. This gap is very rich in processes from astrocytes and
ependymal cells that interacts through gap junctions (between astrocytes only) and desmosmes
and tight junctions. Some of the astrocytes found in layer Il continue to divide in the adult SVZ.
Layer IV is a transitional zone that contains myelin and separates layer Il from the brain

parenchyma. Unlike in rodents, no chains of migrating neurons in observed in the human SVZ.

There is a relative consensus that SVZ neurogenesis is extinguished in the adult human
brain and there is no proof that proliferating astrocytes observed in layer Il generate neurons.
However, Ernst and collaborators found immature neurons expressing DCX and PSA-NCAM in the
SVZ and the nearby striatum in adult human brains. It is easy to speculate that these immature
neurons may originate from NSCs in the SVZ, which would suggest that neurogenesis is still active

in the adult (Ernst et al., 2014).
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A. Rodent SVZ

Human SVZ

®Ependymal cells @Astrocytes @ Fast proliferating precursors @Neuroblasts @Neurons ® Oligodendrocytes

Figure.3| illustrates the cellular arrangement of the neurogenic niche in the SVZ (subventricular zone). In
panel A, a schematic diagram provides a coronal view of the mouse brain, with a specific focus on the
neurogenic niche's cytoarchitecture. Panel B presents an electron microscopy image of the rodent SVZ,
corresponding to the depiction in panel A. Moving on to panel C, a schematic representation of the SVZin a
coronal view of the human brain is shown, highlighting the four layers where the SVZ cells are organized.
Panel D complements this with an electron microscopy image of the human SVZ, corresponding to the
depiction in panel C. The key elements labeled in the figures include astrocyte-like cells (b), ependymal cells
(e), oligodendrocytes (o), and the lateral ventricle (Lv). The scale bar indicates a length of 10 um. Adapted
from (Capilla-Gonzalez et al.2006).

4.2-Transformation

A growing body of evidences suggest that brain tumors may originate from the oncogenic
transformation of SVZ NSCs. Many tumors are indeed either periventricular or contiguous with the
SVZ and experimental exposure to oncogenic viruses or administration of carcinogens results in
the formation of tumors in the SVZ. For instance, the loss of p53 associated with fetal exposure to
the mutagen N-ethyl-N-nitrosourea, results in the formation in adult mice, of periventricular areas
of cellular hyperplasia, characterized by clusters of GFAP positive cells, mature glia and
neuroblasts (Gil-Perotin et al. 2006, J. Neurosci., 26(4):1107-1116). The combine ablations of key
tumor suppressors such as p53, PTEN and the protein retinoblastoma (Rb), specifically in GFAP
proliferating cells, i.e., NSCs of the SVZ, leads to the growth of infiltrating gliomas with similar
features to the ones observed in humans (Jacques et al 2010, EMBO J 29:222-235). Specific loss of
heterozygosity of PTEN, NF1 and p53 in nestin expressing NSCs resulted in the spontaneous

development of malignant gliomas with 100% penetrance (Alcantara Llaguno et al., 2009). These
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transformed SVZ NSCs disseminate in the brain to proliferate and the more quiescent cells are
spared by TMZ treatment, reinitiating tumor growth (Chen et al., 2012). The INK4a-ARF tumor
suppressor locus encodes two proteins p16'N** and p144fF that inhibits cell cycle progression.
Deletion of this locus is frequent in human GBMs. The experimental loss of INK4a-ARF in NSCs
expressing activated form of AKT and K-Ras induces gliomagenesis in mice (Uhrbom et al,,
2002)Similarly, the constitutive activation of K-Ras in NSCs results in the formation of infiltrating
glioma in adult mice (Abel et al., 2009). The overexpression of Rictor, a scaffolding protein of the
MTORC2 complex, in GFAP proliferating cells of the SVZ, results in the growth of infiltrating tumor
in adult mice. The features of the tumor were aggravated when both Rictor overexpression and
EGFRVIII expression were induced in SVZ stem cells with overall survival of mice decreasing by
50%(Bashir et al., 2012) In humans, comparisons of somatic mutations found in the healthy SVZ
samples and tumor mass of glioblastoma patients showed that both tissue harbor driver
mutations in TERT promoter or cancer-driving genes such as EGFR, PTEN and TP53. In addition,
some mutations are only found in the tumor tissue. This suggests that oncogenic transformation

occurs first in SVZ NSCs that clonally evolve to glioblastoma (Lee et al., 2018).
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Figure.4| A diagram illustrating a coronal hemisection of the rodent brain highlights the involvement of the
subventricular zone (SVZ) in tumor development.The SVZ contains neural stem cells (NSCs) that have the
ability to initiate tumor growth. It is hypothesized that these SVZ cells can migrate to different regions of the
brain and give rise to a tumor mass. Adapted from (Capilla-Gonzalez et al.2006)
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5- Treatment

The Stupp protocol (Stupp et al., 2005)has become the standard of care for the treatment
of glioblastoma. After maximally safe surgical resection of the tumor, the patient is treated by
radiotherapy plus concomitant and adjuvant chemotherapy with temozolomide. Radiotherapy
consists of fractionated focal irradiation at a low dose of 2 Gy per fraction given once daily from
monday through friday over 6 weeks, for a total dose of 60 Gy. Temozolomide is taken orally
concomitantly with radiotherapy at a dose of 75 mg/m?2 of body surface/day, 7 days per week.
After a 4-week break, the patient receives up to 6 cycles of adjuvant temozolomide at a dose of
150-200 mg/m? of body surface per day for 5 days during each 28-day cycle. This therapy resulted
in a significant survival improvement at 2 years with 26.5% survival as compared to 10.4% with
radiotherapy alone (Stupp et al., 2009). However, the five-year survival rate is of only 7.2% and the
disease remains 100 % lethal (Ostrom et al., 2020). This is in part due to the heterogeneity and the
highly infiltrative nature of GBM but also to the development of mechanisms of resistance. In this
part, we will first detail the different steps of the Stupp protocol and the mode of action of
radiotherapy and chemotherapy with TMZ. We will then present a non-exhaustive list of

alternative therapies to GBM. Mechanisms of resistance will be addressed later.

5.1- Surgical Resection

Maximal safe surgical resection prolongs survival of patient with GBM. This procedure
consists of removing the tumor mass by excising the margins without damaging the surrounding
healthy tissue and causing neurological deficits. Besides removing tumor cells, tumor resection
helps to reduce intracranial pressure due to the tumor and provides biopsies for histological
analysis. It also provides a cavity for application of local therapies for destruction of residual tumor
cells responsible for recurrence (Jain, 2018).The neurosurgical procedures have improved to
maximize tumor resection. As an example, fluorescence guided surgery consists of the application
of an exogenous fluorescent marker in order to label cancer cells. The 5-aminolevulinic acid (5-
ALA) is a photosensitive substance that turns into a red fluorescent emission signal when
metabolized by mitochondria. Its uptake by tumor cells improves the visualization of the tumor
tissue in the operating room (Lara-Velazquez et al., 2017). Intraoperative mass spectrometry
methods are used during surgeries in order to understand the tumor’s molecular spatial

arrangement. Based on specific tumor molecules, surgeons can discriminate between the tumor
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tissue and the healthy tissue and better circumscribe the excision margins (Pirro et al., 2017).
Cortical mapping is used to precisely locate the tumor. Functional MRI before the surgery and
direct electrical stimulation (DES) of the cortex during surgery on an awake patient allow the
surgeons to delineate the tumor margins, avoiding damaging the healthy tissue and increasing the
extent of resection. During the procedure, the electrodes are placed directly in contact with the
cortex. By stimulating the cortex and subcortical structures, neuronal networks are depolarized,
activating or inhibiting the patient's corresponding neurological function (speech, movement
etc...) (Qiao et al., 2021),(Lara-Velazquez et al., 2017) .

Despite all the innovations, a complete resection of the tumor is inachevable. Indeed, GBM
infiltrates normal parenchyma and can reform tumors centimeters away from the resection site.
In the case of butterfly glioblastoma, cells migrate along the corpus callosum white matter tract
and disseminate to the contralateral hemisphere rendering the tumor inoperable (Opoku-Darko et
al., 2018). Radiotherapy and chemotherapy are therefore the only way to target disseminated

cancer cells.

5.2- Radiotherapy

Radiation therapy uses high-energy particles or waves, such as x-rays, gamma rays,
electron beams, or protons, to induce cancer cell death. lonizing radiations remove electrons from
atoms. It can directly damage the DNA or indirectly by generating reactive oxygen species (ROS)
from the radiolysis of water in the extracellular environment. Massive oxidative stress causes lipid
peroxidation, protein misfolding, and DNA strand breaks (W. Kim et al., 2019).

Radiotherapy is administered in fractions to enable normal cells surrounding the tumor to
recover between sessions of treatment. In GBM patients, a postoperative dose of radiotherapy of
60 Gy divided in 30 fractions of 2Gy is given over 6 weeks. New procedures have been developed
that deliver radiation to the tumor while sparing the nearby healthy tissues. As examples, during
intensity-modulated radiotherapy (IMRT), the intensity of radiation x-ray beams is controlled so
that a higher dose is delivered to the tumor while the healthy tissue receives minimal doses of
radiations. Stereotactic radiosurgery consists in the administration of radiations of high intensity
to a small tumor in a single session while in stereotactic radiotherapy, radiations of lower
intensities are delivered to larger tumors over several sessions of treatment. In both cases, the
head of the patient is immobilized in a rigid frame and high gamma ray or x-ray beams from
different angles are focused on the tumor. The surrounding healthy tissue is spared from
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radiations. In brachytherapy, radioactive isotopes such as iodine-125 or iridum-192 are placed
directly inside or next to the tumor and are a source of ionizing radiations (Barbarite et al., 2017).
Particle therapy uses heavy ion beams to target tumors. In the case of carbon ion radiotherapy,
the carbon ions are concentrated on the tumor site where they deliver ionizing radiations and
induce cell death (Pompos et al., 2022).

Despite the improvement of the radiation delivery techniques, there is no clear evidence of
a benefit in terms of overall survival over conventional external beam radiotherapy (Cantidio et al.,
2022).

Another noninvasive technique but non-based on radiotherapy has been developed: the
tumor-treating fields (TTFs). The patient wears on his shaved head, a portable device that
continuously delivers low-intensity electric fields that produce antimitotic effects by disrupting
mitotic spindle formation(Burri et al., 2018). TTFs therapy has been shown to improve both
progression-free (56% versus 37% at 6 months) and overall survival (13% versus 5%) when
administered during maintenance therapy with temozolomide after standard radio chemotherapy,

as compared with temozolomide alone (Stupp et al., 2017).

5.3- Temozolomide

TMZ (brand names: Temodar® in north America and Temodal® in UE) is an
imidazotetrazine alkylating agent belonging to the group of triazene compounds. TMZ is a small
molecule of 194 Dalton. It is a lipophilic prodrug able to cross the blood brain barrier and to reach
the tumor site in therapeutically relevant concentrations. TMZ is administered orally and is
robustly stable at the acidic pH of the stomach. Once in the blood and tissues, TMZ undergoes
spontaneous hydrolysis to convert to the active metabolite 5-(3-dimethyl-1-triazenyl) imidazole-4-
carboxamide (MTIC), which rapidly breaks down to form the reactive methyldiazonium ion. As an
alkylating agent, TMZ transfers its electrophilic alkyl group to ring nitrogen and extra cyclic oxygen
atoms of the DNA bases (Strobel et al., 2019),(Agarwala and Kirkwood, 2000). Its active
metabolite, the methyldiazonium ion, methylates purine bases (figure3). Upon TMZ treatment,
60—-80% of the DNA adducts are formed at the N7 position of guanine and about 10—-20% are
formed at the N3 position of adenine. Only 5% of total DNA methylation occur at the O6 position
of guanine (figure 3). N7-methylguanine and N3-methyladenine are easily repaired via the base
excision repair (BER) pathway that excises these adducts without damaging the DNA. These N-
alkylation adducts are therefore less toxic than the O6-methylguanine (O6mG) adducts that are
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mainly responsible for the cytotoxicity of TMZ. During DNA replication, the O6mG mispairs with
thymine, which is recognized by the DNA mismatch repair (MMR) system that reinserts the
thymine opposite the O6mG. These futile cycles of DNA repair are repeated along 2 to 3 cell cycles
and eventually leads the formation of single- and double-stranded DNA breaks resulting in cell
cycle arrest at G2/M, senescence and apoptosis (Hirose et al., 2001),(Strobel et al., 2019),(Wang
and Edelmann, 2006).
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Fig.3| lllustration of the function of Temozolomide (TMZ) on the DNA repair pathway. Under
physiological conditions, TMZ undergoes a chemical conversion to MTIC (5-3-(methyltriazen-1-yl)
imidazole-4-carboximide) and degrades into a methyldiazonium cation. This cation transfers a methyl
group to DNA. The primary sites of methylation are N7-MeG (60-80%), followed by N3-MeA (10-20%)
and 06-MeG (5-10%). When the enzyme MGMT is active, it can repair 06-MeG without causing harm
to the cell. However, if MGMT is inactive or unable to fully repair 06-MeG, the unrepaired 06-MeG
undergoes continuous repair through the futile cycle of MMR (mismatch repair), leading to the
induction of double-strand breaks (DSB) and cell death. When MMR malfunctions, it amplifies genomic
instability. N7-MeG and N3-MeA are repaired by the BER (base excision repair) pathway. If these bases
are not repaired, they can cause replication stalls and collapse of the replication fork, resulting in the
generation of single-strand breaks (SSBs) that ultimately induce DSB. It is possible that the repair
pathways for SSBs and DSBs are activated, thereby reducing the cytotoxic effects of TMZ. Adapted from
(Yoshimoto et al,2012).
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5.4- Other chemotherapies

Other chemotherapeutic agents are used concomitantly to the Stupp protocol or to treat
recurrent GBM. Lomustine (also known as CCNU for chloroethyl-cyclohexyl-nitrosourea), is an
alkylating agent of the nitrosourea family. Lomustine alkylates DNA and RNA and inhibits
enzymatic functions by carbamylating of amino acids. The most relevant lesions induced by
lomustine is the formation of O6-chloroethylguanine. However, this modification be reverted by
MGMT which may explain the low activity of lomustine in patients with tumors lacking MGMT
promoter methylation. Lomustine is used in second intention at recurrence. A major limitation to
the use of lomustine in chemotherapy for recurrent glioblastoma is due to the drug inducing
thrombocytopenia (Weller and Le Rhun, 2020).

Carmustine (also known as BCNU for bischloroethyl nitrosourea) is a nitrosourea alkylating
that causes cross-links in DNA and RNA, inhibiting DNA synthesis. Due to its high toxicity when
administered systemically, carmustine-impregnated wafers (Gliadel®) are inserted into the
resection cavity, which allows the local delivery of the drug into the tumor bed. This treatment
was reported to provide survival benefits for GBM patients (Xiao et al., 2020). However
intracranial infections consequent to Gliadel® insertion were reported(Juratli et al., 2013)
Inhibitors of kinases are currently tested in clinical trials. Among them, Regorafenib showed
promising results in phase 2 clinical trial: regorafenib improved the overall survival of recurrent
patients as compared to lomustine trial (Lombardi et al., 2019). Another clinical trial with
regorafenib is ongoing of relapsed GBM (ClinicalTrials.gov Identifier: NCT04810182). Paxalisib, a
PI3K/mTOR inhibitor is currently tested in phase 2 clinical trial together with a ketogenic diet and
metformin to assess what effects it has on glioblastoma in patients with either newly diagnosed
MGMT unmethylated glioblastoma or patients with recurrent glioblastoma regardless of MGMT
promoter methylation status (ClinicalTrials.gov Identifier: NCT05183204).

Immunotherapeutic strategies were also tested to treat GBM. Bevacizumab (Avastin ®) is a
monoclonal antibody against the vascular endothelial growth factor A (VEGF-A). VEGF-A stimulates
endothelial cell proliferation and vascularization of tumors. The purpose of treating patients with
bevacizumab is to inhibit the neovascularization of tumors. In a phase 3 clinical trial, bevacizumab
was administered intravenously in newly diagnosed GBM patients treated with the Stupp protocol:
progression-free survival, but not overall survival was improved with bevacizumab (Chinot et al.,

2014).
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DCVax®-L is an immunotherapy treatment for newly diagnosed GBM. It uses a patient's
own tumor lysate and precursors of the dendritic cells. The dendritic cells are instructed to
present at their surface the tumor antigens which will trigger an immune response and the
destruction of the tumor cells. This strategy is currently in phase 3 clinical trial for testing

(ClinicalTrials.gov Identifier: NCTO0045968).

6- Resistance to anticancer therapies

The addition of TMZ to radiotherapy has increased the overall survival as compared to
radiotherapy alone. However, the prognostic remain grim in 100% of the cases (Ostrom et al.,
2020; Stupp et al., 2009). Indeed, patient eventually relapses as the tumor recurs. The tumor
microenvironment promotes resistance and sustain GSCs. Moreover, tumor cells develop

mechanisms of resistance and escape DNA damaged induced by the therapy.

6.1-Tumor microenvironment

The highly hypoxic tumoral environment sustains stemness in GSCs. Hypoxia inducible
factor 2a (HIF2 a) is upregulated in hypoxic GSCs together with the glucose transporter type 1
(Glut1) and VEGF. HIF2a sustains growth, stemness and survival of GSCs. The experimental
downregulation of HIF2 a in vivo decreases the tumorigenicity of GSCs (Li et al., 2009). Hypoxia
expands the pool of CD133 positive GSCs by upregulating HIF1a (Soeda et al., 2009) One of the
mechanism proposed is that, at hypoxia, the intracellular domain of the CD44 glioma stem cell
marker is released via the cleavage by ADAM and y-secretase. CD44 intracellular domain binds
hypoxia inducible factor 2a (HIF2 a) to enhance the transcription of genes that maintain stemness
such as SOX2 (Johansson et al., 2017).

Glioma cancer cells fuel their metabolism with glucose to meet the bioenergetic and
biosynthetic demands of proliferation. Pyruvate, the end product of glycolysis, is converted into
lactate by the lactate dehydrogenase. Released in the microenvironment, the lactate is up taken
by endothelial cells via the monocarboxylate transporter 1 (MCT1) transporter inducing the
reprogramming of quiescent endothelial cells that proliferate, sprout and migrate to vascularize
the tumor (Miranda-Goncalves et al., 2017).

GSCs are found close to the vasculature in highly vascularized primary tumors and

endothelial cells secrete factors that support the propagation of GSCs: Depletion of brain tumor
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vessels by bevacizumab eradicates the self-renewal of cancer stem cells (Calabrese et al., 2007)
Therefore, the maintenance of the tumor vasculature sustain GSCs. The tumor vasculature itself is
resistant to chemotherapy. Glioma derived tumor brain endothelial cells overexpress the anti-
apoptotic factor surviving and the endoplasmic reticulum chaperone GRP78/BiP that allows them
to resist to temozolomide toxicity (Virrey et al., 2008).

Non-malignant cells of the brain support tumor growth and aggressiveness. As an example,
pericytes are hijacked by glioblastoma cell to facilitate tumor progression. Pericytes lie on the
abluminal vessel wall of brain capillaries and contribute to the maintenance of the blood—brain
barrier integrity. In contact with glioblastoma cells, pericytes secrete the anti-inflammatory
cytokines IL-10 and TGF-B and show decreased expression of the costimulatory molecules CD80
and CD86 and of histocompatibility complex molecules, MHC-II. The reduction of surface
expression of co-stimulatory molecules and major histocompatibility complex molecules in
correlated with a failure of antigen presentation to T cells providing an immune tolerance that
favors glioma progression (Valdor et al., 2017). In addition to pericytes, reactive astrocytes and
microglia secrete cytokines such as IL6 and the matrix metalloproteinase 2 that favor the

parenchymal infiltration by glioma cells (Guan et al., 2018).

6.2- Mechanisms of resistance to radiotherapy

The overall outcome of radiotherapy in GBM remains far from optimal as tumor cells
inevitably develop resistance to radiation. Non-tumoral cells from the microenvironment such as
reactive astrocytes have been show to promote tumor cell survival and stemness after radiation
(Berg et al., 2021). Moreover, GSCs are particularly resistant to radiation as they show greater
checkpoint activation in response to DNA damage. This allows a more efficient DNA repair as
compared to non-tumoral cells (Bao et al., 2006). Also, as access to oxygen decreases in the tumor
due to its rapid growth and to an inadequate vascular system, the IR-induced generation of
reactive oxygen species is reduced leading to less DNA damages that are caused by ROS in
nonmonic conditions (Rey et al., 2017) When exposed to low oxygen concentration, the
transcription of the hypoxia inducible factor 1a (HIF1 a) is increased in cancer cells and HIF1 a

sustains GBM radio resistance (Marampon et al., 2014).
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6.3- Mechanisms of resistance to TMZ

6.3.1- TMZ concentration in the deep brain parenchyma

The bioavailability of TMZ is of 100 % meaning that TMZ is completely absorbed by the
gastrointestinal tract when taken orally. The maximum concentration of TMZ in the plasma is
achieved 30 to 90 minutes after oral administration and the concentration in the plasma is about
13—-14 mg/L when administered at the concentration of 200 mg/(m? daily) for 5 days (Brada et al.,
1999). In the cerebrospinal fluid (CSF), the concentration of TMZ have been reported to be
approximately 20% of the one measured in the systemic circulation (Ostermann et al., 2004) In the
brain parenchyma, measures of TMZ have been done in the brain by micro dialysis: a catheter was
placed in the peritumoral brain tissue at the time of surgical resection of the tumor. Patients
received a single oral dose of TMZ (150 mg/m?) the day following the surgery. TMZ concentrations
in brain reached 1.55—4.64 uM in 2.0 + 0.8 hrs. (Portnow et al., 2009) These concentrations are far
under the relevant clinical concentration necessary to induce glioma cell death. In vitro, the ICsp of
TMZ on MGMT negative glioma cell lines is comprised between 10 to 100 uM while in cells with
high MGMT expression, ICso values are beyond 350 uM (Perazzoli et al., 2015).

TMZ passes the BBB and the BBB remains mainly intact in the peritumoral region where
infiltrative glioma cells disseminate. In order to increase TMZ penetration in the brain, a recent
clinical trial investigated the effect of the temporary disruption of the BBB by magnetic resonance-
guided focused ultrasounds (clinical trial registration no. NCT03712293). The procedure was
performed on the first or the second day of the 4-week TMZ chemotherapy cycle. The first-year
patient’s follow up showed that the procedure increased time to recurrence as compared to TMZ
treatment alone. Whether the procedure succeeded in increasing TMZ concentration in the brain
parenchyma has to be determined. Further studies are warranted to assess the benefit on the
overall survival (Park et al., 2020).

Sensitization of cancer cells to TMZ may prove a good strategy to increase TMZ therapeutic

properties.

6.3.2- O6-Methylguanine-DNA Methyltransferase (MGMT) expression

06-Methylguanine-DNA Methyltransferase (MGMT) is a DNA repair enzyme. MGMT
transfers the methyl group present on the O6-methylguanine to its own cysteine residue thus

removing the cytotoxic lesion induced by TMZ. After, alkylated MGMT is ubiquitinated and
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degraded by the proteasome (Marchesi et al., 2007). Therefore, a high level of MGMT in GBM is a
poor prognosis for patient survival as MGMT expressing cancer cells are resistant to TMZ. MGMT
gene expression is regulated through the methylation of its promoter and MGMT promoter
methylation status has emerged as a biomarker of the response to the treatment.

Methylation of the promoter is a major mechanism of gene silencing. However,
discordance between methylation status and protein expression levels are reported: methylation
of the promoter assessed by methylation-specific PCR, high-resolution melting PCR (HRM) or
pyrosequencing, does not always correlate with low labelling of MGMT assessed by
immunohistochemistry. Two genomic regions situated in the MGMT promoter and within exon 1
are enriched in CpG dinucleotides and have been identified as being the most concordant with
transcriptional repression when methylated: differentially methylated region 1 and 2 (DMR1 and 2
respectively). However, in some cases, methylation in these regions does not correlates with gene
silencing. For instance, hypermethylation of gene body cytosines has been shown to increase gene
expression despite promoter methylation. Also decrease gene expression and mRNA levels are
reported in cells with an unmethylated promoter and a hypomethylated gene body. Therefore
assessing the methylation status of both the promoter and the gene body is necessary to
characterize MGMT gene expression (Butler et al., 2020). Along with the treatment, the MGMT
status of a tumor is susceptible to change the treatment selects cells with unmethylated MGMT

promoter.

6.3.3-MMR deficiency

Antitumoral activity of TMZ requires a functional DNA mismatch repair (MMR). The
O6MeG mispairs with thymine during the S phase and this thymine is replaced by another thymine
by MMR enzymes. DNA strand breaks that result from the MMR futile cycles of repair induce cell
cycle arrest in G2M and cell death. However, when cells are deficient in MMR enzymes, the
cytotoxicity of TMZ is cancelled. Inactivation of mismatch repair (MMR) genes, MSH2, MSH6,
MLHI1 and PMS2, has been identified in both IDH mutant and IDH wild-type recurrent gliomas that
have been previously treated notably with TMZ. The MMR genes are rarely altered in primary
tumors (Choi et al., 2018), (Hunter et al., 2006). For instance, mutation in the mismatch repair

protein MSH6 favors tumor progression in recurrent GBM (Yip et al., 2009), (Cahill et al., 2007).
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6.3.4- BER proficiency

Base excision repair (BER) is a cellular mechanism responsible for repairing damaged single
nucleotide. TMZ-induced the methylation of N7-guanine and N3-adenine and these modifications
are repaired within hours by the BER enzymes. N7meG and N3meA are removed by the N-
methylpurine DNA glycosylase (MPG, also known as alkyl-adenine glycosylase: AAG) creating a
basic sites recognized and filled up by the concerted actions of apurinic endonuclease, DNA
polymerase-B (pol-B) and the XRCC1/LIG3 DNA ligase complex (Strobel et al., 2019). Therefore,
N7meG and N3meA are only toxic when the BER is inactive or defective which is rare. On the
contrary, MPG gene expression and protein levels have been shown to increase in human glioma
as compared to normal brain tissue and its expression increases with tumor grading which worsen
the prognosis (Liu et al., 2012).

Inhibitors of BER have been tested to enhance sensitivity to TMZ. Among them,
methoxamine covalently binds to basic sites and inhibits BER. Methoxamine (TRC102) was
administered with TMZ to recurrent glioblastoma patients in a phase 2 clinical study
(ClinicalTrials.gov Identifier: NCT02395692). No results were communicated so far.

Another protein of the BER pathway is poly (ADP-ribose) polymerase 1 (PARP1). PARP-1is a
nuclear protein that participates in initiating base excision repair (BER). At the basic sites, PARP1
facilitates the recruitment of the downstream BER proteins DNA polymerase-f (pol-B) and the
XRCC1/LIG3 DNA ligase complex. PARP1 binds to DNA strand breaks and produces a poly (ADP-
ribose) chain from NAD* substrate, which signals the cell to initiate DNA damage repair. PARP1 is
overexpressed in glioblastoma (Murnyak et al., 2017). Inhibitors of PARP1 have been tested to

increase the toxicity to TMZ and clinical trials are still undergoing (Hanna et al., 2020).

TMZ is to date the best anti-cancer chemotherapeutic agent to treat GBM due to its
cytotoxic capacities, its ability to cross the BBB and its bioavailability. Finding a way to overcome
TMZ resistance of GBM i.e., to restore the efficiency of the drug may prove to improve the

treatment. | targeted the protein huntingtin to sensitize glioma cells and glioma stem cells.
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CHAPTER 2. THE HUNTINGTIN PROTEIN

This chapter introduces the different biological functions of the Huntingtin (HTT) protein,
that is mutated in Huntington’s disease (HD). The physiopathology of HD is discussed. The general
structure and functions of wild type (WT) HTT is explored. The role of HTT in DNA damage repair is
detailed, together with the role of the protein in cancer and cell death. Lastly, the role of the

antisense oligomer RG6042 is briefly addressed in the downregulation of WT HTT in GBM cells.

1.Huntington’s Disease (HD)

1.1-Introduction to HD

Huntington’s Disease (HD) was first discovered in 1872 by an American physician, Georges
Huntington, who noticed the dramatic motor symptoms (choreiform movements) on adult patients
from the same family, with symptoms worsening with age and a fatal outcome after a period of up
to 20 years from motor symptoms onset.

Later, HD was characterized as a rare cortical and striatal neurodegenerative disorder, with a
mean age of 40 years at onset and a prevalence of 5 to 10 cases per 100 000 (Sandrine humbert,
2016) and less than 5% of the cases occurring before the age of 20 years (juvenile form of the
disease).

In 1993, the genetic cause of HD was discovered: it is due to an abnormal expansion of the
cytosine—adenine—guanine (CAG) trinucleotide repeats in the exon 1 of the IT15 gene (chromosome
4p), encoding for an abnormal expansion of polyglutamine stretch at the N-terminal of the HTT
protein (The Huntington’s Disease Collaborative esearch Group 1993). The wild type HTT gene
contains 9 to 35 CAG repeats when the CAG repeat length is comprised between 35 and 39, the CAG
is unstable and there is a risk to develop the disease. Beyond 39 repeats, the mutation is fully
penetrant and the patient will inexorably develop the disease (Kremer et al., 1994),(Rubinsztein et
al., 1996) (figure 1). The length of CAG expansion is inversely proportional to the onset age of the

disease with juvenile Huntington’s disease (JHD) associated with more than 60 CAG repeats.
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Fig.1| Huntingtin protein and its mutation. Huntington's disease (HD) is caused by an abnormally long repetition of
CAG triplets (beyond 35 repetitions) in the coding sequence of the huntingtin protein (HTT) gene. As a result, a poly-
glutamine (polyQ) tail forms at the N-terminal end of the mutated HTT, altering its conformation and affecting its
function.

HTT mutation is transmissible to the next generation in an autosomal dominant way meaning

that most patients carry one wild-type and one mutant allele.

1.2-HD symptoms

HD is characterized by a triad of cognitive, psychiatric and motor symptoms. Cognitive and
psychiatric symptoms that face HD patients are among the first symptoms to appear in patients.
They are often present as early as 20 years, before the onset of motor symptoms (Eddy and Rickards,
2015),(Unmack Larsen et al., 2015). In fact, 40% of the pre-symptomatic patients develop cognitive
disorders associated with facial recognition problems and a decrease in memory and attention
flexibility (Epping and Paulsen, 2011), (Epping et al., 2016)Cognitive problems tend to worsen over
time, ultimately leading to dementia.

HD patients are also frequently subjected to psychiatric disorders such as depression, apathy,

anxiety, irritability or social disinhibition (McColgan and Tabrizi, 2018)and Tabrizi 2018).
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Although chorea is the most prominent and characteristic motor symptom in HD, motor
disabilities such as bradykinesia, dystonia and akinesia are observed later in the course of the
disease. Historically, HD patients were divided into two clinical classes mostly based on the severity
of their motor symptoms. The pre-manifest class group that refers to the pre-symptomatic patients
with no symptoms that progress through the prodromal stage with an exhibition of moderate motor
and cognitive symptoms. Eventually, the disease evolves to the manifest class that refers to the

patients displaying marked motor dysfunctions as well as severe cognitive impairment (Bates et al.,

2015)(figure 2).

Premanifest Motorciiagnosis Manifest

100 .
m Motor impairment
abilities |

A

Cognitive impairment
and/or dementia
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Function (%)
Signs and symptoms (%)

/7

Presymptomatic Prodromal  Early Moderate Advanced
Clinical stages

0

Age (years)
45 3
CAP score Typical adult onset

ldO
(normalized)

Fig.2| The symptoms of Huntington's disease (HD). HD is characterized by a triad of motor, cognitive, and
psychiatric symptoms. Motor diagnosis is typically made around the age of 45, although cognitive and
psychiatric symptoms may be detected earlier during a phase known as the "pre-symptomatic" phase. All
these symptoms worsen over time, leading to the progressive loss of the patient's functional abilities. Adapted
from Bates et al., 2015.

As the community realized that changes occur decades before the onset of motor diseases,
there was a crucial need to consider biomarkers of these changes to stage HD gene carriers and
patients. Therefore, a new staging system of the course of the disease has been recently
proposed: the Huntington’s Disease Integrated Staging System (HD-ISS) (Tabrizi et al., 2022). The
HD-ISS categorizes the disease period between birth and clinical motor diagnosis. This
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classification is based on distinct stages defined by specific landmark measures including CAG
track length, detectable pathological biomarkers, signs or symptoms, or functional changes
attributable to HD. This staging system is applicable to individuals with 40 or more CAG repeats, ie
bearing a fully penetrant allele. Stage O characterizes gene carriers bearing the diseased allele with
no clinical symptoms or neurodegeneration. At stage 1, gene carriers show a decreased volume of
the caudate and putamen by MRI. Patients in stage 2 of the disease display cognitive and motor
dysfunctions evaluated through the symbol digit modalities test (SDMT) (the patient has to
decipher a text in which numbers are randomly substituted for letters or geometric symbols: the
test measures the subject’s information procession speed and attention) and a full total motor
score that assesses for the presence and severity of motor features (“Unified Huntington’s Disease
Rating Scale,” 1996). At stage 3, changes in a patient’s functional ability, such as difficulties in
performing daily tasks, is observed.

Bringing all together, HD is a progressive pathology, that starts with cognitive and psychiatric
symptoms followed by motor ones. It evolves into an increasing decline of patients’ conditions
suggesting that aging is a key component of the disease.

As discussed before, HD patients develop symptoms during mid-adulthood. However,
young patients with severe symptoms have been reported; in most cases this correlates with an
extremely high number of CAG repeats, reaching up to 175 Glutamines in juvenile forms of HD
(Duyao et al., 1993), (Myers, 2004) (Johnson et al., 2021) The juvenile form of Huntington's
disease (HD) is a rare variant of HD that affects individuals who are under the age of 20 ,sharing
many similarities with the adult-onset form of the disease, but there are some distinct features
and differences in symptom presentation.

The symptoms onset is generally earlier than the typical adult-onset form of HD, which
typically occurs in mid-adulthood. The progression of the juvenile form of HD is often faster than
the adult-onset form. Symptoms may worsen more rapidly, leading to more severe disability in a
shorter period.

HD patients usually die 20 years after diagnosis, suffering from fatal pneumonia. There is no

treatment at the current time to cure the disease or to delay disease onset.

1.3- Neurobiological characteristics

Brain from HD patients are severely atrophied as a nearly 20% reduction in the brain

volume is observed on post-mortem brains (figure 3) with a regional specificity of brain atrophy.
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Over a decade of HD progression, the highest total volume reduction was seen in the striatal, with
a reduction of 18 regions; the putamen and caudate showed 18.7% and 15.4% of volume
reduction respectively as compared to less than 3% for both regions in control subjects (Johnson
et al., 2021). Neurodegeneration of striatal medium spiny neurons accounts mostly for the loss of
volume in the striatum. Medium spiny neurons are GABAergic neurons (MSNs) that project to the
substantia nigra (SN) and globus pallidus. These neurons are the first to die in early-stage of HD,
and they die in the greatest numbers compared to the other neuronal populations (Vonsattel and
DiFiglia, 1998). In addition, the cortex is also affected. The occipital, frontal temporal and parietal
areas of the cortex exhibit the highest loss of volume among cortical regions). It has been shown
that there is a significant loss of pyramidal neurons in layers lll, V, and VI. Thus, the two frequent
cerebral structures affected in HD are the striatum and the cortex with a loss of striatal and
cortical neurons in in post-mortem HD patients (Tabrizi et al., 2009) followed by intra-nuclear
inclusions generating the pathogenic aggregations of HTT N-terminal fragment (Rosas et al., 2008)
All these pathogenic features are preceded by a striatal reduction and cortical thinning before

even the symptoms appear.

Atrophied
Ventricule Cortex Cortex

» Ventricule /
v ¢

Enlarged

Atrophied
Striatum

Striatum

Fig.3| Brain atrophy in Huntington's disease HD. HD brain is characterized by extensive neurodegeneration
of the striatum and cortex, accompanied by an enlargement of the cerebral ventricles. On the left: a
healthy brain; On the right: a brain affected by HD.

50



In addition to the CNS alterations of HD, patients also suffer from immune and metabolic
perturbation in addition to the muscle atrophy and cardiac failure (Vanderburg et al., 2009). These
defects are not the result of the neuronal dysfunction but caused by the expression of the mutant
gene in the tissue of interest.

Altogether this suggest that multiple cellular signalling is disturbed in HD in and outside the CNS.
This could be linked to HTT presence in several tissues. Indeed, as we will see, in addition to the toxic
functions of mutant HTT, the HD mutation also interferes with the ubiquitous native roles of HTT in

the organism.

2-Huntingtin Protein

HTT is a scaffold protein of 350 kDa that is ubiquitously present in the organism with a high
expression in both, the testis and the brain tissues (Marques Sousa and Humbert, 2013). Several
studies show that the abnormal polyQ expansion in HTT contributes to a general neuronal
dysfunction by gaining toxic functions but also by losing native functions of the wild-type protein.

Homozygous inactivation of the wild-type HTT in mouse is embryonic lethal as early as day 8
(E8). A massive cell death is observed in the ectoderm showing that HTT is essential for development
(Duyao et al., 1995, Zeitlin et al 1995). This does not look like HD signs in patients; therefore, most
studies have focused on the toxic functions of mutant HTT while much less described the role of the
native HTT. The current view of HTT biology is described as a scaffold protein that interacts in direct
or indirect ways with multiple proteins to generate complexes involved in a large variety of cellular

processes.

2.1-Structure of HTT

HTT is composed of 3144 amino-acids divided into three main domains: the N-HEAT, the
Bridge and C-HEAT domains. The first and last domains correspond respectively to the first 1-1684
amino-acids and the last 2092-3144 amino-acids of HTT linked together by the Bridge domain (Guo
et al., 2018). Both domains contain several pairs of anti-parallel alpha-helices termed HEAT domains
(Andrade and Bork, 1995),(Palidwor et al., 2009) such domains are known to mediate protein-
protein interactions. In line with this, HTT interacts with more than 125 different partners (Harjes et
Wanker 2003) (Harjes and Wanker, 2003)and is a multi-conformational protein that can reach

approximately 100 different conformations (Seong et al., 2010).
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The N-terminal domain of HTT was for long a focus point of study as it contains the HD
mutation. HTT N-HEAT domain contains a proline rich domain (PRD) and the N-17 region, a
sequence of 17 amino-acids followed by the polymorphic poly-glutamine repeats that is
abnormally expanded in HD. Deletion of the poly-glutamine stretch promotes autophagy and
increases the mouse lifespan (Zheng et al., 2010). Deletion of the PRD of HTT in mouse induces
learning and memory impairments without affecting motor functions (Neveklovska et al., 2012).
However, when both the poly-glutamine (polyQ) stretch and the proline-rich domain (PRD) are
deleted in the HTT, several mitigations have been observed in mice such as a reduced aggregation
propensity of polyQ stretch, an altered protein-protein interactions involving The PRD of HTT and
an improved cellular viability.

Overall, the deletion of both the polyQ stretch and PRD in huntingtin has been shown to
mitigate the pathological consequences associated with Huntington's disease, including reduced
protein aggregation, improved cellular viability, and restoration of normal huntingtin function
André 2017(André et al., 2017).

HTT N-17 region has an amphipathic a-helix structure, however, the polyglutamine stretch is

flexible which makes it more susceptible to adopt different conformations such as a-helix, coiled coil
or extended loop conformation (Atwal et al., 2007; Kim et al., 2009). Due to the presence of the PRD
in the N-terminal region of HTT, the last can interact with proteins containing SH3 domain named
after its identification in the Src tyrosine kinase protein and WW initially identified in the human
dystrophin protein and is named after two conserved tryptophan residues within the domain (Gao
et al., 2006),(Harjes and Wanker, 2003).
Interestingly, the N-17 can also interact with the PRD, forming a folded protein, which is impeded by
pathogenic poly-glutamine stretch (Caron et al., 2013). In addition, N-terminal and C-terminal
domains are refolded on the central domain of HTT by interacting with this central domain(Palidwor
et al., 2009).

The 3-D structure of HTT was recently described as spherical structure containing an internal
cavity capable to host the Huntingtin associated protein 40 (HAP40) to form the HTT/HAP40 complex
(Vijayvargia et al., 2016),(Guo et al., 2018).These conformations are altered when HTT is mutated,

where a rotation of the C-HEAT domain is observed (Vijayvargia et al., 2016), (Jung et al., 2020).
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2.2-Diversity of HTT proteins: variants, isoforms, oligomers and post-
translational modifications

HTT is modified by cellular processes that generate several forms of the protein. For instance,
shorter forms of HTT are generated by alternative splicing or cleavage, HTT dimers are obtained
consequently to HTT oligomerization. HTT is also the target of a large number of post-translational
modifications which generate a diversity of HTT molecules. One can speculate that all these variants

will carry different physiological functions.

2.2.1-Shorter forms of HTT

Alternative splicing of HTT mRNA were shown to generate shorter HTT isoforms (Ruzo et
al., 2015),(Hughes et al., 2014) such as HTTA10 and HTTA12, HTTA29: HTTA10 lacks exon 10
encodes a stretch of glutamine residues (polyQ tract) of the HTT protein, which contains a CAG
repeat region and a CDK5 phosphorylation site that reduces caspase-dependent cleavage of the
protein. HTTA12, on the other hand, lacks exon 12 encodes a portion of the N-terminal region of
the HTT protein that contains a caspase cleavage site(Luo et al., 2005),(Wellington et al., 2002).
Finally, HTTA29 is missing a binding site to several proteins that are necessary to promote nucleo-
cytoplasm transport (Hughes et al., 2014).

Cleavage of HTT also generates shorter forms of the protein. HTT sequence contains
several PEST regions that are proteolysis-sensitive domains (amino acids proline (P), glutamic acid
(E) or aspartic acid (D), serine (S), and threonine (T) (Warby et al., 2008). These PEST are the target
of a variety of proteases members belonging to the caspase family, the Ca?*-dependent Calpain
and the metalloproteinase MMP10 (Goldberg et al., 1996),(DiFiglia, 2002),(Miller et al.,
2021),(Tebbenkamp et al., 2012).The proteolysis of mutant HTT generates small N-terminal
fragments that accumulate and are prone to form the nuclear aggregates observed in HD (Benn et
al., 2005; Graham et al., 2006; Saudou et al., 1998).

In addition to the N-terminal aggregation toxicity, it was shown that C-terminal fragment
generated by HTT cleavage also alters the normal functions of the endoplasmic reticulum (El-Daher

2015).(El-Daher et al., 2015)
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2.2.2- HTT oligomers

Originally, HTT was described to behave as a homodimer. However, HTT potentially functions
under oligomeric forms such as dimers, trimers and higher-order oligomers that are increased with
the aggregated forms in the HD pathological condition (Huang et al., 2015). HTT oligomerization is
induced by the N-terminal part encoded by the exonl of the protein consistent with the N-terminal
aggregation observed in HD.

In fact, in HD heterozygous mice, a specific silencing of the mutated allele was sufficient to

compensate HD phenotype (Drouet et al., 2014, 2009).

2.2.3- post-translational modifications

Post-translational modifications such as SUMOylation, acetylation, palmitoylation,
phosphorylation and ubiquitylation, modulate HTT functions and localization in different ways
(Saudou and Humbert, 2016a), (Ehrnhoefer et al., 2011). Acetylation and ubiquitination of HTT
contribute to its degradation (Cong et al., 2011),(Jeong et al., 2009).The acetylation promotes HTT
degradation and the SUMOylation assures its stabilization and nuclear re-localization(Steffan et al.,
2004). Additionally, HTT palmitoylation by HIP14, Huntingtin Interacting Protein 14, controls HTT
subcellular localization allowing the its attachment to membranes.

For all, the most studied HTT post-translational modifications are the multiple
phosphorylation of the protein. HTT is phosphorylated by multiple kinases such as Akt, CDK5, EphB2,
IKK, or PKC (Schilling et al., 2006; Watkin et al., 2014),(Huang et al., 2015) implying HTT in a wide
range of cellular processes.

The phosphorylation of serine 421 (S421) by Akt and the S1181 and S1201 CDK5-mediated
phosphorylations, alter HTT vesicular transport function by favouring the anterograde transport or
stimulating the transport in both directions, respectively (Ben M’Barek et al., 2013; Colin et al.,
2008; Humbert et al., 2002) CDK5-mediated phosphorylations of HTT are involved in response to
DNA damages induced by the oxidative stress, suggesting a role of HTT in the DNA repair pathway
(Anne, Saudou et al. 2007(Anne et al., 2007)). S13 and S16 phosphorylations of the HTT N-terminal
by casein kinase 1 (CK1) and glycogen synthase kinase 3 beta (GSK3p re-localize the protein in
nucleus, or towards the mitotic spindle and mitotic furrow (Atwal et al., 2011; Maiuri et al., 2013).

However, In HD, HTT protein undergoes several post-translational modifications that are
believed to contribute to the pathogenesis of the disease: Aberrant phosphorylation of HTT by

casein kinase 2 (CK2) and cyclin-dependent kinase 5 (CDK5) particularly in the N-terminal region, is
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thought to modulate its function and contribute to disease pathology. In addition, mutant HTT
undergoes increased ubiquitination, leading to its proteolytic cleavage, resulting in the generation
of toxic protein fragments. The proteolytic cleavage of HTT produces N-terminal fragments that
have increased aggregation propensity and contribute to the formation of intracellular protein

aggregates called inclusion bodies, a hallmark of HD.

2.3-HTT interactions

As a scaffold protein, HTT promotes the formation of multi-protein complexes, interacting
with up to 400 interactors (HIPPIE ref) and this is mainly due the presence of the PRD in the N-
terminal of the protein, that hosts the binding of other proteins containing WW and SH3 domains
which are the most frequent HTT interactors (Faber et al., 1998; Gao et al., 2006; Liu et al., 1997;
Tourette et al., 2014). For instance, WW-containing proteins are involved in multiple cellular
processes such as stem cell maintenance, tissue homeostasis and tumorigenesis (Passani et al.,
2000; (Passani et al., 2000)Proteins that contain SH3 domains are involved in the signalling of the
transmembrane receptors to small G proteins (Liu et al., 1997; Pawson and Gish, 1992). Interestingly,
different sets of interactors were characterized between wild-type and mtt HTT(Culver et al., 2012;
Ratovitski et al., 2012; Shirasaki et al., 2012, 2012; Zhao et al., 2018) as the conformational change
induced by the polyglutamine stretch modulates the binding affinity of its interactors.

Other than N-terminal, the internal and C-terminal domains also specifically interact with
some proteins such as Dynamin1, LC3B, GABARAP11, Atgs, NfkB and Kalirin (Ochaba et al., 2014).
Altogether, the different nature of HTT interactors prove that HTT is involved in a wide range of
cellular functions including membrane trafficking, cellular metabolism and gene expression (Harjes

and Wanker, 2003).

2.4-HTT and membrane trafficking

HTT interactions with HIP1, HIP12 and Dynaminl involve HTT in clathrin-dependent
endocytosis (El-Daher et al., 2015) and its interactions with Rab5 and HAP40, in the trafficking of
endosomes (Pal et al., 2006).HTT also targets the Rab8 and Rab11 cargoes to the plasma
membrane and thus participates in the polarized recycling of endosomes (Elias et al., 2015;

Hattula and Perdnen, 2000; Li et al., 2008).
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2.5-HTT and autophagy

HTT plays roles in both the early and late stages of autophagy by binding to its biological
partners, p62 and LC3A/B (Rui et al., 2015). Additionally, HTT interactions with HAP1 and dynein,
mediates the autophagosomes transport .The loading of cargos to autophagosomes is defective in
HD but the autophagy is abnormally activated (Kegel et al., 2000; Martin et al., 2015; Ravikumar et
al., 2004).

2.6-HTT and vesicular transport

HTT scaffolds molecular motors to promote microtubule-based transport of vesicles in
neurons (Vitet et al., 2020). HTT interacts with Dynein intermediate chain (Caviston et al., 2007), and
can also bind indirectly through HAP1 to the p150glued dynactin subunit and Kinesin-1. Specify that
these are anterograde and retrograde motors. Thus, by contributing to the assembly of molecular
motor complexes on microtubules, HTT participates to the anterograde and retrograde transport in
the axonal shaft of several cargoes:

For instance, HTT mediates the anterograde transport of the brain derived neurotrophic
factor BDNF-containing vesicles (Gauthier et al., 2004) in the cortico-striatal connection that refers
to the neural pathway connecting the cerebral cortex (specifically, the motor and prefrontal areas)
to the striatum (Figure 4). This pathway consists of two main components: the cortico-striatal
projections that send excitatory glutamatergic signals to the striatum forming synapses onto the
dendritic spines of medium spiny neurons (MSN), which are the principal neurons in the striatum,
and the striatal output that integrates the input from different cortical areas. Thus, the cortico-
striatal pathway is involved in a wide range of functions, including motor planning and execution,
habit formation, reward processing, and cognitive flexibility. Dysfunctions in this pathway have been
implicated in various neurological and psychiatric disorders, such as Huntington's disease.

In HD, because the binding of mutant HTT to the molecular motor proteins is modified,
BDNF transport in cortical axons and its release from cortical neurons to striatal neurons is
decreased leading to striatal dysfunction and death (Gauthier et al., 2004, Virlogeux et al., 2018).
In addition, Huntingtin (HTT) protein has been implicated in the retrograde trafficking of the TrkB

receptor, which is a receptor for brain-derived neurotrophic factor (BDNF).

Through its HAP1 binding domain, HTT interacts with the HAP1 protein. HAP1 acts as an

adapter protein that links HTT to TrkB-containing vesicles. Through this interaction, HTT serves as
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a scaffold protein that facilitates the retrograde transport of TrkB vesicles along the microtubule

tracks within the neuron.

The retrograde trafficking of TrkB mediated by HTT is crucial for the transport of BDNF
signaling from the axon terminals to the cell body. BDNF-TrkB signaling is involved in various
neuronal processes, including neuronal survival, differentiation, and synaptic plasticity. Thus, the
HTT-mediated retrograde transport of TrkB ensures that the BDNF signals are properly delivered

and reach the appropriate target sites within the neuron.

Similarly, the HTT mediated reduction of BDNF release at cortico-hippocampal synapses
contributes to a decrease of hippocampal adult neurogenesis, resulting in an anxiety/depression-

related behavior in mouse (Ben M’Barek et al., 2013).

Through the regulation of intracellular dynamics, HTT is also required for ciliogenesis of the
ependymal cells (Keryer et al., 2011; Liu and Zeitlin, 2011). During ciliognesis, HTT is required for
the dynein-based transport of PCM-1 to the centrosome, forming the basal body (Keryer et al.,
2011). Consistently, the absence of wild-type HTT or the presence of its mutation result in
aberrant number of primary cilia (Barnat et al., 2020; Haremaki et al., 2015; Keryer et al., 2011;

Maiuri et al., 2013).

Additionally, HTT expression is not restricted to the brain and as such, HTT participates to

the of trafficking of the polarity complex PAR3-aPKC in mammary cells (Elias et al., 2015).

2.7-HTT and Development

Expression of both wild-type and mutant HTT starts in early development (Bhide et al., 1996).
In line with this, even though symptoms of HD are emerging during mid-adulthood, several studies
suggest a role of wild-type HTT in early embryogenesis that is altered in HD (Reiner et al., 2003;
Wiatr et al., 2018). The inactivation of HTT gene induces lethality in mice at the embryonic day 7.5
(E7.5) due to a defect in iron transport (Dragatsis et al., 1998; Duyao et al., 1993; Nasir et al., 1995;
Zeitlin et al., 1995). In addition, the absence of HTT at E7.5 triggers chromatin dysregulation leading
to a failure in the expression of growth factors required for early patterning (Seong et al., 2010;
Woda et al., 2005). Thus, the loss of HTT or its mutation impair the differentiation of stem cells into

the germ mouse embryonic layers.
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In addition to the embryonic development overall, HTT is important for the central nervous
system development. The downregulation of HTT in Zebra fish showed that HTT is required for the
formation of neural tube as it is required for maintaining cell-to-cell adhesions (Henshall et al., 2009;
Lo Sardo et al.,, 2012). In addition, HTT downregulation in mice induces perinatal death and
abnormal central nervous system development

For instance, expressing low levels of mutant HTT displays ventricles enlargement, and
agenesis or misrouting of white matter tracts. In fact, during brain development, mutant HTT can
interfere with normal neuronal processes, including cell migration, axon guidance, and synapse
formation. This disruption in neurodevelopment can contribute to the abnormal organization of
white matter tracts and ventricular enlargement observed in affected individuals. In addition,mutant
HTT has a toxic effect on neurons. It can lead to neuronal dysfunction and cell death through various
mechanisms, including protein misfolding, impaired mitochondrial function, excitotoxicity, and
dysregulation of cellular signaling pathways. These neurotoxic effects can disrupt the normal
architecture of the brain, including the white matter tracts and ventricular system. Thus, mutant HTT
can disrupt the process of myelination, leading to abnormalities in the white matter tracts. This
disruption can result in misrouting or incomplete development of these tracts. As Huntington's
disease progresses, there is a progressive loss of neurons, particularly in specific brain regions such
as the striatum. The loss of neurons can disrupt the connectivity within the brain, affecting white
matter tracts and leading to their misrouting or agenesis. Additionally, the loss of neuronal cells can
cause atrophy and shrinkage of brain structures, which can further contribute to ventricular
enlargement.

Our laboratory has addressed the role of HTT during cortical development where HTT
regulates every step: HTT controls the neuronal division of neuronal progenitors, their multipolar-
bipolar transition, the migration of newly generated neurons and the maturation of their somato-
dendritic compartment. In early corticogenesis stages, HTT participates to the organization of the
neuro-epithelium formed by radial glial cells: junctions at the apical end foot of radial glial cells are
disrupted in HD, displaying a mis-localization of ZO1, PAR3, B-catenin and N-cadherin (Barnat et al.,
2020). HTT also belongs to the molecular machinery that controls the neurogenic divisions of radial
glial cells by properly assembling their spindle poles (Godin et al., 2010; Lopes et al., 2016; Molina-
Calavita et al., 2014).

Loss of wild-type HTT and expression of mutant HTT disturb the orientation of the mitotic

spindle and the subsequent cell fate of the progeny, favouring neurogenic divisions at the expense
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of maintenance of the stem cell pool. HTT is required for the distribution of the mitotic spindle
proteins NUMA1 and Dynein, between spindle poles and the cell cortex through the astral
microtubules. HTT loss of function decreases the cortical localization of NuMA1 and dynein
localization on astral microtubules. In the contrary, NUMA1 is enriched at the spindle poles. HTT
functions as a scaffold of the kinesin molecular motor, which then promotes the transport and
cortical localization of NUMA1 and Dynein (Capizzi et al., 2022). In post-mitotic neurons, HTT is
required for the bipolar-multipolar transition and the migration of newly generated neurons during
later stages of corticogenesis: HTT promotes the recycling of endosomes of N-cadherin required for
the cell-to-cell adhesion necessary for the radial migration of newborn neurons along glial fibers
(Barnat et al., 2017; Tong et al., 2011). Finally, HTT participates to the maturation of post-mitotic
neurons. Morphologic analysis of HTT-depleted layer Il/Ill neurons reveal a reduced dendritic
arborization complexity (Barnat et al., 2017; McKinstry et al., 2014), together with an alteration of
the excitatory synapses number and the subsequent excitatory glutamatergic cortical transmissions
(Braz et al., 2022; McKinstry et al., 2014).

However, all the functions of wild-type HTT are altered in HD.

Does abnormal brain development contribute to disease onset?

In mouse, the expression of mutant HTT during a developmental window triggers HD
phenotypes in adulthood such as motor deficits (Molero et al., 2016). Similarly, transient
downregulation of wild-type HTT during embryonic development until post-natal day P21, is
sufficient to cause alteration of cortical layers and striatal structures (Molero et al., 2016). These
studies suggest that HTT depletion or mutant HTT expression during embryonic stages are sufficient
to cause alterations at adult stages(Braz et al., 2022)

In conclusion, HTT is necessary for the development of the central nervous system and
ensures proper corticogenesis. Loss of HTT expression or expression of mutant HTT modifies the
development of the central nervous system and this contributes-at least in part- to the adult disease

onset.

2.8-HTT and DNA Damage Response

HTT when phosphorylated at N17 o, a domain located at the N-terminus of the protein

and characterized by the presence of a repeated sequence of the amino acid glutamine (Q),
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colocalizes with ATM at nuclear puncta at the DNA damage sites, suggesting a role of HTT in
oxidative DNA damage repair pathways. However, ATM is required for HTT nuclear localization but
does not influence the phosphorylation of HTT at N17. In HD patients’ fibroblasts, a dysfunction of
HTT in the DNA repair leads to an accumulation of DNA oxidative lesions due to an increase of
reactive oxygen species (Maiuri et al, 2017).

HTT also participates in the base excision repair pathway. For instance, in the presence of
ROS species, HTT translocate into the nucleus through the oxidation of methionine 8 in the N17 a
domain, in an ATM-dependent manner and colocalizes with APE1 et the euchromatin regions.
Indeed, under stress, N17 oo undergoes a conformational change that releases HTT from the ER,
enhancing its phosphorylation at S13 and S16 and its nuclear translocation. Thus, HTT localizes to
sites of base excision repair and interacts with DNA repair protein such as XRCC1, FEN1, APE1 and
phosphorylated ATM suggesting a scaffolding role of HTT of the DNA repair machinery (Maiuri et
al., 2017).

HTT acts as a scaffold factor that assembles various components of the Transcription-
Coupled Repair complex such as RNA polymerase Il subunit A (POLRA2), Ataxin-3, DNA repair
enzyme polynucleotide-kinase-3-phosphatase (PNKP) and cyclic AMP-response element binding
CREB protein CBP. The formation of this complex senses DNA damage during transcriptional
elongation and stimulates the DNA end-processing activity to facilitate neuronal DNA repair and
maintain the transcription of specific neuronal genes. This contributes to the maintenance of
neuronal genome integrity. Similarly, interfering with PNKP activity results in the accumulation of
persistent DNA breaks leading to an altered activation of ATM in HD transgenic mouse. This
cascade of events disrupts DNA repair and induces neuronal dysfunction and neurodegeneration

(Gao et al., 2019).

2.9-HTT and Apoptosis

Early studies, focused on the anti-apoptotic properties of HTT. Rigamonti et al showed that
wild-type HTT protects clonal striatal derived cells from apoptotic stimuli downstream Bcl-2 and
upstream from Caspase 3 activation. Also, the inactivation of HTT in mice leads to neuronal
degeneration. However, the protective effect of wild-type HTT is lost when it encompasses an
abnormal polyglutamine expansion in HD as in this condition, mutant HTT leads to selective
neurodegenerative loss of spiny striatal neurons (Gervais et al., 2002). This can be illustrated by

the HIP1-Hippi cascade: HIP1 (HTT-interacting protein 1) is a pro-apoptotic protein which
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overexpression induces a rapid caspase 3-dependent cell death. A conserved phenylalanine
residue within the death effector domain (DED) of HIP1 is responsible for HIP1 apoptotic activity
independently of caspase 8. HIP1 activates caspase 3 suggesting that HIP1 is active downstream
from the formation of DISC (Hackam et al., 2000).

In HD, the interaction of Hip1 with mutant HTT is weaker than with wild-type HTT. Thus,
mutant HTT releases HIP1 which in turn binds to Hippi (Hip1-Protein interactor) through the talin-|
and myosin-like domains, forming together a pro-apoptotic Hippi-Hip1 heterodimer. The
heterodimer recruits pro-caspase 8, launching by this apoptosis through extrinsic cell death
components such as TNF receptor or Fas receptor (Gervais et al., 2002). In contrast, wild-type HTT
binds Hip1 and reduces cellular toxicity by inhibiting the formation of Hip1-Hippi heterodimer
(Gervais et al., 2002).

2.10-HTT and Cancer

HD patients have lower cancer incidence than non-HD people. Sorensen et al showed that
only 5% of death in HD patients were associated to cancer. Later in 2012, Ji et al described similar
decrease in cancer incidence in most HD individuals. In fact, HTT can act as a tumor suppressor by
modulating the apoptosis of neoplastic cancer cells (Ji et al 2012).

Whereas CAG long length has a protective role in breast and ovarian cancer, it could be
paradoxically associated with tumor progression and metastasis. In fact, metastasis is increased by
a factor of 11.1 in patients with sporadic HER2 breast cancer with every 10 additional HTT CAG
repeats. Mutant HTT interacts with dynamin 2 and impairs HER2 recycling by inhibiting its
endocytosis thus, provoking HER2 accumulation and enhancing cancer severity (Moreira Sousa et
al., 2013; Thion and Humbert, 2018). Another mechanism could involve cellular junctions: loss of
wild-type HTT in breast cancer promotes metastasis by altering tight junctions (Thion et al., 2016).
Similar to the loss of wild-type HTT, the dephosphorylation of HTT at S421 accelerates cancer
progression (Thion et al., 2015). In line with this, FK 506, an inhibitor of Calcineurin that
dephosphorylates HTT at S421, inhibits the migration of breast cancer cells and decreases
mammary tumor growth in vivo (Thion et al., 2015).

In addition, HTT decreases metastatic breast cancer cells through its interaction with CREB-
binding protein (CBP), which mediates the CREB-dependent transcription of ZO1, a protein

involved in maintaining cellular tight junctions.
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Altogether, this suggests an anti-tumor role of wild-type HTT and S421-phosphorylated
HTT in breast cancer cells.

Another pathway of HTT in cancer involves the HTT associated protein 1 (HAP1). This
cytoplasmic protein is less expressed in breast cancer cells compared to normal tissues in contrast
to Huntingtin interacting protein (HIP1) that is overexpressed in breast cancer cells. HAP1
expression in ER positive and triple negative breast cancer cells in culture reduces the
proliferation, invasion and migration of both cell types enhancing the apoptotic activity of caspase
3in the ER positive cells and not the triple negative cells.

Another HTT interacting protein, HTT interacting protein 1 (HIP1) is associated with other
human cancers such as prostate cancer. An aberrant (over or decreased) expression of HIP1 is
found in prostate and colon tumor cells but not in benign epithelial corresponding cells (Rao et al.,
2002). In the TRAMP transgenic adenocarcinoma mouse model, HIP1 is overexpressed in prostate
tumor. Depletion of HIP1R in prostate tumors decreased metastasis by reducing the
mesenchymal-like cell morphology (Rice et al., 2016), suggesting that HIP1R positively regulates
the transition from prostatic hyperplasia to carcinoma. Moreover, HIP1 modulates the function of
several Glutamate receptors such as EGFR (describe), PDGFR (describe) and transferrin receptors
(Bradley et al., 2005). The lipid binding domain of HIP1 directly extends the EGFR expression and
half-life (Bradley et al., 2007). miR23b-27b targeting HIP1 is downregulated in human metastatic
prostate tumors. In orthotopic prostate xenograft transduced with miR23b-27b, seminal vesicle
invasion and distant metastases supporting the role of HIP1R expression as a metastasis
suppressor (Rice et al., 2016). Controversially, other studies suggest that HIP1 promotes apoptosis
in a caspase-8 independent way. The differences observed in these studies may come from the
use of different HIP1 cDNAs: one of the cDNA lacks the N-terminal sequence containing the ENTH
the Epsin N-terminal homology domain that is critical to maintain HIP1 roles in cellular survival or
death pathways (Rao et al., 2002).

Finally, Simeone et al described four major network hubs in Glioblastoma, composed of
HTT, HNF4a, c-Myc and 14-3-3 C that cross talk with p53 and EGFR pathways. In this study, HTT
was found in the cytoplasm of high-grade GBM and in the nucleus of low-grade GBM (Simeone et

al., 2014).
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CHAPTER 3. THE ANTISENSE OLIGONUCLEOTIDES

1-Generalities

Antisense oligonucleotides (ASOs) are short, single stranded oligonucleotides, typically
around 20 nucleotides in length, which bind to the RNA through standard Watson-Crick base
pairing.

ASOs interfere with gene expression by altering RNA function. In 1978, Zamecnik
and Stephenson used ASOs for the first time to inhibit the replication of the Rous sarcoma
virus in vitro (Stephenson and Zamecnik, 1978) . Two decades after, the first FDA
approved ASO was launched to treat cytomegalovirus (CMV) retinitis, an inflammation of
the retina that can lead to blindness. The ASO fomivirsen was administered by intravitreal
injection. Fomivirsen is a synthetic 21-nucleotide ASO designed to be complementary to a
sequence in CMV mRNAs encoding proteins that are essential for CMV replication (Perry

and Balfour, 1999).

2-Chemistry

The first ASOs that have been developed were composed of synthetic, short single
stranded oligodeoxynucleotides of 8-50 nucleotides with unmodified phosphoribose backbone
that bind by base pairing complementary to a target mRNA and induce its knockdown by
endogenous endonuclease-mediated degradation, reducing the levels of deleterious proteins.

Unfortunately, the first generation ASOs showed limited clinical potential in vivo due to
their rapid degradation by endonucleases and exonucleases (Rinaldi and Wood, 2018). Second and

third generations of ASOs with modified backbones have an increase resistance to nucleases.

2.1-Backbone modifications

The phosphodiester backbone of unmodified oligonucleotides is highly susceptible to
degradation by nucleases in vivo. The phosphorothioate (PS) bond substitutes a sulfur atom for a
non-bridging oxygen in the phosphate backbone. This modification renders the internucleotide
linkage resistant to nuclease degradation (Figurel). Moreover, the negative charge of the sulfur at
physiological pH increases the lipophilicity of ASOs, facilitating binding to plasma proteins, to cell-

surface proteins and uptake into cells (Crooke et al., 2021a),(Kandasamy et al., 2022).
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Others second and third generation ASOs lack the phosphoribose backbone, such as the
phosphorodiamidate morpholino oligomers (PMOs) in which morpholino rings replace the
ribofuranose rings and the backbone is linked by phosphorodiamidates instead of phosphates
(Figure 2). These ASOs are particularly resistant to nucleases. Neutral at physiological pH, they do
not bind to proteins with significant affinity, meaning that high doses are needed for in vivo
activity and that they are rapidly eliminated from the body. These ASOs are used in splicing
modulation or translation inhibition (see 3- Mode of action). Other modifications of the backbone
include peptide nucleic acids (PNAs) and locked nucleic acids (LNAs) modifications (Figure 2). PNAs
have a charge-free polyamide scaffold of repeating N-(2-aminoethyl) glycine units, with the
nucleobases attached via methylene carbonyl linkers, in place of the negatively charged ribose-
phosphate backbone found in other oligonucleotides. Despite binding with great affinity to DNA or
RNA sequences, PNAs show poor cellular penetration and they have fallen out of favor as a
treatment modality. In locked nucleic acids (LNAs), the ribose 2’-O- and 4’-C-atoms of sugar
moieties are connected via a methylene bridge. The effects of LNAs are mediated primarily
through RNase H (see 3- Mode of action). Due to high specificity of binding and lower
immunostimulatory potential as compared to PS ASOs, LNAs ASOs are currently in trials for
therapies.

Recent ASOs were develop with phosphoryl guanidine (PN) backbones (Figure 1). PN
linkages are neutral and more stable to nuclease degradation and have improved pharmacology

and efficacy compared to PS-modified oligo nucleotides in a model of DMD (Kandasamy et al.,

2022).
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Phosphodiester (PO) Phosphorothioate diester Phosphoryl guanidine diester
(PS) (PN)

Fig. 1 | The distinct structural modifications of ASO’s backbone. These include the phosphodiester (PO) backbone
in (A), the phosphorothioate (PS) backbone where a sulfur atom replaces a non-bridging oxygen in (B) and the
phosphoryl guanidine diester (PN) backbone where a phosphoryl guanidine-containing moiety or derivative
replaces a non-bridging oxygen in (C). Adapted from (Kandasamy et al,2022)
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Fig. 2 | The Chemical modifications of ASOs backbone. These include PMO, phosphorodiamidate morpholino

oligonucleotide; LNA, locked nucleic acid; PNA, peptide nucleic acid; Adapted from (Kandasamy et al,2022)

2.2-Stereochemistry

The phosphodiester linkage is achiral. However, the introduction of a sulfur atom in a PS
linkage result in the generation of a chiral center at each modified phosphorous atom: the PS
linkage is chiral with right-handed (Rp) and left-handed (Sp) isomers (figure 3). Consequently, a
solution of PS-ASO of 20 nucleotides is a racemic mixture of the 219 possible permutations (that
is, more than half a million different molecules). It has been shown that the physicochemical
properties of each stereocenter are distinct in terms of hydrophobicity/ionic character, nuclease
resistance, target affinity and RNase H activity. The racemic mixtures of oligonucleotide drugs
contain many stereoisomers that are inefficient or even toxic. Identification of the most active
stereoisomers would allow for lower doses with more efficacious compounds. The Wave Life
Sciences company (Cambridge, Massachusetts) identified that a 3'-SpSpRp-5' ‘stereochemical
code’ contained within the ‘gap’ region of gapmer ASOs (see 3 Mode of action, 3-1 Degradation of
a target mRNA) renders the ASOs particularly potent with improved stability and specificity as
compared to stereoisomer mixtures (lwamoto et al., 2017).

The company has developed a scalable method of synthesizing oligonucleotides with
defined stereochemistry at each PS linkage, and is advancing oligonucleotide drugs with defined

stereochemistry for various indications (Roberts et al., 2020),(lwamoto et al., 2017).
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Fig. 3 | The Representation of PS stereoisomeric forms. The Introduction of an additional sul- fur atom in a PS linkage
results in the generation of a chiral center at each modified phosphorous atom, with the two possible stereoisomeric
forms by designated Sp and Rp. Adapted from (Roberts et al,2020),

2.3-2’Ribose substitution

In addition to the phosphate inter-nucleotide linkage, the 2' position in the sugar is used by
most nucleases to degrade nucleic acids. Replacement of the nucleophilic 2’-hydroxyl group of
unmodified RNA by the 2’-O-methyl (2’-OMe) group or the O-methoxyethyl (2'-MOE) group,
increases nucleases resistance, resulting in longer tissue elimination half-lives. These modifications
increase the binding affinity for RNA and improves antisense oligonucleotide drug performance.
Another modification, the 2'-constrained ethyl (2'-cEt) in which the 2" and 4' positions in the ribose
are linked, increases similarly the ASOs performances (Crooke et al., 2021a), (Roberts et al., 2020)

(Figure 4).
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Fig. 4 | The Chemical modifications used in ASO. 2'-OMe, 2'-O-methyl; 2'-F, 2'-fluoro; 2' ;2'-MOE, 2'-O-
methoxyethyl; Adapted from (Roberts et al,2020),

2.4-Other modifications

Other modifications are under investigation in order to enhance the delivery of ASOs to
specific organs thereby increasing the drug performance while lowering the dose. For example, N-
acetylgalactosamine (GalNAc) conjugation can be used to promote targeted delivery of
oligonucleotides to the liver through binding to the asialoglycoprotein receptor expressed on
hepatocytes (Crooke et al., 2021a)

Also, cell-penetrating peptides, sequences of 30 amino acids rich in arginine and lysine, can
be covalently added to ASOs to increase their endocytosis in specific cell types. As an example, a
glucagon-like peptide-1 receptor (GLP1R) agonist has been covalently bound to ASOs resulting in
an increase of specific uptake of the ASOs in pancreatic insulin-secreting B-cells through

internalization of GLP1R (Ammala et al., 2018).

3.Mode of action

ASOs bind to RNA through the Watson-Crick base pairing and modify splicing, translation or
even induce the degradation of the RNA. Here, | will present here two mechanisms of action of

ASOs associated with their use in therapy.
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3.1-Degradation of a target RNA

Most of PS ASOs promote the degradation of their target RNA by the ubiquitously RNase
H1 enzyme capable of hydrolyzing the RNA-DNA duplexes. RNase recognition of ASO is not
aleatory, in fact a minimum of five consecutive deoxynucleotides, optimally eight to ten, are
necessary to be an enzyme substrate. Flanking this unmodified deoxynucleotides core region or

gapmer (Figure 5), several 2'-modified nucleotides such as 2'-MOE modified nucleotides increase

the affinity of the ASO for its target RNA and also protect it from degradation by nucleases (Crooke

et al., 2021a)

ASOs targeting mutant huntingtin and in particular RG6042 or Tominersen, act through this

mechanism. This will be developed later (3-4-1).

Flanking region DNA
(2’-OMe/LNA) gap

Gapmer ASO
s T AMAAAR
mRNA
DNA-RNA
heteroduplex
recruits RNASEH1

Transcript cleavge and degradation

Fig. 5 | Degradation of a target RNA. Gapmer antisense oligonucleotides (ASOs) are composed of a
central DNA segment with flanking regions that resemble RNA. These flanking regions typically contain
modified bases like 2'-O-methyl (2'-OMe) or locked nucleic acid (LNA). These ASOs have a strong binding
ability to specific RNA molecules. When the ASOs bind to their target transcripts, a hybrid structure is
formed between RNA and DNA, which is then recognized by RNASEH1. As a result, the targeted RNA
transcript is broken down and degrade. Adapted from (Roberts et al,2020).

3.2-Splice-switching ASOs

These ASOs allows the production of a desirable mRNA and the encoded protein by

interfering with splicing sites in the pre-mRNA (Figure 6). | will here present the mechanism of
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action of two FDA approved ASOs that bind to pre-mRNA i) to inhibit the splicing of exons (ex of
nursinersen for the treatment of spinal muscular atrophy, and ii) to induce exon skipping (ex of
eteplirsen for the treatment of Duchenne muscular dystrophy).

ASOs technology can upregulate the production of desirable mRNA and the encoded
protein. Nusinersen, an ASO designed to restore the levels of the survival motor neuron (SMN)
protein, is a successful example of such ASOs. It has been approved by FDA in 2016 for treating
spinal muscular atrophy (SMA). SMA is a neuromuscular disorder characterized by progressive
muscular atrophy and weakness. Infants with SMA type | (symptom onset <6 months) are unable
to sit independently. Children with SMA type Il (symptom onset 7—18 months) can sit
unsupported, though some may lose this ability over time, and some may stand but are unable to
walk independently. Children with SMA type Il (symptom onset >18 months) can walk
independently, but some may lose this ability over time. The disease is caused by loss-of-function
of the SMN1 gene, which encodes a protein, SMIN that has a key role in the formation and
maintenance of neuromuscular junctions. The SMIN2 gene does not compensate for the mutation
as this locus generates 10% of the normal physiological levels of functional SMN protein and the
majority of SMIN produced from the SMN2 gene lacks exon 7, due to aberrant splicing. Patient
suffer spinal cord and brainstem motor neuron degeneration. Nusinersen is a PS fully 2'-MOE-
modified ASO that binds to SMN2 pre-mRNA to cause inclusion of exon 7 and generation of the
full protein in motor neurons of the central nervous system (CNS). The ASO binds to intron 7 of
the pre-mRNA by blocking intronic splicing site responsible for exon 7 exclusion. Clinical trials were
successful and nusinersen (Spinraza) was approved by FDA in 2016. In infantile-onset SMA
patients, nusinersen decreased the risk of death and permanent ventilation. Besides, some
patients were able to sit independently and even to stand. Nusinersen is indicated for the
treatment of children under 18 years with genetically confirmed spinal muscular atrophy (SMA)
types |, Il or lll. Nursinersen (12mg, 5 ml) is injected intrathecally four times on days 0, 14, 28 and
63; followed by a maintenance dose of 12mg (5ml) once every 4 months thereafter (Darras et al.,
2019), (Crooke et al., 2021a). Duchenne muscular dystrophy (DMD) is a rare, X-linked, fatal,
degenerative neuromuscular disease that occurs in approximately 1 in every 3,500 to 5,000 males
born worldwide. The disease is due to mutations in the DMD gene, which encodes dystrophin, a
protein that anchors the cytoskeleton to the myofibre membrane. Partial or complete absence of
dystrophin causes progressive muscle weakness and premature death. The most common

mutation led to the loss of the DMD open-reading frame (ORF) resulting in a truncated form of the
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protein. As the most crucial functional domains of dystrophin lie at the N and C terminal of the
protein, ASOs were designed to allow the skipping of internal exons, which restores the expression
of a dystrophin with its N and C terminal domains. PMOs showed higher levels of dystrophin
protein restoration in the mdx mouse preclinical model as compared to 2’-OMe oligonucleotides:
they have higher serum stability and higher resistance to nuclease degradation in muscles. The
PMO eteplirsen (Exondys 51) is the first drug approved to treat patients with DMD: eteplirsen
triggers the excision of exon 51 during pre-mRNA splicing of the dystrophin RNA. Administered
weekly by intravenous injection in young patient for a period of 4 years, the treatment seems to
slow down the decline of ambulatory function as patients still walk as compared to untreated
patients (Mendell et al., 2021). However, restoration of muscular dystrophin is moderate and
clinical benefit is debated. This is probably due to a poor uptake of ASOs by muscle tissue. New
ASOs are currently tested in mice: tricyclo-DNAs (tcDNA) in which an ethylene bridge is fused to a
cyclopropane unit, have a high degree of dystrophin splicing correction in muscles(Relizani et al.,
2017). A recent report shows the improved pharmacology and efficacy of stereopure PS-modified
exon-skipping oligonucleotides containing phosphoryl guanidine (PN) backbones over PS-modified

oligo nucleotides in the mdx mouse model of DMD (Kandasamy et al., 2022).

Steric block
splice-switching ASO
Pre-mRNA
Exon skippin::;/ - uf‘mn inclusion
= — AAAAAR  ® — ARARAA

N

= Splice correction (productive splicing)
* Splice corruption (non-productive splicing)
= |soform switching (productive splicing)

Fig. 6 | Splice switching ASQ. Steric block oligonucleotides, which specifically target signals involved in pre-
mMRNA splicing, can manipulate alternative splicing by either encouraging the exclusion of certain gene
segments or their inclusion (depending on the specific splicing signal being targeted). This manipulation leads
to the generation of mature mRNA molecules that can undergo productive splicing, such as restoring the
correct reading frame or switching to a different isoform. Alternatively, it can result in non-productive splicing,
where an exon essential for protein function is removed and/or the translation reading frame is disrupted.
Adapted from (Roberts et al,2020).
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3.3-Other mechanisms of action

Other mechanisms include A) inhibition of translation initiation (ASOs bind to regions close
to AUG initiation codon and block the binding of the mRNA to the ribosomal machinery) (figure
7A). B) interference with upstream open reading frame that negatively regulate translation in
order to activate protein expression (figure 7B), and C) binding to pre-mRNA sequences involved
in cleavage and polyadenylation to modulate the use of polyadenylation sites, thereby altering the

stability and levels of mRNA (figure 7C).

Ribosome uORF peptide induces translational C Destabilization =
@ repression of pORF motifs Dteric block ASO
(:uORF 7Y HORF oo T
—r 7 AARARA Pre-mRNA Cleavage and
AUG AUG polyadenylation signals
? Increased translation
Steric block ASO Steric block ASO ., of pORF . s ABAAAR
3 ARRARR o~ TR ~—ARAAAA Early addition of polyadenyl tail results in more
AUG AUG AUG stable transcript lacking destabilization signals

Fig. 7 | Other mechanism of ASO. (A) Steric block antisense oligonucleotides can interfere with translation
initiation by specifically targeting the AUG start codon. (B) Additionally, they can disrupt the regulation of
upstream open reading frames (UORFs) present in some transcripts, thereby activating the translation of
the primary open reading frame (pORF). Another way steric block ASOs can exert their influence is by
modulating transcript stability through the alteration of cleavage and polyadenylation signal usage. (C) For
instance, targeting a distal polyadenylation signal with these ASOs leads to a preference for a weaker
proximal polyadenylation signal. Consequently, the resulting shorter transcript lacks RNA destabilization
signals, making it more stable, adapted from (Roberts et al,2020).

4.Delivery

First generation ASOs were only administered intravenously due to large doses and pro-
inflammatory effects. ASOs with 2’-MOE or 2-cT modifications have reduced pro-inflammatory
effects and can be administered by subcutaneous or intramuscular injection. Oral formulations of
ASOs are currently being developed. Some modifications of ASOs can promote the delivery to
specific organs allowing per os administration. For instance, several GalNac modified ASOs (see 2-
4 Other modifications) which target hepatocytes, are currently in clinical trials to treat
nonalcoholic steatohepatitis, liver cancer and familial hypercholesterolaemia. As an example,
ION449 (lonis Pharmaceutical and AstraZeneca) is a GalNAc-conjugated PS 2’-cEt ASO directed

against the serine protease proprotein convertase subtilisin-kexin type 9 (PCSK9) which regulates
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low-density lipoprotein (LDL) receptor levels. Elevated levels of LDL cholesterol (LDL-C) in the
plasma are a risk factor in the development of cardiovascular diseases by increasing the formation
of atherosclerotic plagues. PCSK9 is secreted by the liver and indirectly regulates plasma LDL levels
by controlling the LDL receptor expression at the plasma membrane. In familiar forms of
hypercholesterolaemia, gain-of-function mutations of PSCK9 leads to lower expression of LDL
receptor at the cell surface which increases plasma levels of LDL cholesterol. The clinical phase 2b
ETESIAN was concluded in April 2022: ION449 was able to lower liver-derived PSCK9 and to reduce
blood cholesterol levels in patients injected subcutaneously monthly for 12 weeks.

Moreover, the feasibility of oral administration of ION449 was established in animal
models and an oral formulation of ION449 is currently being evaluated in a Phase 1 study in
healthy volunteers. Nevertheless, to date, the large doses required to reach clinical benefits
hampers the commercially feasible oral administration.

Another difficulty related with dosage is the amount of tissue to be targeted by ASOs. This is
particularly the case for skeletal muscles that represent approximately 40% of total body weight.
For instance, restoration of muscular dystrophin following eteplirsen treatment is moderate
despite repeated intravenous injections. Nevertheless, repeated injections of ASOs over a long
period of time may prove efficient to promote a cumulative effect.

ASOs do not cross the blood brain barrier (BBB) hence systemic delivery is not an option.
ASOs can be infused intrathecally, i.e., delivered into the subarachnoid space of the spinal cord.
From here, the ASOs pass the pia mater to enter the parenchyma. Once in the brain, the ASOs
diffuse broadly in the CNS and are readily taken up by neurons and glial. This route of delivery
results in immediate high drug concentrations in the CSF and holds a promising application in
neurodegenerative disease. For the treatment of SMA, nursinersen is administered intrathecally
(3-2 Splice-switching ASOs). Amyotrophic lateral sclerosis (ALS) is a rare, fatal neurodegenerative
disorder characterized by loss of motor neurons in the spinal cord and cortex, leading to loss of
muscle function and death. Both sporadic and familial forms of the disease are observed with 2%
caused by gain-of-function mutations in the super oxide dismutase 1 (SOD1) gene. The PS 2’-MOE
ASO tofersen reduces levels of normal and mutant SOD1 mRNA via RNAse H1 degradation. In
2021, results of the phase 3 clinical trial VALOR (Biogen Inc.) showed that intrathecal
administration of tofersen (100 mg, three times the first month, then monthly) was able to slow
down the progression of the disease (Amm3la et al., 2018). ASOs developed for the treatment of

HD are also injected intrathecally (Figure 8).
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5.Cellular uptake

How ASO are taken into cells is not fully understood. Regarding PS-ASO, they are water
soluble and bind to membrane bound protein and receptors. ASO are then internalized through
endocytosis (Juliano, R., n.d.), (Sarah J Ross, n.d.). It has been described that PS-ASO interact with
EGFR and are internalized with the receptor by clathrin-mediated endocytosis. PS-ASO traffic in
early and late endosome together with EGFR (Wang et al., 2018). Therefore, it is easy to speculate
that water soluble ASO may use the large repertory of tyrosine kinase receptors to enter the cells.
Modifications of ASO have been performed to increase their cellular uptake. As an example, N-
acetylgalactosamine (GalNAc) conjugation facilitates the uptake by hepatocytes that express the
asialoglycoprotein receptor (Y. Kim et al., 2019).

Following endocytosis, ASOs contained in early endosomes are shuttled to late endosomes
from where they are released into the cytosol. The process between the release from late
endosome to hybridization to RNAs into the nucleus is unknown but may involve interaction with
proteins (Crooke et al., 2021b). Release from late endosome is a rate-limiting step as ASO that stay
trapped in the late endosome are degraded in lysosomes by endonucleases (Dowdy, 2023).
Indeed, decreased ASO localization to lysosomes by depleting the lysosome transmembrane
protein SID1 member 2 (SIDT2), increases the ASO activity in Hela and HEK293 suggesting that
lysosome localized ASOs are inactive cells (Zhao et al., 2023). PS-ASOs are eliminated by

glomerular filtration with a tissue elimination half-life of 2 to 4 weeks (Crooke et al., 2021b).

6.ASO in HD

As mutant HTT (mHTT) protein causes neurodegeneration, ASOs decreasing HTT protein

production were developed in order to slow the progression of the disease.

6.1-Tominersen

6.1.1-Description

The first ASO developed and tested, targets both the HD mutant and the WT HTT mRNAs.
Tominersen, also known as IONIS-HTTRx or RG6042, is a second-generation 2'-MOE PS ASO that
was designed by IONIS Pharmaceutical to reduce concentrations of HTT mRNA. RG6042 is

designed as a gapmer: its central region of 10 deoxyribose nucleosides is complementary to exon
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36 of the HTT mRNA and is flanked by ribose nucleosides (5 per side) with 2’ sugar modifications
(replacement of the nucleophilic 2’-hydroxyl group by a O-methoxyethyl (2'-MOE) group to

increase nucleases resistance) (Figure 8).

CtoCoaog TAACATTGACaoCoCoac

Fig. 8 | Sequence of RG6042, aka tominersen. Lower-case letters indicate ribose nucleosides with 2’ sugar
modifications (substitution of 2’OH by 2'-O-methoxyethyl (2'-MOE)). Upper-case letters indicate deoxyribose
nucleosides; o indicates phosphodiester (PO) linkage; non-labeled linkages indicate chiral phosphorothioate (PS)
linkages (Wang et al., 2018)(Crooke et al., 2021b)(Sarah J Ross, n.d.).

6.1.2-Preclinical data

The ASO was tested in several HD mouse models (BACHD, YAC128, R6/2) as well as in the
HD Hu97/18 mouse which expresses two copies of the full-length human HTT gene. Southwell and
collaborators (Southwell et al., 2014) showed that a single injection of 300 pug of ASO in the right
lateral ventricle of mice decreased HTT protein levels in the brain for 12 weeks with the exception
of the cerebellum. The ASO-mediated therapy ameliorates behavior in HD mice models notably by
reducing the anxiety and depressive-like phenotypes while preserving striatal neurons (Southwell

et al., 2018).

6.1.3-Clinical Trials

In 2017, the completed phase 1/2a clinical trial of Tominersen (NTC02519036) in 46
patients with early manifest HD showed that 4 monthly doses of RG6042 administered
intrathecally were able to lower the level of mHTT in the cerebrospinal fluid (CSF) by 40% at the
highest dose tested (120 mg). The treatment was well tolerated (Tabrizi et al., 2019). The
participants were invited to take part in the open-label extension study (NTC03342053) during
which they received 120 mg tominersen every 4 or every 8 weeks during 15 months. At the end of
the study, patients presented an increase of in the ventricular volume as well as an increase in
neurofilament light (NfL) concentration in the CSF at day 141. Increase in NfL in the CSFis a
biomarker of central nervous system neuro-axonal injury and reflects neurodegeneration in brain.
However, the volumes of the caudate putamen and of the whole brain were not changed as

compared to placebo.
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Tominersen was further tested in a phase 3 clinical trial (NTC03761849). The highest dose
(120 mg) was chosen to maximize target reduction in deep brain regions. The GENERATION HD1
trial enrolled 791 patients with manifest HD. Patients were distributed into three groups: the first
group received tominersen every 8 weeks, the second group received tominersen every 16 weeks
and placebo at alternate weeks, the last group was given placebo only every eight weeks. In March
2021, Roche has stopped the clinical trial for a lack of patient’s treatment benefit through 17th
months of treatment over placebo. The drug was not able to stop the natural course of the
disease. Moreover, brain ventricles volume increased in every eight weeks regimen that may be
indicative of accelerated neurodegeneration. The independent data monitoring committee, a
group of outside experts tasked with ensuring the safety of trial participants and who have access
to unblinded data, reported that patients treated with tominersen every 8 weeks performed
worse on clinical rating scales and had higher frequencies of serious adverse events than the
placebo.

Moreover, there was a significant increase in NfL concentration in the CSF. The second
group of patients that received tominersen every 16 weeks, had functional ability, motor and
cognitive function scores similar to placebo. Various hypothesis is proposed to explain the failure
of tominersen. It is possible that peak drug concentrations are toxic and induce inflammation that
damage neurons. High concentrations are required because tominersen must reach deep grey
matter nuclei. It is also possible that lowering WT HTT levels may be deleterious for the survival of
neurons despite studies reporting that partial lowering of WT HTT in the healthy brain is likely to
be safe (Leavitt et al., 2020).

Nevertheless, lower doses of tominersen are now tested in a new open label phase 1
clinical trial termed GEN-PEAK (NCT04000594), which involves younger patients with lower
disease burden. The purpose of this trial is to assess the pharmacokinetics and pharmacodynamics

of tominersen.

6.1.4-Stereopure ASOs

The failure of tominersen creates a potential opportunity for other developers of
Huntington’s drugs. Wave Life Sciences and Takeda partnered on two antisense therapies that
were tested in PRECISION-HD1 and 2 phase 1/2 trials. WVE-120101 and WVE-12012 are two
stereopure gapmer ASOs with PN backbone directed against two single nucleotide polymorphism
(SNP) (rs362307M SNP1 and rs362331 SNP2 respectively) SNPs unique to the mHTT mRNA. ASOs
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were administered monthly via intrathecal injection up to 32mg to patients with early manifest
HD. Both trials showed no statistically significant lowering of mHTT in the CSF (Kingwell, 2021). In
September 2022, Wave Life Sciences announced positive update from phase 1b/2a SELECT-HD
trial (NCT05032196) testing another stereopure ASO directed against SNP3. The ASO WVE-003
was administered to 18 participants at doses up to 90 mg. Participants enrolled at 30 mg, 60 mg
and placebo had adequate follow-up to day 85 for biomarker analysis. At the time of analysis,
none of the participants dosed with 90 mg had reached day 85 so this cohort was not included in
the biomarker analysis. WVE-003 reduced mutant huntingtin (mHTT) protein levels by 22% in the
CSF after one injection. Additionally, wild-type huntingtin (wtHTT) protein was preserved, which
appears consistent with allele-selectivity. Additional single dose biomarker and safety data are

expected in the first half of 2023.

7.ASO in cancer

There is no ASO-based anti-cancer therapy so far. However, ASOs are tested for the
treatment of various solid and non-solid tumors and numerous clinical trials were attempted or
are still running. For instance, LNA modified ASOs directed against metadherin have been tested
experimentally. Metadherin promotes cancer progression by enhancing Wnt signaling in colorectal
cancer and decreasing cytotoxic T cells infiltration while promoting immune checkpoint activation
in lung cancer. These pro-cancer effects were abrogated upon treatment with the metadherin
specific ASOs. The treatment was able to suppressed tumor progression as well as liver and lung
metastasis and increase the overall survival of mice the survival of mice (Shen et al.,, 2021).

In an attempt to treat peritoneal metastasis of gastric cancer, Kanda and coll (Kanda et al., 2020)
tested amido-bridged nucleic acid (AmNA)-modified ASOs to knockdown synaptotagmin XIII
(SYT13). AmNA modified ASOs are analogs of locked nucleic acid (LNA) with modification of the
amide bond bridged between the 2’ and 4'carbons of the ribose. They show higher knockdown
efficiency compared to LNA-modified ASOs. SYT13 activates focal adhesion kinase and
downstream pathways that promote cell migration. Intraperitoneal administration of AmNA-
modified anti-SYT13 reduced peritoneal nodules and increased life expectancy in a xenograft
mouse model of metastatic gastric cancer. In estrogen receptor (ER)-positive subtype of breast
cancer, targeting the circular RNA circPVT1 with an ASO, efficiently reduced tumor growth from

MCF7 cells injected subcutaneously into nude mice (Yi et al., 2023).
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Hyperactivation of tyrosine kinases receptors is a major cause of cancer as it activates the
Ras-MAP kinase pathway, resulting in proliferation. Growth factor receptor-bound protein 2
(Grb2) is a cytosolic adaptor protein with a SH2 domain that binds the phosphorylated tyrosines of
the activated tyrosine kinase receptors. Grb2 recruits SOS, a guanine nucleotide exchange factor
that activates Ras. Suppression of Grb2 may prove to inhibit cancer progression. The BP1001
antisense oligonucleotide specific for Grb2, has been tested in a phase 1/1b clinical trial in patients
with refractory or relapsed myeloid or lymphoblastic leukaemia, in monotherapy or in
combination with low-dose cytarabine (ClinicalTrials.gov Identifier: NCT01159028) (Ohanian et al.,
2018). A phase Il study examines the effect of the ASO in association with venetoclax and
decitabine on untreated acute myeloid leukemia (AML) patients (ClinicalTrials.gov Identifier:
NCT02781883). Another phase 1/1b trial is examining the safety and tolerability of intravenous
injected BP1001 in patients with advanced or recurrent solid tumors (ovarian and fallopian tubes
cancer), as a single agent or in association with paclitaxel (ClinicalTrials.gov Identifier:
NCT04196257). No data related to cancer progression/regression is available so far.

Regarding glioma, the ASO trabedersen (AP 12009) specific for the mRNA of the human
transforming growth factor beta 2 (TGF-beta-2) was infused intratumorally using convection-
enhanced delivery (CED) in adult patients with recurrent or refractory anaplastic astrocytoma or
secondary glioblastoma. This trial was ended in 2014 and no conclusive data were published
(ClinicalTrials.gov Identifier: NCTO0761280). Earlier, a phase llb study had shown an advantage in
long-term survival for anaplastic astrocytoma patients treated with trabedersen when compared
with standard chemotherapy ClinicalTrials.gov Identifier: NCT00431561 (Bogdahn et al.,
2011),(Uckun et al., 2019).

Mogilevsky and coll identified that the pre-mRNA of the enzyme Mnk2 is alternatively
spliced to produce two isoforms Mnk2a and Mnk2b that acts as a tumor suppressor or a pro-
oncogene respectively. Mnk2a levels are downregulated while Mnk2b levels are upregulated in
glioblastoma. The authors designed an ASO that blocks the access of the splicing machinery to the
Mnk2 pre-mRNA resulting in the conservation of the exon 14a and the production of the Mnk2a
isoform at the expense of the pro-oncogenic isoform Mnk2b. This ASO decreased colony
formation capacity and U87 cancer cell survival in vitro and sensitized tumor cells to TMZ
(Mogilevsky et al., 2018). To our knowledge, there is no clinical trial testing this ASO.

An antisense oligonucleotide against IGF type 1 receptor (IMV-001) is currently tested in

newly diagnosed glioblastoma. (ClinicalTrials.gov Identifier: NCT04485949). The results of the
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Phase Ib Clinical Trial are published (Andrews et al., 2021)(ClinicalTrials.gov: NCT02507583). The
treatment consists in treating resected glioma cells with IMV-001 and irradiation prior to
encapsulation in biodiffusion chambers and grafting in the abdomen. The patients are then
subjected to Stupp treatment. In patients with methylated MGMT promoter, the ASO was well
tolerated and the progression free survival as well as the overall survival were increased as
compared to patients treated with the Stupp protocol only.

Expression of the MGMT enzyme is a major hurdle in GBM therapy. To block MGMT mRNA
translation, antisense morpholino oligonucleotides specific to MGMT were tested in human cells
expressing MGMT, notably the glioma cell line T98G. The ASOs decreased MGMT levels and
sensitized the cells to TMZ (Ambady et al., 2017). In vivo, irradiation increased the uptake by
endocytosis of the ASO in a D283 medulloblastoma orthotopic xenograft model resulting in MGMT
downregulation and increased efficacy of TMZ (Ambady et al., 2022).

More recently, an ASO was tested in a mouse model of the diffuse midline glioma with
H3K27M mutation. This a pediatric form of glioma with a dramatic outcome. It is due to a
mutation in the histone 3.3 gene H3-3A, replacing lysine 27 with methionine (K27M) which results
in global reduction in di- and trimethylation of all histone H3 proteins. PS-MOE-ASOs of 20
nucleotides were designed to directly target the mutant H3-3A mRNA and tested in vitro and in
vivo in @ mouse model of the disease. The intracerebroventricular administration of the ASO
increased H3K27me3 abundance, reduced tumor volume and induced neuronal and glial

differentiation of tumor cells, increasing the overall survival of the animals (Zhang et al., 2023).

4- THESIS OBJECTIVES

Despite the current treatments for glioblastoma, the prognosis remains grim. The
alkylating agent TMZ remains the most effective agent against malignant glioma. However, tumor
cells and in particular GSCs develop resistance to the treatment, which account, at least in part,
for the relapse and eventually the incurability of the disease. There is a pressing need to find a
solution to improve the response to therapy and overcome TMZ resistance.

My thesis project aims at testing a potential new therapy for glioblastoma. This therapy rellies

on the downregulation of the protein huntingtin (HTT) in tumor cells in order to sensitize them to
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TMZ. HTT exerts prosurvival effects in neurons and has been shown to participate to the DNA
damage response. Past work at the lab showed that HTT regulates breast cancer metastasis
suggesting that HTT could also modulate tumorigenesis. As TMZ induces cancer cell death by
damaging the DNA, | hypothesized that downregulating HTT may exacerbate tumor cells apoptosis
by exacerbating DNA damage. | used the RG6042 antisense oligonucleotide (ASO) developed by
lonis Pharmaceutical to downregulate HTT, both the mutant and the wt forms. In vitro tests were

performed on glioma/glioblastoma cell lines to answer the following questions:

|.  Are glioma/glioblastoma cells lines more sensitive to TMZ when
depleted of HTT?

Il.  How does downregulation of HTT induce cell death?
lll. Is the MGMT status relevant to sensitization by HTT depletion?

| then tested the strategy on proneural (PN) glioma stem cells obtained from a patient. The

positive results obtained were an incentive to examine the strategy in vivo on nude mice bearing

with human PN tumors.

Altogether, the results of my thesis showed that ASO specific to HTT holds promises to

enhance the response of glioblastoma cells to TMZ.
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ABSTRACT

Glioblastoma multiforme (GBM) is a deadly brain tumor with limited treatment options.
The alkylating agent temozolomide (TMZ) significantly increases the median survival of
patients. However, tumor cells develop resistance to TMZ. In this study, we explored a
novel therapeutic approach to sensitize cells to TMZ. Huntingtin (HTT), which mutated
form causes Huntington disease, is a prosurvival protein widely expressed by neurons.
HTT is also expressed in glioblastoma. We downregulated the huntingtin (HTT) protein
using an antisense oligonucleotide (ASO) that directs the HTT mRNA for RNAse
degradation. We treated ASO-transduced glioma cell lines with TMZ and found that HTT-
depletion exacerbates TMZ-induced DNA double-strand breaks, poly(ADP-ribose)
polymerase 1 (PARP1) cleavage, cell cycle arrest in G2 and eventually cell death by
apoptosis. ASO-mediated HTT downregulation also sensitize patient-derived glioma stem
cells (GSCs) that express the DNA repair enzyme O6-methylguanine-DNA
methyltransferase (MGMT). Moreover, HTT-downregulation decreases stem cells
properties namely expression of the proneural stem cell marker DLL3 and self-renewal.
In vivo, in immunocompromised mice injected subcortically with MGMT expressing
GSCs, a single intracerebroventrical administration of ASO followed by oral TMZ
treatment delayed significantly proliferation, expression of DLL3 and tumor growth as
compared to mice receiving a scramble oligonucleotide. The ASO-mediated HTT
downregulation strategy to sensitize GSCs to TMZ holds promise for the treatment of
glioblastoma.

Keywords: glioma stem cells, temozolomide, glioblastoma, huntingtin, antisense
oligonucleotide, MGMT.

Highlights

e ASO directed against huntingtin (HTT) mRNA decreased HTT levels in glioma
cells. ASO-mediated depletion of HTT increases TMZ-induced DNA damage and
cell death in glioma cells.

e ASO-mediated depletion of HTT decreases self-renewal of glioblastoma stem
cells.

e Invivo, ASO-mediated depletion of HTT associated to TMZ treatment delays
tumor growth.

e ASO-mediated HTT depletion holds promise for the treatment of TMZ resistant
glioblastoma.
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INTRODUCTION

Glioblastoma are malignant primary brain tumors derived from glial cells. Based on
histological appearance, the World Health Organization (WHO) classifies the different
types of gliomas into prognostic grades ranging from | to IV. The most malignant
astrocytic glioma, glioblastoma multiform (GBM) (WHO grade V), represents more than
50 % of all gliomas and is the most common malignant primary brain tumor. Even though
GBM is quite rare with a global incidence rate of 3.17 per 100,000, it remains significant
due to the short median survival time of 3 years from the time of diagnosis. GBM affects
mainly adults with a median age at diagnosis of 64 years. Males are more commonly
affected with an incidence rate almost 1.6 times higher than in females.

The main reasons for the poor prognosis are the late stage of diagnosis combined
with the poor efficiency of the treatments. Moreover, GBM lesions are large at the time of
diagnosis. The tumor mass presents a high degree of regional heterogeneity in terms of
cells and genetic mutations, and tumor cells rapidly invade the surrounding brain tissue.
The majority of GBM harbors mutations in the retinoblastoma (Rb), p53 and receptor
tyrosine kinase (RTK) pathways, promoting cell survival and proliferation (Chen et al.,
2012). These mutations seem to be a core requirement for GBM pathogenesis.
Standard therapy for GBM consists of surgery followed by radiotherapy and/or
chemotherapy (Stupp et al., 2009). Tumor resection is never achieved due to its highly
infiltrative nature. The main chemotherapeutic agent used for treatment of GBM is the
alkylating agent temozolomide (TMZ). Taken orally, TMZ causes cytotoxicity by forming
methyl-adducts, such as N3-methyladenine (N3-meA), N7-methyl-guanine (N7-meG),
and O6-methyl-guanine (O6-meG), resulting in DNA strand breaks and subsequent cell
death. However, some tumor cells escape TMZ cytotoxicity by expressing the protein O-
6-methylguanine-DNA methyltransferase (MGMT) which removes the TMZ-induced
methylation of O6-methylated guanine bases. Other components of the DNA repair
pathway can contribute to TMZ resistance such as deficiency in the Mismatch Repair
(MMR) pathway, overexpression of Base Excision Repair (BER) proteins and Poly ADP-
ribose polymerase (PARP) activation. Altogether, deregulation of these DNA repair
mechanisms contributes to chemoresistance to TMZ.

There is a crucial need in identifying molecular targets to overcome TMZ resistance
of GBM. Targeting the protein huntingtin (HTT) may prove to be a valid strategy. HTT is a
scaffold protein of 348 kDa, widely expressed in adult tissues including the brain. HTT is
mutated in the neurodegenerative disorder Huntington's disease (HD) (Saudou and
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Humbert, 2016a). HTT exerts many functions not only in neurons but also in cancer cells
(Moreira Sousa et al., 2013). In HD female patients, breast cancer prevalence is lower
however its prognosis is poorer compare to non-HD breast cancer patients (Thion et al.,
2015). Breast cancer cells expressing HD mutant HTT are more metastatic than non-HD
breast cancer cells. It was shown that mutated HTT impairs the endocytosis of the
epidermal growth factor receptor family member HER2. The resulting over activation of
the receptor at the cytoplasmic membrane stimulates the PI3K/Akt pathway and
increases proliferation and survival of breast cancer cells (Moreira Sousa et al., 2013). In
healthy breast tissue, HTT is important in the establishment of E-cadherin adherens
junctions between mammary epithelial cells (Elias et al., 2015) and HTT expression is
downregulated in microinvasive human breast cancer (Thion et al., 2015). Moreover,
high-grade gliomas express HTT that localizes in the cytoplasm where it interacts with
p53, whereas in low-grade gliomas, HTT is found in the nucleus (Simeone et al., 2014).
In neurons, nuclear phosphorylation of HTT by CDKS5 is an early response to DNA
damage and is associated with DNA damage response; unphosphorylatable HTT is toxic
and triggers p53-mediated cell death (Anne et al., 2007). Altogether, these observations
point out to a central role of HTT in the biology of cell cancer.

Here, we hypothesized that HTT plays a role in glioblastoma chemoresistance to TMZ.
Our working hypothesis is that reducing HTT levels may impair the DNA repair
mechanisms and sensitize GBM to DNA damaging agents such as TMZ. We decreased
HTT levels in human glioma cell lines using previously described antisense
oligonucleotides (ASOs) (Kordasiewicz et al., 2012; Southwell et al., 2014). We show that
downregulation of HTT sensitizes glioma cells to TMZ, delays tumor growth in vivo and

increases survival of tumor-bearing mice.
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MATERIAL AND METHODS

Database analysis

Expression of HTT in tumors and overall survival according to HTT mRNA levels were
investigated using The Cancer Genome Atlas (TCGA) and the Rembrandt (REpository
for Molecular BRAIn Neoplasia DaTa) datasets through the website Gliovis

http://gliovis.bioinfo.cnio.es/.

Glioblastoma cells culture

U251, T98G and U87 human glioblastoma cell lines were cultured in complete culture
medium containing Dulbecco's modified eagle medium (DMEM, #31966047,
ThermoFisher) supplemented with 10% of fetal bovine serum (FBS, #CVFSVF0001,
Eurobio) and 1% of penicillin/streptomycin (PS, #15140148, ThermoFisher). Cells were
grown in a 95% air-5% COz humidified incubator at 37°C. N13-1520 proneural (PN)
glioma stem cells (GSCs) were obtained from a human glioblastoma resection (MTA with
Gliotex, Institut du Cerveau, Paris). Cells were grown in DMEM-F12 (#31331093,
ThermoFisher), 1% B27 (#17504044, ThermoFisher), 1% PS supplemented with 20
ng/ml epidermal growth factor (EGF, #53003018) and 20 ng/ml basic fibroblast growth
factor (FGF2, #13256029, ThermoFisher).

Cell transfection with ASOs

Adherent glioblastoma cells were seeded at the desired density (30-70% confluency) the
day before the transfection. N13-1520 glioblastoma stem cells (GSCs), obtained after
dissociation of the neurospheres with Accutase (#A1110501, ThermoFisher), were
adhered on poly-D-Lysine (20ug/ml, #7886, Merck) and laminin (20ug/ml, #L2020,
Merck) for 24h prior transfection. Cells were transfected for 24h with antisense
oligonucleotides (ASOs) at a final concentration of 200 nM using lipofectamine and
following manufacturer’s instructions (#11668019, ThermoFisher). Antisense
oligonucleotides used are specific to huntingtin mMRNA: RG6042
(<C*TCAG*>t*a*a*1*a*t*t*g*a*1*<ACCA*C>), PH1
(<T*CTCT*>a*t*t*g*c*a*c*a*"t"t*<CCAA*G>), PH2
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(<C*TCGA*>c*t*a*a*a*g*c*a*g*g*<ATTT*C>), PH3

(<C*CTGC*>a*t*c*a*g*c* t*t*t*a*<TTTG*T>). An ASO of a scramble sequence is used as
control: SCR (<A*CATG*>a*c*c*g*c*a*c*t*c*a*<CTAT*A>) (all purchased from
Eurogentec) (Southwell et al., 2014). Capitalised nucleotides are RNA nucleotide with 2’-
O-(2-methoxy)ethyl modifications. Lowercase letters represent DNA bases.
Phosphorothioate internucleotide linkage are represented by a *. 1 represents 5-methyl
deoxycytosine. The transfection medium containing the ASOs was removed from the
cells and replaced by fresh medium. The cells were used 48h after transfection and
detached from the culture with trypsin 0.05% (#25300062, ThermoFisher).

TMZ and Lomustine treatment

Temozolomide (TMZ, #PHR1437, Sigma-Aldrich) was prepared as 50 mM stock solution
in 33.3 mM citrate monohydrate (#C7129, Merck) (Nygren and Eksborg, 2012). TMZ
solution was sonicated. Lomustine (CCNU, #L5918, Merck) was prepared as 50 mg/ml
stock solution in absolute ethanol. Both TMZ and lomustine solutions were filtrated and

frozen at -20°C until further use.

MTT Cell viability assay

Glioblastoma cells were seeded in 96-well plates and treated with increasing
concentrations of TMZ and lomustine for 48h and 20h respectively. Each dilution was
tested in triplicate. The medium was then replaced by fresh medium. N13-1520 cells
were incubated for 48h with TMZ. Fresh medium was added to dilute twice the TMZ. MTT
assay was performed 72h following the treatment by adding the MTT probe at 0.5 mg/ml
(#M6494, ThermoFisher). Optical density (OD) was read on a microplate reader
(Pherastar FS, BMG Labtech) at 490nm. The inhibitory concentration 50 (IC50)
designates the concentration of TMZ and lomustine for which cell viability is decreased
by 50% as compared to the control condition. Cells were thereafter treated for 48h at the
IC50 defined for each cell lines when transfected with RG6042 to assess sensitization

and dissect the mechanisms involved.
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Protein extraction and Western blot

Cultured cells were washed with PBS and lysed with RIPA buffer (150 mM NaCl, 20 mM
Tris-HCIl pH 7.5, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM EGTA, 1 % sodium
deoxycholate and 1 % NP-40) supplemented with protease inhibitors (1/100, #P8340,
Merck) and phosphatase inhibitors (1/100, #P5726, Merck). The soluble protein fraction
was collected after centrifugation (21,000 g, 10 min at 4°C) and was kept at —80°C until
further use. Protein concentration was measured by the BCA assay (#23228,
ThermoFisher). Proteins (20 pg total) were diluted in SDS-PAGE sample buffer [6X
concentrated: 350 mM Tris, 10% (w/v) SDS, 30% (v/v) glycerol, 0.6 M DTT, 0.06% (w/v)
bromophenol blue] then boiled 5 min at 95°C and loaded on a 7% and 15%
acrylamide/bisacrylamide gel. Proteins were transferred into PVDF membranes
(polyvinylidine difluoride, #1PVH00010, Merck) during 2h30 min with constant current of
320 mA. PVDF membranes were blocked in Tris buffer containing 5% bovine serum
albumin (BSA) in 0.1% Tween (TBS-T) for 1h at room temperature (RT) and probed
overnight at 4°C with the following antibodies: rabbit monoclonal anti-HTT antibody
(1/1000, D7F7, #5656S, Cell Signaling Technology), mouse monoclonal anti-vinculin
antibody (1/10000, #V9131, Merck), rabbit polyclonal anti-MGMT antibody (1/1000,
#2739S, Cell Signaling Technology), rabbit monoclonal anti-PARP-1 antibody (1/1000,
#9532, Cell Signaling Technology), rabbit anti-phospho-histone H2A. X (Ser139) (yH2AX,
1/1000, #2577, Cell Signaling Technology), rabbit anti-DLL3 (1/1000, #ab229902,
Abcam), rabbit anti-phosphoChk2 (Thr68) (1/1000, #2197, Cell Signaling Technology),
mouse anti-B-actin (1/10000 , #A5441 Merck), rabbit anti-Cdc25C (1/1000,
#4688S,0zyme), mouse anti-Cdc25A (1/1000, #CC085-E, Enzo Life Science)
membranes were washed 3x10 min with TBS-T and incubated for 40 min at RT with
horseradish peroxidase (HRP)-conjugated secondary antibodies: goat anti-rabbit IgG
(H+L) (1/2000, #511380, Jackson Immunoresearch) and goat anti-mouse 1gG1 (1/2000,
#1070-05, Southern Biotech). Proteins of interest were detected using a
chemiluminescent substrate (ECL SuperSignal™ West Pico PLUS Chemiluminescent
Substrate, #34580X4, Merck) and the membranes were imaged on a Chemidoc imaging
system (Biorad).
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Caspase 3/7 activity

Apoptosis was evaluated in transfected cells plated in 96 well-plates treated cells and
treated for 48h with TMZ at IC50 then washed with a fresh medium for 72h.
Luminescence detection of caspases activity was measured using the Caspase-Glo® 3/7
Reagent assay kit (#G8091, Promega) and following the manufacturer’s instructions.
Luminescence (relative light units) was read on a microplate reader (Pherastar FS, BMG
Labtech) at 485nm and 520nm. Each condition was tested in triplicate.

Flow cytometry for Annexin V and propidium iodide (PI)

Apoptosis was determined using the Annexin V and propidium iodide (PI) staining-based
FITC Annexin V Apoptosis Detection Kit (#556547, BD Biosciences). SCR and RG6042
cells treated in the absence or the presence of TMZ at IC50 for 48h were incubated with
fluorescein isothiocyanate (FITC)-conjugated Annexin V and propidium iodide for 30 min
and analyzed by flow cytometry (BD Accuri C6; Beckman Coulter Inc., Fullerton, CA).
The assays were performed in triplicate with 20 000 events analyzed in each replicate.
Data were analyzed using the FCS Express 7 software (https:/denovosoftware.com/)

Cell cycle analysis

SCR and RG6042 cells treated for 48h with TMZ at IC50 then washed with a fresh
medium for 72H, were fixed in 70% ice-cold ethanol and stored at 4°C until analysis.
Cells (108) were stained in PBS supplemented with 2% FBS, RNAse (100 pg/ml, #*R6513,
Merck), Triton X-100 (0.01%) and propidium iodide (Pl, 10 pg/ml, #P4170, Merck) for 30
min at 37°C. Stained nuclei (15 000 events) were analyzed on a BD Accuri C6. FCS
Express 7 software was used to assess cell cycle distribution. The assays were
performed in triplicate.

Sphere assay

N13-1520 cells transfected with either SCR or RG6042, were seeded at a density of 6
cells/ul in serum-free medium supplemented with 5 uM of EGF and FGF2 and treated in
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the absence or the presence of TMZ at IC50 (25 uM). Cells were allowed to form
neurospheres for 6 days. Cells were dissociated with Accutase and plated (cells/pl) in
complete serum-free medium for 6 supplemental days. Secondary neurospheres were
counted at the end of the culture session. Within each experiment, conditions were tested

in triplicate.

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was extracted using the NucleoSpin RNA extraction kit (#740955, Macherey-
Nagel). Total RNA was quantified by spectrophotometer on a NanoDrop One
(Thermofisher, #AZY1707341). RNA samples (1 ug) were retrotranscribed using the
iScript Ready-to-Use cDNA supermix (#1708840, Biorad). cDNAs were diluted 1:10 and
submitted to qPCR with SsoAdvanced SYBR Green supermix (#1725272, Biorad).
Primers used are hypoxanthine phosphoribosyltransferase 1 (HRPT1) (Cat#
QT00059066, Qiagen), TATA box binding protein (TBP) (#QT00000721, Qiagen), 60S
ribosomal protein L13 (RLP13) ((Cat# QT00067963, Qiagen), HTT (# QT00090937,
Qiagen) and MGMT (# QT01004416,Qiagen). The PCR program consisted of a 95°C for
2 min for the first step; 40 cycles of 95°C for 10 sec, 55°C for 15 sec and 72°C for 10 sec
for the second step; 95°C for 1 min, 60°C for 30 sec and 95°C for 30 sec for the last step.
The foldchange quantification of target genes was calculated with the 2-AACt method.
Geometric averaging of TBP, HRPT1 and RPL13 was used as internal control. Each
sample is analyzed in triplicate within an experiment. Data were analyzed from at least 6
independent experiments and presented as the mean + SEM.

In vivo experiments

The xenotransplantation was performed at the Optimal platform (Institute for Advanced
Biosciences, IAB, Grenoble) by trained engineers. All animal experiments were
performed in accordance with the institutional guidelines of the European Community (EU
Directive 2010/63/EU) for the use of experimental animals and were approved by an ethic
committee (Cometh38 Grenoble, France) and the French Ministry of Higher Education
and Research under the reference: APAFIS#33138-2021090715215532 v6.

NMRI nude female mice (20, from Janvier labs) of 1.5 months of age were injected stereo
tactically with 140 000 cells resuspended in 2 pl of PBS. Cells were injected into the
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putamen at the injection coordinates previously described by Pollard and
collaborators(Pollard et al., 2009).Briefly, mice were anesthetized by inhalation of 4%
isolfuorane (#792632, ISO-VET, Piramal Critical Care) and placed on the stereotaxic
apparatus. Anesthesia was maintained during the surgery by inhalation of 2% isoflurane.
The incision was made with a scalpel after disinfection of the skin with povidone-iodine
(#B40600, PDI). Once the coordinates determined (1mm rostral and 2mm lateral to
Bregma), the skull and the meninges were pierced using a 26G needle. The 26G needle
placed on top of a Hamilton microsyringe (10ul) was lowered 3mm deep in the brain. The
cells were infused at a steady velocity of 5ul per min thanks to a syringe driver. The
needle was kept in place for 10 minutes to ensure minimal reflux along the needle tract
upon removal. The hole on the skull was sealed with Horsley’s bone wax (# 1029754, B.
Braun Medical, France) and the skin incision was closed using surgical glue (Vetbond,
#2629277). The total procedure time was ~20 mins per mouse. During all the procedure,
eye gel (Ocry-gel, TVM Lab) was applied to avoid desiccation and the mice temperature
was kept by placing the animals on a warm pad. Mice Behavior and body weight were
then monitored 2 times a week.

Tumor growth was evaluated once a week using noninvasive bioluminescence imaging.
Five minutes before imaging, vigil mice received an intraperitoneal injection of 150 ug/g
of D-luciferin (Promega, France# P1041), were then anesthetized (isoflurane 4 % for
induction and 2 % thereafter) and placed in the imaging system (IVIS Lumina,
PerkinElmer, USA). The body temperature of the mice was maintained on a heating mat
at 37°C. The mice wake up spontaneously a few seconds after the gas was stopped.
Quantification and analysis were carried out using Living Image software (PerkinElmer,
USA) by drawing regions of interest on the brain area. 81 days after implantation, mice
were distributed into two experimental groups (n=10 mice/group) so that the mean and
standard deviations of the bioluminescence signals from the brain were the same in the
two groups. Mice were injected with ASOs. The procedure used was similar to the one
described for the xenograft except that the ASOs were injected in the lateral ventricle
contralaterally to the hemisphere where the tumor cells were injected (-0.3mm caudal
and 1mm lateral to Bregma, 1.8mm deep). ASOs (300 pg) were resuspended in 10ul of
PBS and injected at the speed of 5ul per minute. TMZ was prepared in Mclllvaine buffer
pH3 and administered by gavage to mice in a bolus of 200 ul. The mice were treated with
two cycles of TMZ: for 26 days (from day 87 to day 112) at the dose of 10 mg/kg and for
12 days (from day 129 to day 140) at the dose of 30 mg/kg. Non-treated mice received a
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bolus of Mclllvaine buffer. All mice were sacrified 3 weeks after the last gavage. Mice
were euthanized by intraperitoneal injection of Exagon (400 mg/ml, 1 mil/kg, Richter
Pharma) and intracardiacally perfused with PBS followed by cold paraformaldehyde
(PFA) 4%. Brains were harvested, post-fixed for 2h in PFA 4%, cryopreserved in 30%
sucrose and embedded in OCT Compound (VWR International).

Histology and immunolabeling

Brains were cryosectioned (35 um) and slices were kept in free-floating at -20°C in anti-
freeze solution (18.75% (w/v) sucrose, 37.5% (v/v) ethylene glycol, 0.05% (w/v) sodium
azide in PBS). Brain slices were mounted onto Superfrost plus adhesion glass slides
(J1800AMNZ, Epredia), let to dry and adhere overnight, and then rehydrated for 5 min in
PBS. Slices were rinsed and blocked in 3% normal donkey serum in PBS containing
0.3% Triton X-100 and 1% BSA for 1h at room temperature then incubated overnight at
room temperature in 1:500 of rabbit anti-Ki67 (# ab16667, Abcam), 1:750 of mouse anti-
human nuclear antigene (anti-HuNu, MAB1281, Merck), and rabbit anti-human DLL3
(1/200, #71804S, Cell signalling Technology). Slices were rinsed, incubated in 1:250 of
Cy2 Donkey Anti-Rabbit IgG (H+L) (#711-225-152), Cy5 Donkey IgG anti-Mouse 1gG
(H+L) (#715-175-150), or Cy3 Donkey Anti-Rabbit IgG (H+L) (#711-165-152) (all from
Jackson ImmunoResearch) for 1h. After 3 rinses in PBS, slices were incubated with
Hoechst 33342 (2 ug/ml, #43570, ThermoFisher) in PBS mounted, rinsed again 3 times
in PBS and mounted in Dako mounting medium (#S3023, Dako). Images were acquired
on the Axio Scan.Z1 slide scanner (Colibri.7; 20X objective; Zeiss).

Quantification and statistical analysis

For western blots, densitometry analyses of Pico signals were performed using NHI
Image J software. Data are represented as mean = SEM of at least 4 independent
experiments. Protein levels were displayed as percentage standardized to Vinculin and 3
actin. Statistical significance was assessed using the one-way ANOVA followed by
Dunn's multiple comparisons test or the two-way ANOVA followed either by Tukey's
multiple comparisons test or Sidak's multiple comparisons test. For caspase 3/7 activity
and flow cytometry experiments, data are represented as mean + SEM of at least 4
independent experiments. Statistical significance was assessed using the two-way
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ANOVA followed by Tukey's multiple comparisons test. For the MTT cell viability assay,
measurements of optical densities without TMZ treatment (0 uM) were normalized at
100%. Nonlinear regression (log(inhibitor) vs. normalized response) was applied to
compare the fits between TMZ-treated and non-treated curves. Data are represented as
mean + SEM of at least 3 independent experiments. For gPCR, fold change (log2) mean
+ SEM of at least 6 independent experiments are presented. Statistical significance was
assessed using the Kruskal-Wallis test followed by Dunn's multiple comparisons test. For
the sphere assay, data are represented as mean + SEM of triplicates in 4 independent
experiments. Statistical significance was assessed using the two-way ANOVA followed
by Tukey's multiple comparisons test. In histology experiments, for each brain analyzed,
4 slices emcompassing the tumor were treated in immunochemistry. For analysis of
Ki67/HuNu and DLL3/HuNu cells were analysed using an in-house automated program
on the NIH Imaged software (National Institute of Health and the Laboratory for Optical
and Computational Instrumentation, United States (Schneider et al., 2012)). Only cells
positive for both Ki67 or DLL3 and HuNu were considered as positive for Ki67 or DLL3
respectively, as HuNu is a specific stain for human nuclei so only stains the human tumor
cells. Three regions of interest (ROl) measuring 50umx50um each, were sampled on the
tumor and another separate ROI on the contralateral striatum. Using NHI Image J
software, double-positive stained cells were counted with the minimum and maximum
size for nuclei was set at 20 ym and 150 uym respectively. The average positive cells
were then calculated and used for analysis. Data bars are represented as mean + SEM
of at least 5 animals in each condition. Statistical significance was assessed using non-
parametric Mann-Whitney U test.

For all experiments, statistical significance was set to p<0.05. All analyses were
conducted using GraphPad Prism 9.0. Complete statistical analyses related to Figures 2,

3, 4, 5, 6 and to supplemental Figure S2 are listed in the Supplemental Excel Table S1.
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RESULTS

Huntingtin is expressed in glioma.

HTT is an ubiquitous protein found in neurons as well as in glial cells in the normal
brain tissue (Saudou and Humbert, 2016a). Using bioinformatics analysis of public brain
tumor datasets, we found that the huntingtin gene was significantly less expressed in
glioblastoma as compared to the normal tissue (Tukey's HSD, ***p<0.001) (Figure 1A).
There was a differential expression of HTT regarding the molecular subtypes of
glioblastoma: HTT was more expressed in the proneural subtype as compared to the
classical subtype (Tukey's HSD, ***p<0.001) (Figure 1B). The glioma cytosine-
phosphate-guanine (CpG) island methylator phenotype (G-CIMP), which comprises IDH1
mutant tumors, expressed higher levels of HTT mRNA as compared to non-G-CIMP
GBMs consistent with the fact that most of the proneural (PN) tumors are G-CIMP
(Tukey's HSD, *p<0.05) (Figure 1C). We also observed that expression of high levels of
HTT mRNA was an unfavorable prognostic factor in term of overall survival in male GBM
patients (Wilcoxon **<p = 0.005) (Figure 1D) while there was no difference when
considering both genders together (data not show). Altogether, these data show that HTT

is expressed in GBM.

Downregulation of HTT sensitizes glioma cell lines to TMZ.

We investigated the role of HTT in chemoresistance in the glioma cell lines U87,
U251 and T98G. All three cell lines are derived from human GBM and show specific
characteristic according to their morphology (epithelial-like for U87;
pleomorphic/astrocytoid-like for U251, fibroblastic-like for T98G), MGMT status (all
negative except T98G), tumorigenicity after engraftment in immunodeficient mice (all
tumorigenic except T98G), p53 status (all mutated except U87) and gene mutations in
canonical cancer pathways. All three cell lines express HTT.

We used the antisense oligonucleotide ASO RG 6042 to downregulate HTT in glioma
cell lines. This ASO is a short DNA sequence that binds to the HTT mRNA and directs its
catalytic degradation through the action of endogenous RNAase H.

Cells were transfected with the ASO RG6042, or a scramble sequence of nucleotides
(SCR), or treated only with the transfection reagent lipofectamine (CT for control). HTT
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levels were quantified 48h after lipofection by western blot (Figure 2A). RG6042
downregulated by 70 % HTT protein levels in all the three cancer cell lines, attesting of
the efficacy of the ASO in silencing HTT (one-way ANOVA, *** p<0.001, RG6042-treated
cells as compared to CT). Next, we evaluated the half maximal inhibitory concentration
(ICs0) to TMZ in HTT-depleted GBM cells lines. SCR and RG6042 transfected cells were
treated with increasing concentrations of TMZ for 48h followed by 72h in fresh complete
medium. Cell survival was assessed by MTT at the end of the culture session (Figure
2B). The ICso to TMZ was decreased by at least 50% in each cell lines following
downregulation of HTT as compared to SCR transfected cells (Nonlinear fit, log(inhibitor)
vs. normalized response) comparison of fits, ****p<0.0001). These results show that HTT
mediates chemoresistance to TMZ and that targeting HTT with ASO may improve TMZ
efficacy in eradicating cancer cells.

We performed similar experiments with Lomustine, another alkylating agent. IC50 to
Lomustine decreased in the three cell lines by at least 50% in HTT-depleted cells
(Nonlinear fit, log(inhibitor) vs. normalized response, comparison of fits, ****p<0.0001)

(Figure 2C) suggesting a general sensitization effect of RG6042 to alkylating agents.

RG6042 exacerbates TMZ-induced G2 arrest.

TMZ treatment induces G2/M cell cycle arrest (Hirose et al., 2001). We asked
whether HTT depletion would alter TMZ-induced G2/M cell cycle arrest. Cancer cells,
either transfected with SCR or RG6042, were treated for 48h with TMZ at ICso
established previously by MTT (Figure 2B) in RG6042 treated cells namely 40 uM for
U87 and U251 and 800 puM for T98G. The treatment was changed for fresh medium 72h
before propidium iodide DNA staining and quantification by flow cytometry. TMZ
increased G2M cell cycle arrest in SCR (two-way ANOVA, *p<0.05 and **p<0.01 in U87
and U251 respectively as compared to SCR non-treated cells) and RG6042 transfected
cell (two-way ANOVA, #p<0.01 and ##p<0.0001 in U87 and U251 respectively as
compared to RG6042 non-treated cells). In T98G SCR- cells, TMZ tend to stop the cell
cycle in G2M without reaching the level of significance while in RG6042 treated cells, this
effect was significant (two-way ANOVA, #p<0.01 as compared to RG6042 non-treated
cells). In all three cell lines, the TMZ-induced cell cycle arrest was further exacerbated in
RG6042 cells as compared to SCR cells (two-way ANOVA, $¥p<0.01 in U87 and U251
RG6042 cells treated with TMZ as compared to RG6042 non treated cells; $p<0.05, in
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T98G RG6042 cells treated with TMZ as compared to RG6042 non treated cells) (Figure
3A). Arrest in G2 occured at the expense of S and G1 phases of the cell cycle. Statistical
data are exhaustively presented in supplemental table 2.
As DNA damage induces cell cycle arrest by the activation of checkpoint kinases, we
evaluated phosphorylation of checkpoint kinase 2 (pCHK2) at threonine 68 by ataxia
telangiectasia mutated (ATM), a sensor of toxic DNA double strand breaks. SCR and
RG6042 cells were treated with TMZ at ICso for 48h and then washed with fresh media
for 72h. Concentrations of half of the ICso (later called V2 ICs0) were also tested to assess
whether the mechanisms due to RG6042-mediated HTT depletion occured at these lower
concentrations. Western blotting was performed at the end of the culture session. TMZ-
mediated increase of pPCHK2 was more prominent in RG6042 cells as compared to SCR
cells: at 2 ICso0 in U87 (two-way ANOVA, ***p<0.001) and at both 2 ICs0 and ICso in U251
(two-way ANOVA, **p<0.01, ***p<0.001) (Figure 3B). For T98G, our preliminary results
showed no effect on phosphorylation of CHK2. Further western blots will be conducted.
These results show that RG6042 treatment exacerbates TMZ-induced cell cycle

arrest by checkpoint kinase 2 phosphorylation.

RG6042 increases TMZ-induced apoptosis.

We next determined whether RG6042 increases apoptosis triggered by TMZ. Cancer
cells from the three cell lines were either transfected with SCR or RG6042 and
subsequently incubated for 48h with TMZ at ICso . After 72h in fresh medium, apoptosis
was determined by quantifying the activity of caspases 3 and 7. Apoptosis was
significantly increased in RG6042 cells treated with TMZ by at least 40% as compared
with SCR cells in the hree cell lines (two-way ANOVA, *p<0.05, **p<0.001) (Figure 4A).

We further assessed apoptosis in flow cytometry by measuring propidium iodide (PI)
uptake and Annexin V staining. The percentages of Annexin V positive cells (both
propidium iodide negative and positive, representing cells in early and late apoptosis
respectively) were increased in RG6042 cells treated with TMZ as compared to SCR
cells in all three cell lines (two-way ANOVA, ***p<0.001) (Figure 4B) demonstrating that
HTT depletion exacerbates TMZ-induced apoptosis.
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Downregulation of HTT sensitizes cells to TMZ-induced DNA damage.

DNA methylation by TMZ induces DNA double-strand breaks over cell cycles, which
are extremely cytotoxic. The increase of pCHK2 (Figure 3B) in RG6042 cells suggests
that HTT downregulation increased the susceptibility of TMZ-cells to DNA double-strand
breaks. Western blot detection of the DNA double-strand breaks marker yH2Ax was
performed in TMZ-treated cells (Figure 5A). Quantifications showed an increase in yH2Ax
in RG6042 cells treated with the ICso dose of TMZ as compared to SCR cells in all three
cell lines (two-way ANOVA, ***p<0.001, ****p<0.0001). In T98G cells, DNA double-strand
breaks were also induced with TMZ at a dose of 2 ICso (two-way ANOVA, **p<0.01).

Severe DNA damage eventually leads to cleavage of PARP-1 and cell death. We
quantified PARP-1 cleavage in SCR and RG6042 cells treated with TMZ and found that
PARP-1 is cleaved in the three cell lines previously depleted in HTT when treated with
TMZ at I1Cso (two-way ANOVA, **p<0.01). In RG6042 T98G cells, 72 IC50 of TMZ also
induced PARP-1 cleavage as compared to SCR cells (two-way ANOVA, ***p<0.001)
(Figure 5B).

Downregulation of HTT with RG6042 sensitizes proneural glioma stem cells to
TMZ.

As proneural glioma stem cells expressed higher levels of HTT mRNA as compared
to the molecular subtypes of GBM, we sought to determine whether RG6042 could also
sensitize these cells to TMZ. We treated N13-1520 proneural GSCs with SCR and
RG6042 ASOs and determined the levels of the HTT protein by immunoblotting. RG6042
decreased HTT (one-way ANOVA, *** p<0.001, RG6042-treated cells as compared to
CT) (Figure 6A). Interestingly, the proneural GSCs marker DLL3 decreased in HTT-
depleted cells (one-way ANOVA, *** p<0.001, RG6042-treated cells as compared to CT)
indicating that the cells may lose their stem cells identity upon HTT removal (Figure 6A).

Next, we evaluated the I1Cso to TMZ in SCR and RG6042 cells by MTT assay (Figure
6B). The ICso was decreased by 50% in N13-1520 from 53.20 uM to 26.82 uM (Nonlinear
fit, log(inhibitor) vs. normalized response) comparison of fits, ****p<0.0001). TMZ at I1Cso
exacerbated caspases 3 and 7 activation in N13-1520 suggesting an increase in
apoptosis (two-way ANOVA, ***p<0.001) (Figure 6C). As for the glioma cell lines,
increase in TMZ-induced double strand breaks was found in HTT-depleted PN cells at 2
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ICs0 and 1Cso (two-way ANOVA, **p<0.01, ***p<0.001) (Figure 6D). Altogether, RG6042
increased sensitization of proneural GSCs to TMZ by increasing DNA damage and
apoptosis.

Proneural N13-1520 cells propagates in vitro as clonal aggregates of cells, called
neurospheres. We exposed single cell suspensions of SCR and RG6042 N13-1520 cells
with TMZ at ICso and let them develop as primary neurospheres. Cells dissociated from
neurospheres were then allowed to grow as secondary neurospheres for 6 to 8
supplemental days. We counted the number of secondary neurospheres. RG6042 altered
self-renewal capacity of proneural GSCs as less secondary spheres were obtained in
RG6042 cells as compared to SCR cells (two-way ANOVA, ****p<0.0001). Treatment
with TMZ at ICso decreased the formation of secondary spheres both in SCR and
RG6042 cells however this decrease was more prominent in RG0642 as compared to
SCR proneural cells (two-way ANOVA, ***p<0.001) (Figure 6E). Depletion of HTT further
altered TMZ-induced self-renewal capacity of proneural GSCs.

RG6042 delays tumor growth in TMZ treated mice.

To determine whether RG6042 could sensitize GBM tumors to TMZ in vivo (Figure
7A), we injected the striatum of nude mice with firefly luciferase expressing N13-1520
cells (Day 0). Tumor growth was monitored weekly by bioluminescence and SCR and
RG6042 ASOs were injected into the ventricle when steady increase in tumor growth was
monitored (Day 82). Mice were treated with two cycles of TMZ administered by gavage
(see supplemental figure 1 for weight monitoring along the treatment). Tumor sizes were
estimated from bioluminescence signal (Figure 7B) and were expressed as mean
percentages of signals measured before ASO injection (day 81) (Figure 7C). In Figure
7B, representative mice from the SCR and RG6042 treated groups are shown. The
bioluminescence signal indicated that tumor growth is delayed in RG6042 mice. This is
particularly obvious after the first cycle of TMZ. The delay in tumor growth was
accentuated by the second cycle of TMZ gavage with a higher dose of TMZ.

Quantification of the bioluminescence signals showed smaller tumors in RG6042 as
compared to SCR treated mice (Figure 7C) after the first cycle of TMZ and more
noticeably after the second cycle of TMZ treatment. In both SCR and RG6042 treated
mice, TMZ at 10 mg/kg reduced tumor growth but tumor growth of the RG6042 group
was further slowed down as compared to the SCR group (two-way ANOVA, ** p=0.004).
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At day 129, tumors of the RG6042 treated mice increased by 516% while tumors of the
SCR treated mice increased by 912% and this difference was highly significant (two-way
ANOVA, *** p=0.0003). After the end of the second cycle of TMZ at 30 mg/kg, tumor
growth of the RG6042 group was further slowed down compared to the SCR group (two-
way ANOVA, ** p= 0.0017). At day 163, tumors of the RG6042 treated mice increased up
to 1184% while tumors of the SCR treated mice increased up to 2092%. This difference
was highly significant (two-way ANOVA, *** p=0.0004).

Together, these results show that RG6042 potentiates the cytotoxic effect of TMZ in

Vivo.

RG6042 decreases GSC proliferation and proportion of DLL3 GSCs in TMZ-treated

mice.

Mice were sacrificed 3 weeks after the last gavage and brain slices were stained for
the proliferation marker Ki67 and the human nuclear antigene (HuNu) to detect tumor cells.
N13-1520 cells were found widely spread across the entire brain. We evaluated the
proportion of Ki67 positive tumor cells within the ipsilateral striatum (referred to as the tumor
in the following) where the tumor cells were implanted and in the contralateral striatum.
Ki67 is expressed in cycling cells, which allows quantification of proliferation. As shown in
Figure 7D, there was a significant decrease in the amount of Ki67* cells (expressed as a
percentage of HuNu* cells) in the tumor as well as in the contralateral striatum (Mann-
Whitney U test, **p=0.0043 for both) in RG6042 treated mice as compared to SCR.

Considering that RG6042 decreases DLL3 expression in N13-1520 cells (Figure 6A)
and that proliferation is diminished in RG6042 mice treated with TMZ, one can hypothesize
that RG6042 reduces GSCs in TMZ-treated tumors. Indeed, there was a significant
decrease in the percentage of DLL3* GSCs (expressed as a percentage of HuNu* cells) in
tumor as well as in the contralateral striatum (Mann-Whitney U test, **p=0.0043 for both)
of RG6042 mice treated with TMZ as compared to SCR (Figure 7E). These results show
that the RG6042 treatment decreased proliferating CSGs as well as the proportion of
GSCs, which may account for the delay in tumor growth. Whether RG6042 induces tumor
cells differentiation remains to be determined.
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Figure 1. HTT gene expression in GBM. HTT mRNA expression in GBM (A) as compared to non-
tumor brain tissue (TCGA GBM dataset), (B) regarding the molecular subtype of GBM (Rembrandt
dataset), and (C) according to the methylation status G-CIMP versus non-G-CIMP (TCGA GBM
dataset). (D) Kaplan-Meier survival curves of GBM male patients according to HTT mRNA expression
(TCGA GBM dataset). *p<0.05, ***p<0.001.
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Figure 2. Downregulation of HTT with RG6042 sensitizes glioblastoma cells to TMZ. HTT expression was
determined in lipofectamine treated cells (Control) and cells transfected with 200nM of either RG6042, an antisense
oligonucleotide directed against the HTT mRNA, or with a scramble oligonucleotide (SCR). (A) Representative western
blots for each cell line (U87, U251 and T98G) and respective quantifications. Vinculin serves as loading control. Mean
+ SEM, *p<0.05, **p<0.01, ***p<0.001. (B) MTT cytotoxicity assay with TMZ in SCR and RG6042 transfected cells
from the three different cell lines. (C) MTT cytotoxicity assay with lomustine in SCR and RG6042 transfected from the
three cell lines. The data are expressed as the percent of cell survival. Mean + SEM, ****p<0.0001.
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Figure 3. RG6042 exacerbates TMZ-induced G2 arrest. (A) Propidium iodide mediated evaluations of DNA
content in SCR and RG6042 treated cells, incubated without (0) or with TMZ (ICs0). Percent of cells in the different
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G2 phase are presented here. Complete statistical analysis is provided in supplemental table 2. (B) Representative
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serves as loading control. Mean £ SEM, **p<0.01, ***p<0.001.
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Figure 5. RG6042 exacerbates TMZ-induced DNA damage. (A) yH2AX expression was determined in

cells transfected with 200nM of either SCR or RG6042 ASO. Representative western blots for each cell line

(U87, U251 and T98G). B-actin serves as loading control and quantifications are presented under the

respective western blots. (B) PARP and cleaved PARP (CI-PARP) expressions were determined in cells

transfected as described previously. B-actin serves as loading control and quantifications are presented

under the respective western blots as mean = SEM, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6. RG6042 sensitizes proneural
glioblastoma stem cells to TMZ.

(A) HTT and DLLS3 protein levels were
determined in lipofectamine treated N13-
1520 cells (CT) and in N13-1520 cells
transfected either with 200 nM of SCR or
RG6042 ASO for 48h. Representative
western blots are presented with the
respective quantification below, mean *
SEM, *p<0.05, **p<0.01, ***p<0.001. (B)
MTT cytotoxicity assay with TMZ in SCR
and RG6042 transfected N13-1520 cells,
mean + SEM, *** p<0.001. (C) Caspase 3
and 7 activities were measured by
luminescence in SCR and RG6042
transfected N13-1520 cells without (0) or
with TMZ at IC50. Data are represented as
mean + SEM. *p<0.05, *** p<0.001. (D)
yH2AX expression in SCR and RG6042
transfected N13-1520 cells in the absence
(0) or the presence of TMZ at IC50. A
representative western blot with 3-actin as
loading control and quantification are
presented. Data are represented as mean *
SEM, **p<0.01, *** p<0.001. (E) Sphere
assay with SCR and RG6042 cells. Single
cells were allowed to grow as primary
spheres for 6 to 8 days in the absence (0) or
the presence of TMZ (IC50). Single cells
dissociated from primary spheres grow as
secondary spheres without treatment.
Representative photos of secondary spheres
and quantification are presented as mean +
SEM, *** p<0.001, **** p<0.0001.
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Figure 7. RG6042 improves the TMZ treatment in a mouse model of glioblastoma. (A) Timeline of the in
vivo experiment. NMRI Nude mice were grafted with N13-1520-Luc cells at day 0. Tumor growth was
monitored weekly by measuring the bioluminescence emitted by luciferase expressing N13-1520 cells. Mice
were injected with the ASOs in the contralateral ventricle at day 82 when three consequent weeks of significant
tumor growth was monitored. From day 87, TMZ is administered by gavage at 10 mg/kg, 5 days/week for 4
weeks and then from day 129 at 30 mg/kg, 5 days/week for 2 weeks. Non-treated mice received a bolus of
Mclllvaine buffer. Mice were perfused at day 165 for histochemistry analyses. (B) Optical bioluminescence
imaging was used to visualize tumor development at days 129, 143, 153 and 164 for mice #2 and #16 treated
respectively with SCR and RG6042 ASOs. (C) Quantification of bioluminescence signals as percent of day 81
signals for SCR and RG6042 groups of mice (mean + SEM; #p= 0.0017, two-way repeated measure ANOVA
test). (*** p=0.0004 using Sidak’s multiple comparisons test). (D) Coronal sections through SCR or RG6042
brains are immunostained for Ki67 (green) and HuNu (magenta). Nuclei (blue) are counterstained with Hoechst
33342. Black arrowhead indicates the side of the N13-1520-Luc injection. High magnification of the striatal area
within the tumor is depicted next to the entire section. Quantification of double-stained HuNu*/Ki67+ cells is
presented below. (E) Coronal sections through SCR and RG6042 brains are immunostained for DLL3 (green)
and HuNu (magenta). Nuclei (blue) are counterstained with Hoechst. High magnification of the striatal area
within the tumor is depicted next to the entire section. Quantification of double-stained HuNu*/DLL3* cells is
presented below. Scale bars: 100 um. Data are presented mean = SEM, **p<0.01.
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Supplemental figure 1. Mice weights. All mice were weighted at least once a week from the day of
implantation. No deleterious effects were observed following the first treatment session with TMZ at 10 mg/kg.
However, the body weight underwent an immediate decrease (-5% in 5 days) at the beginning of the second
treatment session with TMZ at 30 mg/kg before stabilizing and increasing back after the end of the treatment.
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Supplemental figure 2. MGMT mRNA and protein levels are downregulated in RG6042 treated cells. (A) HTT
and MGMT protein levels were determined in T98G cells transfected for 48h with 200 nM of SCR, RG6042, and 3
ASOs specific to HTT mRNA (PH1, PH2 and PH3). Vinculin and B-actin serve as loading controls. Quantifications
of HTT and MGMT protein levels are presented as means + SEM, *p<0.05, **p<0.01, ***p<0.001. (B)
Representative western blot depicting MGMT protein levels in N13-1520 cells transfected with SCR and RG6042 or
treated with lipofectamine as control (CT). B-actin serves as loading control. Quantifications are presented as
means +SEM, *p<0.05. (C) Quantitative real-time PCR analysis of HTT and MGMT gene expressions in RG6042
treated T98G and N13-1520 cells as compared to mRNA levels in SCR treated cells set to 1 (orange dotted line).
Data are presented as mean + SEM, *p<0.05, **p<0.01, ***p=0.0001, ****p<0.0001.
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DISCUSSION AND PERSPECTIVES

In this work, we identified HTT as a molecular target to counteract TMZ-chemoresistance
in GBM. HTT is found ubiquitously in healthy human organism with a greater expression in brain
and testis (Saudou and Humbert, 2016a). In the brain, both neuronal and non-neuronal cells
express HTT, within the cytoplasm and the nucleus. In brain tumors, analyses of expression
datasets show that HTT mRNA is expressed both in low and high-grade gliomas although to a
significant lesser extend in GBM (see figure 1 of the results part I). Surprisingly, higher levels of the
HTT protein were reported in GBM as compared to low-grade gliomas as assessed by western blot
and immunohistochemistry (Simeone et al., 2014) which may suggest that stabilization
mechanisms of the protein are taking place.

Correlatively, the ubiquitin E3 ligase HUWE1 known to target HTT (Humbert and Saudou,
unpublished data) for proteasome degradation is less expressed in GBM (cf Gliovis dataset

analysis) (Figure 1)
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Figure.1l HUWEL1 is less expressed in GBM compared to non-tumor cells.

Simeone and collaborators (Simeone et al., 2014) identified HTT as one of four key transcription
factors potentially regulating the expression of proteins found to be differentially expressed in

human GBM. Moreover, male patients with higher expression of HTT have shorter survival time as
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compared to patients with lower HTT expression (see figure 1 of results part). Altogether, HTT
seem to participate to the biology of glioblastoma. We postulated that HTT plays a role in GBM

chemoresistance and glioma stem cell dynamics.

I-Significance of RG6042 in Downregulating HTT and Sensitizing GBM Cells
to TMZ.

To investigate the impact of HTT on chemoresistance to TMZ, we reduced HTT levels in
GBM cell lines. We utilized the ASO RG6042, also known as ISIS HUASO, HH1, IONIS-HTTRx or
Tominersen, as previously described in the literature (Kordasiewicz et al., 2012), (Southwell et al.,
2014)). RG6042 features phosphorothioate internucleotide linkage (PS), 2’-O-methoxyethy!
(MOE), and deoxynucleotide sugar modifications rendering it water-soluble and resistant to
exonucleases. RG6042 is designed as a gapmer, with its central region of 10 deoxyribose
nucleosides being complementary to exon 36 of the HTT mRNA. Upon binding, RNase H degrades
the mRNA. RG6042 targets both (WT) and (HD) HTT, aiming to downregulate HD HTT mRNA. In
various HD mouse models, a single intracerebroventricular injection of the ASO successfully
downregulated HD HTT and improved anxiety behavior associated with HD (Southwell et al.,
2018). RG6042 has undergone clinical trials, with significantly decreased HTT levels observed in
the cerebrospinal fluid of HD patients who received four intrathecal injections of the ASO (Tabrizi
et al., 2019)). Our findings indicate that downregulating HTT levels with the ASO RG6042 sensitizes

glioblastoma cells to TMZ, the standard of care for glioblastoma.

The cytotoxic effects of TMZ are amplified when cells are exposed to RG6042. TMZ
methylates DNA bases, particularly at the O6 position of guanine. O6-methylguanine adducts
induce cytotoxicity as they mispair with thymine during DNA replication. This triggers futile cycles
of DNA repair aimed at to reinserting cytosine, ultimately resulting in DNA double-strand breaks
discovered that downregulating HTT increases TMZ-induced DSBs. In Huntington’s disease (HD)
patients, where HTT is mutated but present, DNA damage is heightened. Elevated
phosphorylation of histone H2Ax at serine 139 (yH2AXx) is detected in fibroblasts from HD
patients and brain samples from the prefrontal cortex and the caudate ((Giuliano et al.,

2003),(Lu et al., 2014) yH2AX levels are also elevated in the peripheral blood mononuclear cells
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or the toxic gain of function by mutant HD HTT contribute to DNA damage induction. We did
not observe an increase in yH2Ax in non-treated RG6042 cells. Instead, DNA damage is
exacerbated when TMZ is introduced to the cells, implying that HTT plays a role in the DNA
damage response. Consistently, HD cells exhibit exacerbated DNA damage under oxidative
worsen in hTERT-immortalized fibroblasts from an HD patient as compared to healthy-
immortalized fibroblast after a 30 minutes exposure to an oxidative stress inducer (Maiuri et al.,
2013). Using a more sensitive method to detect DSBs (dSTRIDE), Maiuri and collaborators found
that in basal condition, levels of DSBs are increased in untreated hTERT-immortalized HD human
focused on cancer cells with downregulated HTT, not HD neuronal cells. Nonetheless, it is
conceivable that DNA damage is increased in RG6042 cancer cells as compared to SCR cancer cells
at a level not detectable by Western blot analysis of yH2Ax. Since cancer cells are highly
proliferative and susceptible to base damage, DNA mutations, and breaks, The absence of HTT
within the DNA damage response pathway may promote the accumulation of DNA damage and

subsequent cell death.

Consistently we observed an increase in apoptosis in RG6042 N13-1520 GSCs compared to
SCR under basal conditions (without TMZ treatment) (Figure 6C). In line with the concept that HTT
plays a key role in the DNA damage response, the alteration of wild-type HTT has been shown to
increase neuronal cell death. Specifically, when HTT becomes unphosphorylatable due to the
genetic substitution of serines 1181 and 1201 with alanines, by the kinase CDKS5, striatal neurons
enter cell death via the p53 pathway (Anne et al., 2007)). Oxidative stress and genotoxic
compounds induce DNA damage and cell death. In the context of HD or the alteration of wild-type
HTT, DNA damage is exacerbated. Indeed, in striatal cells where HTT is rendered

unphosphorylatable by CDK5, oxidative and genotoxic stress lead to a significant increase in yH2Ax
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When DNA damages accumulate, CDK5 activity and levels decrease, resulting in reduced HTT

phosphorylation and the initiation of p53-dependent cell death (Anne et al., 2007).

Apart from its role in regulating cell death in response to DNA damage, HTT has been
demonstrated to act as a scaffold for DNA repair proteins within the the nuclei of immortalized
retinal pigment epithelial cells of human origin, both at irradiation sites and following oxidative
repair proteins involved in base excision repair (BER) at sites of single strand breaks, including the
scaffolding protein XRCC1, the endonuclease APE1, the phosphorylated form of ataxia
telangiectasia mutated (ATM), the high-mobility group box-1 (HMGB1) protein and the single-
strand break marker poly (ADP-ribose) (PAR). Co-immunoprecipitation assays conducted in cells
treated with H20; confirm that HTT is part of a complex involving the aforementioned BER

proteins (Maiuri et al., 2017).

Considering that incomplete BER can convert single-strand breaks to DSBs during DNA
replication, we hypothesized that BER might be affected by HTT depletion in RG6042 cells. We
qguantified mRNA levels of DNA polymerase beta (pol 8), the primary polymerase in the BER
pathway, and N-methylpurine-DNA glycosylase (MPG, aka alkyl-adenine DNA glycosylase, AAG),
which initiates BER by removing methylated bases.

Our results showed a decrease in MPG and Pol3 mRNA in RG6042 GBM cells suggesting that
RG6042 impairs BER. Further studies are warranted to decipher how HTT depletion hampers BER

(Fig 2).
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Figure.2l Pol R and MPG are downregulated in GBM HTT-depleted cells.

GBM cells were transfected for 48h with either 200nM of SCR or RG6042. RT-PCR assay was
performed to measure mRNA levels of Pol 8 and MPG. The data are expressed as the percent of
MRNA in SCR condition. Each condition is reproduced in triplicates, n=3 experiments. Mean + SEM,
* p<0.1, ** p<0.01, ***p<0.001.

Cell death is increased in HTT-depleted cells treated with TMZ, as evidenced by an increase
of Pl/annexinV staining, caspases 3/7 activity, and PARP-1 cleavage. PARP1 accumulates at DNA
break sites and generates PAR chains on itself and other proteins. These PAR chains serve as a
platform for the recruiting downstream repair factors. Excessive PAR polymerization, often due to
extensive DNA damage, leads to NAD+ depletion, PARP-1 cleavage, and ultimately, cell death. A
recent study demonstrated that HTT binds to PARylated proteins and PAR chains. HD patients
exhibit a deficient PAR response to oxidative stress and elevated DNA damaged. Reducing mutant

HD HTT using huntingtin-lowering splice modulator drug Branaplam increased PAR levels and
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damage to facilitate DNA repair, a process hindered in GSCs treated with RG6042.

Depleting HTT from cancer cells can potentially induce DNA damage and cell death through
the increased production of reactive oxygen species (ROS). In HD, oxidative stress is increased due
to mitochondrial dysfunction. In striatal immortalized neurons expressing the mutant

(STHdhQ111) versus the WT HTT (STHdhQ7), there is an increase in superoxide production

levels in N13-1520 cells transfected with either SCR or RG6042 and found that ROS are increased
in the absence of HTT (Figure 3). This increase in ROS could contribute to exacerbating the toxic
effects of TMZ. Further experiments are needed to decipher how and to what extent the depletion

of HTT with RG6042 enhances ROS production and potentiates the toxic effects of TMZ.
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Figure.31 HTT depletion in N13-1520 PN GBM triggers an increase in ROS production.

N13-1520 were transfected for 48h with either 200nM of SCR or RG6042. DCFDA assay was
performed to measure ROS levels. The data are expressed as the percent of ROS in control
condition. Each condition is reproduced in triplicates, n=3 experiments. Mean + SEM, **p<0.01.

TMZ induces excessive DNA damage, triggering the activation of checkpoint kinases and
halting the cell cycle arrest in G2/M for repair (). Our findings indicate that when HTT is

downregulated, TMZ-induced cell cycle arrest is intensified. DSBs activate ATM, a serine/threonine
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kinase belonging to the phosphoinositide 3-kinase (PI3K)-related kinase family. ATM
phosphorylates various proteins and enzymes to coordinate cellular responses to DNA damage.
Among the substrates of ATM, checkpoint protein 2 (CHK2), undergoes phosphorylation at
threonine 68, leading to G2/M cell cycle arrest. In line with an increase in cells arrested in G2/M,
we observed heightened phosphorylation of CHK2 at threonine 68 in RG6042-treated cells. The
absence of HTT may reduce the recruitment of the repair machinery to the DNA, resulting in DNA

damage accumulation and subsequent ATM and CHK2 activation.

In addition to apoptosis, TMZ also induces senescence allowing cancer cells to survive

induced senescence is activated during the G2/M phase, involving p53 phosphorylation at Ser15
and induction of p21. However, in p53 mutated U251 and T98G cell lines, TMZ-induced
senescence involves other pathways. For example, in U251, survivin, an apoptosis-inhibiting
protein, is required for entry into senescence following TMZ treatment. Knocking down surviving
expression decreased the proportion of senescent cells in response to TMZ (Song et al., 2017).
TMZ-induced cellular senescence is viewed as a survival strategy for tumor cells, allowing them to
evade apoptosis. While we observed increased cell death in glioma cells treated with RG6042 and
TMZ, we did not investigate whether HTT depletion affects the proportion of senescent glioma
cells. This is a crucial aspect to explore considering the pro-tumoral potential of senescent glioma
cells. Future research will assess whether RG6042 reduced TMZ-induced senescence, potentially

redirecting cells towards apoptosis and reducing the pool of cells escaping TMZ toxicity.

HR involves proteins that utilize the sister chromatid as a template for error-free DSB repair.
Among them, BRCA1 serves as a scaffold for other HR proteins at the repair site, and HTT has been
shown to interact with BRCA1-associated RING domain protein (BARD1), an interactor of BRCA1
(Little is known about the implication of HTT in HR. A study revealed an association between the
age at onset of breast cancer in BRCA1 mutated patients and the longer of the CAG repeats on the

exon 1 of the HTT gene. Patients with HTT CAG repeats inferior to 27 develop breast cancer about
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data may be attributed to HTT function primarily being investigated in postmitotic neurons, where

non-homologous end joigning (NHEJ) repair prevails over HR. Further studies are warranted in

II-HTT Downregulation Reduces MGMT Protein and mRNA Levels.

The primary cause of TMZ-induced toxicity is the formation of O6-methylguanine adducts.
Tumor cells escape TMZ cytotoxicity by expressing the enzyme O-6-methylguanine-DNA
methyltransferase (MGMT), which removes the O6 methylation. Both T98G and N13-1520 cells
express MGMT and RG6042 sensitizes them to chemotherapy. We investigated whether
downregulating HTT might affect MGMT levels through western blot analysis. Remarkably, we
observed decreased MGMT protein levels in RG6042 treated T98G cells (supplemental figure 2A of
results part). To assess whether reduced MGMT levels are a general consequence of HTT
downregulation, we used ASOs targeting different regions of the HTT mRNA sequence ((Southwell
et al., 2014)). In T98G cells transfected with HTT-specific ASOs PH1, PH2 and PH3, MGMT protein
was downregulated (supplemental Figure 2A of results part). In addition, RG6042 decreased
MGMT levels in N13-1520 (supplemental Figure 2B of results part). These results indicate that HTT
downregulation simultaneously decreases MGMT protein levels. This downregulation occurs at
the gene expression level, as MGMT mRNA is decreased in both RG6042 treated cell lines
(supplemental Figure 2C of results part). The mechanism by which downregulation of HTT silences

MGMT gene expression remains to be determined.

MGMT expression is regulated through the methylation of two gene regions rich in CpG
dinucleotides: the differentially methylated region 1 and 2 (DMR1 and 2). We wondered whether
RG6042 transfection affects MGMT gene methylation. Dr Florence Puch (CHU, Grenoble Alpes)
performed methylation-specific PCR in T98G cells transfected with either SCR or RG6042 using the
MGMT-Epimelt kit (#MD-MGMT-EPIMELT, Amplitech). Her findings revealed no difference in
methylation levels. These results would suggest that RG6042 does not alter MGMT gene
methylation. However, it is Important to note that the CpGs analyzed by the kit are all part of the

DMR2 region, and thus, the methylation status of the DMR1 region was not evaluated in this
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preliminary study. Moreover, while the methylation status of DMR1 and 2 regions has been linked
to transcription, in some cases, methylation in these regions does not correlate with gene
silencing. For instance, hypermethylation of gene body cytosines has been shown to increase gene
expression despite promoter methylation. In addition, decreased gene expression and mRNA
levels have been reported in cells with an unmethylated promoter and a hypomethylated gene
expression by methylation of other regions of the gene body and promoter. A comprehensive
examination of the methylation status of both the promoter and the gene body would answer this

guestion.

Different DNA methylation patterns have been reported in cell models of HD and these
patterns correlate with transcriptional dysregulation. Specifically, the promoter of the gene
encoding the prosurvival neurotrophin brain-derived neurotrophic factor (BDNF) is
hypermethylated in embryonic mouse HD cortical and striatal neurons transfected with
methyltransferases (DNMTs) with decitabine, as well as knocking down DNMT3A or DNMT1,
counteracted the toxic effects of HD HTT, notably by restoring the expression of BDNF.

However, the mechanisms by which HD HTT promotes DNA methylation at specific gene
promoters remain open questions. Variations in the expression of DNMTs may be involved, as
decrease in DNMT1 was found in HD striatal neurons (STHdhQ111) . However, DNMT1 and 3A
MRNA levels do not vary in another cellular model of HD (embryonic cortical neurons transfected
HD, it is reasonable to consider that absence of HTT may also impact DNA methylation. To tackle
how HTT depletion might affect MGMT expression, Dr Florence Puch will re-examine the
methylation status of the MGMT promoter in N13-1520 cells treated with or without RG6042 and
perform gPCR to evaluate the levels of DNMT1 and 3A/B.

In addition to its role in DNA methylation, HTT has been shown to interact with transcription
repressors that recruit chromatin modifiers. Among them, REST (Repressor Element 1-Silencing
Transcription factor) binds to NRSE (or RE1 for neuron-restrictive silencing factor/repressor
element 1 silencing transcription factor) motifs of neuronal genes, inhibiting their expression

of the hippocampal stem cells pool in adult mice by recruiting the co-repressors CoREST, mSin3A
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and histone deacetylase 1 (HDAC1) at the RE1/NRSE site of the neural genes ASC/1 and NeuroD1.

2012). REST mRNA is increased in GBM compared to normal brain tissue, and high expression
levels correlates with poor survival. REST is found in the nucleus of glioma stem cells and
sequesters REST in the cytoplasm of neural cells. In HD, mutant HTT no longer interacts with REST,
which accumulates in the nucleus. REST binding to DNA contributes to transcriptional
dysregulation in HD. Notably, REST binding to RE-1 sequence of the BDNF gene decreases

REST silences genes involved in differentiation, maintaining glioma cells in a proliferative state.
While it may be challenging to envision how decreasing HTT levels with RG6042 could affect REST-
mediated silencing of differentiating genes. HTT depletion could act upstream of REST silencing by
modifying methylation of bases at RE-1. Indeed, REST binding to DNA is enhanced by methylation
at RE-1 sequences. For instance, in the developing mouse heart, the expression of the pacemaker
hyperpolarization-activated cyclic nucleotide- modulated potassium channel protein 2 (Hcn2) is
inhibited by REST binding the RE-1 and this binding is strongly enhanced when DNMT3B
methylates non-CpGs in the RE-1 sequence. The level of DNA methylation at the non-CpGs
methylation decreases with HTT depletion, REST binding to RE-1 may be less efficient potentially

leading to the re-expression of differentiative genes.

HTT directly interacts with MeCP2 (methyl-CpG-binding protein 2), a DNA methylation-
dependent transcriptional repressor. MeCP2 binds methylated DNA and recruits transcriptional
co-repressors to silence transcription by modifying the chromatin structure such as HDAC and
histone methyltransferase. In HD, the interaction of mutant HTT with MeCP2 is enhanced at the
MeCp?2 is associated with the MGMT promoter in MGMT silenced cell lines. MeCp2 binds to
methylated CpG and recruits HDAC, repressing MGMT transcription. When CpGs are
demethylated, MeCp2 no longer binds to the DMR1 region of MGMT and acetylation of H3 and 4
increases, inducing gene expression.The mechanism governing the direct interaction of WT HTT

and MeCp2 in the regulation of MeCp2-mediated silencing of MGMT remain to be determined.
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Additionally, as with REST, if HTT depletion decreases DNA methylation, MeCp2 binding to MDR1

may be compromised, leading to the de-repression of gene transcription.

HTT plays a crucial role in promoting the activity of the multi-subunit polycomb repressive
complex 2 (PRC2), which methylates histone H3 on lysine 27, leading to the repression of gene
transcription. This activity is heightened in HD. Moreover, there is a global loss of histone
H3K27me3 at transcription starting sites in a mouse ES cell line depleted of HTT. In glioma, EZH2

(enhancer of zeste homolog 2), a subunit of PRC2, is highly expressed and is predictive of a poor

whether MGMT downregulation is a consequence of HTT-EZH?2 interaction disruption remain to

be elucidated.

SETD?2 is a histone methyltransferase specific for lysine-36 of histone H3. Traditionally

considered a tumor suppressor, SEDT2 mutations are found in pediatric high-grade gliomas

interactor of both enzymes, SEDT2 and EZH2, HTT may participate to the regulation of EZH2 by
SEDT2.

IlI-HTT Depletion's Impact on Glioma Stem Cells and Proliferation.

Depletion of HTT using RG6042 sensitizes GSCs, such as N13-1520, which belong to the
proneural stem cell subtype. Among the molecular classes of GBM, PN cells expressed the highest
levels of HTT mRNA (see figure 1 of results part). We found that HTT depletion decreases the
stemness capacities of these cells, as demonstrated by a decrease in self-renewal observed in the

neurosphere assay (see figure 6 of results part). These results suggest that RG6042 may exert an

121



inhibitory effect on the proliferation, as indicated by reduced BrdU incorporation in N13-1520

cells transfected with RG6042 compared to SCR and untreated cells (Figure 4).
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Figure.4l: RG6042 decreases proliferation in N13-1520 cells.

Cells were transfected for 48h with either SCR or RG6042. BrdU (10 nM) was added 2h before
fixation. BrdU was revealed by ELISA. The data are expressed as the percent of BrdU incorporated
in control condition. Each condition is reproduced in triplicates, n=3 experiments. Mean + SEM,
***p<0.001.

IV-The Role of HTT in Stem Cell Proliferation and Implications in Glioma

HTT actively participates in cell proliferation,notably in progenitor and stem cells. It
controls mitosis of the neuroepithelial stem cells during early corticogenesis, being a crucial
component of the molecular machinery responsible for proper spindle pole assembly and ensuring
symmetric divisions that expand the stem cell pool. RNAi-mediated silencing of HTT in nestin-
expressing stem cells disrupts spindle orientation, leading to the rapid exhaustion of the stem cell
pool in the stem cells the ventricular zone of mouse embryos by promoting differentiation
stem/progenitor cells reveals mitotic spindle misorientation resulting in the exhaustion of the

stem cell pool and mammary gland hypoplasia. Depletion in HTT also affects neural stem cells
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derived from mouse embryonic stem cells causing them to predominantly differentiate into glial

properties. Therefore, reducing WT HTT in GSCs may diminish their stem cell capabilities,
potentially triggering premature differentiation and cell-cycle exit. Thus, the expression of the PN
stem cell marker DLL3 decreases upon transfection with RG6042 (see figure 6 of results part).

GSCs typically do not terminally differentiate and therefore can reenter the cell cycle, as observed

2015). This failure in inducing complete differentiation and cell-cycle arrest is due to inappropriate

chromatin remodeling and an incomplete DNA methylation associated with downregulation of

cell-cycle exit of GSCs remains to be determined.

GBM stem cells play a critical role in fueling tumor growth, making it imperative to limit
the number of stem cells with tumorigenic capacities. We found that intracerebroventricular
injection of RG6042 delays tumor growth in Nude mice harboring human PN stem cells treated
with TMZ. This delay is associated reduced proliferation and a decrease in the number of PN
stem cells. Ongoing research is focused on determining whether co-treatment with RG6042

and TMZ can lead to increased overall survival in mice.

V-Promising Potential of RG6042 and TMZ Co-Treatment for GBM

During my PhD | investigated whether downregulating HTT in brain tumor using RG6042
could sensitize the cancer cells to TMZ. RG6042, aka Tominersen, was initially designed to
downregulate both wt and HD HTT in the brain of HD patients. The GENERATION HD1 clinical trial
was halted due to a lack of effects on the natural course of the disease and safety concerns. Lower
doses of the ASO are currently being tested in younger HD patients with lower disease burden
(GEN-PEAK (NCT04000594)). Nevertheless, the downregulation of both forms of the protein was

achieved in the CSF of HD patients administered with RG6042 via intrathecal injections. Therefore,
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the downregulation of wt HTT in a brain harboring a tumor is feasible. In addition, partial lowering

The results | obtained during my PhD indicate that the therapeutic strategy holds potential

for the treatment of glioma. Given the limited efficacy of current treatments, the co-treatment of

GBM with RG6042 and TMZ could be a game-changer for the treatment of GBM in humans.
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PART I



In this part of the results, | investigated the Role of Huntingtin protein (HTT) in the lineage
progression of subventricularzone (SVZ) stem cells.

Whereas multiple evidences suggest the presence of neurogenesis in the hippocampus,
fewer reveal the process of neurogenesis in the SVZ. However, in the adult rodent brain, NSCs and
progenitors’ cells house in the SVZ, generating neurons for the olfactory bulb. NSCs in the adult
rodent brain are characterized as self-renewing cells with multipotent properties, which could
form clonal neurospheres when cultured in a serum-free medium with growth factors, giving rise
to astrocytes, oligodendrocytes, and neurons upon adhesion and removal of growth factors.

Reduced neurogenesis has been observed in both the DG and SVZ in rodent models of HD,
where NeuroD1 expression, proliferation, differentiation, and survival of hippocampal neurons are
diminished. Similarly, OB neurogenesis is reduced in mouse and rat models of HD, with SVZ NSCs
proliferating less. In the YAC128 mouse model, SVZ-derived neurospheres fail to differentiate into
mature neurons.

In the human brain, the presence of adult-born neurons in the striatum diminishes in
advanced stages of HD, and neurodevelopmental perturbations have been observed in HD human
brain fetuses. These findings suggest that NSC properties are compromised in the diseased HD
brain, and HTT is critical for neurogenesis, as demonstrated by the premature neuronal
differentiation seen when HTT is ablated in neuroepithelial stem cells during cortical development.

We hypothesized that huntingtin (HTT) plays a crucial role in the progression of SVZ NSCs
through their lineage.
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Role of Huntingtin protein (HTT) in the lineage progression of subventricular zone
(SVZ) stem cells.

Key-words: Huntingtin, sub-ventricular zone, stem cells, progenitor cells, Huntington’s disease,
stemness, differentiation.

INTRODUCTION

The subventricular zone (SVZ) harbors the largest source of neural stem cells (NSCs) and
progenitors in the adult rodent brain that continuously generates neurons for the olfactory bulb,
a process so-called neurogenesis. In the late 1960’s, Joseph Altman was the first to show that
new neurons are generated in the adult mammalian brain.

Using radioactive thymidine, Altman demonstrated that the new cells were added into two
regions of the adult rat brain: the olfactory bulb (OB) and the dentate gyrus (DG) in the
hippocampus ((Altman and Das, 1965b). NSCs in the adult rodent brain were characterized by
Reynolds and Weiss in 1992 ((Reynolds and Weiss, 1992)) in vitro as proliferating self- renewing
cells with multipotent properties. NSCs grow as clonal neurospheres when cultured in free-
floating conditions in a serum-free medium and in the presence of growth factors, and
spontaneously give rise to astrocytes, oligodendrocytes and neurons once adhered and
deprived of growth factor. In vivo, three cell types composed the SVZ: The A, B and C cells
((Doetsch et al., 1999)). NSCs correspond to a subset of astrocytes referred to as B1 cells that
retain an apical contact with the ventricle.

NSCs proliferate in the presence of stimulus and give rise to intermediate progenitors
(type C cells), which in turn differentiate in neuroblasts (type A cells). From the SVZ, neuroblasts
migrate tangentially through the rostral migratory stream (RMS) to the olfactory bulb, where they
differentiate into local circuit interneurons.

Neurogenesis is a multistep process involving stem cells maintenance in the SVZ niche
in a quiescent state, activation of stem cells to a proliferative state, transition to the
progenitor stage from which the cell is committed to differentiate into neurons or glial cells,
and differentiation/maturation of these cells. Each of these steps is regulated by
environmental cues both diffusible and contact-dependent, which have been extensively
studied along the past 20 years. Intrinsic regulators of these steps are more elusive and
remain to be deciphered. We hypothesize that the protein huntingtin (HTT) is important for

the progress through the SVZ NSCs lineage.
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HTT is a scaffold protein of 348 kDa, widely expressed in adult tissues including the

brain. Its mutated form causes the neurodegenerative disorder Huntington's disease (HD). The
mutation responsible for HD is an abnormal expansion of a CAG repeat, exceeding 35, in the
HTT gene coding for a polyglutamine (polyQ) stretch. Mutant HTT (mHTT) leads to dysfunction
and ultimately death of cortical and striatal neurons which account for the symptoms of the
disease((Saudou and Humbert, 2016b)). The onset of the disease occurs around 40 years old
and is characterized by a triad of motor, cognitive, and psychiatric symptoms.

Decrease of neurogenesis in both the DG and SVZ in HD brains is reported in
numerous rodent models of HD. In the R6/2 mouse model of Huntington’s disease (HD),
NeuroD1 expression, proliferation, differentiation, and survival of hippocampal neurons are
decreased in the DG ((Fedele et al., 2011)). Similarly, the OB neurogenesis is reduced in
mouse and rat model of HD where SVZ NSCs proliferate less ((Kandasamy et al., 2022; Kohl et
al., 2010). In the YAC128 mouse model, a hemizygous model expressing the human full-length
mHTT with 128 CAG repeats, SVZ-derived neurospheres fail to differentiate in mature
neurons ((Silva et al., 2018)).

Regarding the human brain, Ernst and coworkers reported the presence of adult-born

neurons in the striatum and the absence of these in the advanced stage of HD ((Ernst et al.,

2014)). More recently, Barnat and colleagues showed that neurodevelopment is perturbed in HD

human brain fetuses ((Barnat et al., 2017)). These observations suggest that NSCs properties are

impaired in the diseased HD brain. In fact, HTT is critical for neurogenesis as ablation of HTT in

neuroepithelial stem cells during cortical development favors precocious neuronal differentiation

at the expense of their maintenance ((Godin et al., 2010)). Altogether, these data suggest that HTT

is involved in the biology of neural stem cells and neurogenesis.

We hypothesized that variations of HTT protein levels direct the transition from stem cells

to progenitor cells as we observed in a set of preliminary experiments that HTT is downregulated

in progenitor cells. We propose to describe variations of HTT levels along the SVZ lineage and to

decipher how HTT protein variations regulate the transition from stem to progenitor cells during

neurogenesis. As neurogenesis is impaired in HD, we will address the same questions in SVZ stem

cells from the Q111 mouse, a rodent model of the disease. We also plan to determine the
molecular mechanisms underlying the variations of HTT levels in order to identify molecular

target(s) that could help us to restore proper stem cell dynamics in HD brains.
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MATERIALS AND METHODS

Mice

CD1 WT mice were purchased from Janvier (JANVIER LABS, France). Homozygous

HdhQ111/HdhQ111 CD1 (Q111) mice were obtained from heterozygous crossing of HdhQ111/+

CD1 mice that express the human HTT exon 1 sequence with 109 repeats of CAG (Wheeler et al.,

1999). Animals were maintained with access to food and water ad libitum and kept at a constant

temperature (19°C-22°C) and humidity (40%—-50%) on a 12:12-hr light/dark cycle. All experimental

procedures were performed in an authorized establishment (Grenoble Institut des Neurosciences,

INSERM U1216, license B3851610008) in strict accordance with the recommendations of the

European Community (86/609/EEC) and the French National Committee (2010/63) for care and

use of laboratory animals, under the supervision of authorized investigators (permission 91-448 to

S. Humbert). Wild-type (WT) off springs were obtained by mating WT CD1 male mice with CD1

female mice. Homozygous off springs for Q111 (Q111) were obtained by mating homozygous

Q111 male mice with homozygous Q111 female mice.

SVZ cell culture and drug treatment

Subventricular zone (SVZ) were dissected from early postnatal day 0 to 5 (PO- P5) wild-

type (WT) and Q111 homozygous mice (Q111). SVZ cells were cultured in DMEM/F12
(#31331) completed with 1% of penicillin and streptomycin (PS, #15140148) and 1 % of B27

(#17504044) (all from ThermoFisher) and supplemented with 20 ng/ml of epidermal growth

factor (EGF, #£9644, Sigma-Aldrich) and 20 ng/ml of basic fibroblast growth factor (FGF-2,

#13256029, ThermoFisher). Cells were grown either in suspension to generate free-floating

neurospheres, or in adherence on poly-D-lysine (PDL) (20 pg/ml, #P7886, Sigma-Aldrich) and
laminin (20 ug/ml, #L2020, Sigma-Aldrich) to grow as stem/progenitor cell monolayers. Both

cell culture types were grown for 5-6 days in a 95% air-5% CO2 humidified incubator at 37°C.

Five to six-day-old neurospheres were collected, centrifuged (500 g, 5 min) and
resuspended for 15 min at 37°C in accutase (#A1110501, ThermoFisher) to generate single
cell suspensions. Single cells were seeded onto PDL-coated petri dishes (100 pug/ml) in

DMEM/F12 supplemented with 1% B27 and 1% PS but devoid of growth factors. These
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conditions trigger differentiation of SVZ cells. Cells were harvested by trypsinization 24h and
48h after plating and are referred as to progenitor cells. For longer period of differentiation,
2% fetal bovine serum (FBS) was added to the medium (#CVFSVF0001, Eurobio) to promote
differentiation. Cells were harvested by trypsinization 3, 5 and 10 days after plating (DIV for
days in vitro). To block proteasome activity progenitor cells were treated with 4nM of
MG132(#474790, Merck) dissolved in 0.01% of DMSO, for 10h then harvested by

trypsinization.

Protein extraction and Western blot

Stem/progenitor cell monolayers and differentiated cells were trypsinized and
harvested by centrifugation. Free-floating neurospheres were harvested by centrifugation.
Cells were resuspended in RIPA lysis buffer (150 mM NaCl, 20 mM Tris-HCl pH 7.5, 1 mM
EDTA, 2.5 mM sodium pyrophosphate, 1 mM EGTA, 1 % sodium deoxycholate and 1 % NP-40)
supplemented with protease (1/100, #P8340, Sigma-Aldrich) and phosphatase inhibitors
(1/100, #P5726, Sigma-Aldrich). The soluble protein fraction was collected after
centrifugation (21,000g, 10 min at 4°C). Protein concentration was measured by the BCA
method (#23228, ThermoFisher). Proteins (30 pug total) were diluted in SDS-PAGE sample
buffer [6X concentrated: 350 mM Tris, 10% (w/v) SDS, 30% (v/v) glycerol, 0.6 M DTT, 0.06%
(w/v) bromophenol blue] then boiled 5 min at 95°C and loaded on both
acrylamide/bisacrylamide gels: 5% (for HUWE1, vinculin and Huntingtin proteins), 7% (for
Huntingtin, vinculin and EGFR proteins) and 15% (for Sox2, B actin and BlIl tubulin proteins).
Proteins were transferred to PVDF membranes (polyvinylidine difluoride, #/IPVH00010, Merck
Millipore) during 2h40 min with constant current of 320 mA. PVDF membranes were blocked
in Tris buffer containing 5% bovine serum albumin (BSA) in 0.1% Tween (TBS-T) for 1h at
room temperature (RT) and probed overnight at 4°C with primary antibodies (Table 1).
Membranes were washed with TBS-T and incubated for 40 min at RT with horseradish
peroxidase (HRP)- conjugated secondary antibodies: goat anti- rabbit IgG (H+L) (1/2000,
#511380), rabbit anti-goat IgG (H+L) (1/2000, #305-035- 003) (both from Jackson
Immunoresearch), and goat anti-mouse IgG1 (1/2000, #1070-05, Southern Biotech). Proteins
of interest were detected using a chemiluminescent substrate (ECL, #RPN2236, Merk) and the

membranes were imaged on a Chemidoc imaging system (Biorad).
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Immunoprecipitation

Stem/progenitor cell monolayers and progenitor cells were trypsinized and harvested
by centrifugation. Cells were resuspended in law salt lysis buffer (50mM TRIS-HCI (pH 7.4),
1% NP-40 and 5mM EDTA) supplemented with protease (1/100, #P8340, Sigma-Aldrich) and
phosphatase inhibitors (1/100, #P5726, Sigma-Aldrich). Proteins total lysate were diluted in
SDS-PAGE sample buffer [6X concentrated: 350 mM Tris,10% (w/v) SDS, 30% (v/v) glycerol,
0.6 M DTT, 0.06% (w/v) bromophenol blue] then boiled 5 min at 95°C. Approximately 10*
(50uL) of mouse IgG beads (#00951543, Invitrogen ) were washed 3 times in law salt buffer
supplemented with protease and phosphatase inhibitors then incubated either with 1mg of
protein (250ul) and 5uL of monoclonal HTT 4C8 antibody or incubated with 250ul of
proteins with 5ul of IgG isotype and left to immunoprecipitate HTT overnight at 4°C with
rotation to prevent beads settling out of suspension. After, beads were washed 5 times with
law salt buffer supplemented with protease and phosphatase inhibitors, supernatant was
eluted and beads were diluted in SDS-PAGE sample buffer [6X concentrated: 350 mM Tris,
10% (w/v) SDS, 30% (v/v) glycerol, 0.6 M DTT, 0.06% (w/v) bromophenol blue] then boiled 5

min at 95°C.Western blot was performed as described before.

Immunocytochemistry

SVZ cells were cultured 5 DIV after plating on poly-D-lysine-coated coverslips following the
same protocol as depicted in figure 4 and fixed in 4% paraformaldehyde (PFA) for 15 min at room
temperature (RT). Cells were permeabilized and nonspecific binding sites blocked using a mixture
of 1% Triton X-100 and 3% normal donkey serum (NDS) in PBS for 30 min at RT. Cells were
subsequently incubated overnight at 4°C with the primary antibodies as listed in Table 1 diluted in
PBS containing 0.1% Triton X-100 and 0.3% NDS. Coverslips were rinsed in PBS and incubated for 2
hours at RT with secondary antibodies Alexa fluor 594 anti-mouse IgG (H+L) and Alexa fluor 488
anti-rabbit IgG (H+L) both produced in donkey (from ThermoFischer Scientific) diluted 1:500 in PBS.
Cell nuclei were stained with Hoechst 33342 (2ug/mL in PBS). Coverslips were mounted in Dako
fluorescent medium (Dako). Fluorescent images were recorded using fluorescent slide scanner (Axio

Scan.Z1, Zeiss).
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RNA extraction, quantitative real-time PCR (qPCR) and TagMan PCR

Total RNA was extracted from stem/progenitor cell monolayers and 48h progenitor
cells from both genotypes using the NucleoSpin RNA extraction kit (#740955, Macherey-
Nagel). Total RNA was quantified by spectrophotometer on a Nanodrop (Thermofisher). RNA
samples (1 ug) were retrotranscribed using the iScript Ready- to-Use cDNA supermix
(#1708840, Biorad). cDNAs were diluted 1:10 and submitted to gPCR with SsoAdvanced SYBR
Green supermix (#1725272, Biorad) or submitted to TagMan PCR with iTag™ Universal Probes
Supermix (#1725131, Biorad). Primers used are listed in table 1. The RT-PCR program
consisted of a 95°C for 2 min for the first step; 40 cycles of 95°C for 10 sec, 55°C for 15 sec
and 72°C for 10 sec for the second step; 95°C for 1 min, 60°C for 30 sec and 95°C for 30 sec
for the last step. Meanwhile the TagMan program consisted of a 50¢ C for 2 mins, 95 C for
10 mins then 40 cycles of 95¢ C for 15 secs, 60 C for 1 min Data were analyzed from three
independent experiments and presented as the mean + SEM. The fold- change quantification
of target genes was calculated with the 2-AACt method.

Geometric averaging of mouse TATA box-binding protein (mTBP), phosphoglycerate kinase 1
(PGK1) and cyclophilin G (CYCLO G) was used as internal control for RT- PCR and
Glyceraldehyde -3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1)
for TagMan PCR.

Gene name Sequence
CYCLOG F: 5'-AAAGCCGATGACAAGGAG-3'

R: 5'-AAGAATCGTCGCTGGTATG-3'

mTBP F: 5'-ACATCTCAGCAACCCACACA-3
R:  5'-GGGGTCATAGGAGTCATTGG-3'
PGK F: 5-TAGTGGCTGAGATGTGGCACAG-3’
R: 5- GCTCACTTCCTTTCTCAGGCAG-3’
HTT (Cat# QT00146902, Qiagen)
HES 5 (Cat#12001950, Biorad)
MASH1 (Cat#12001950, Biorad)
DLX2 (Cat#12001950, Biorad)
GAPDH (Cat#10031231, Biorad)

Table 1: Primer sequences
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Quantification and statistical analysis

Densitometry analyses of Western blot bands were performed using Image Lab or
Image J software and protein levels are expressed as ratio of its expression relative to Vinculin.
Data are represented as mean = SEM of 4 cultures per condition.

Immunoreactive cells were obtained from cells counted in 4 independent microscopy
fields (approximatively 100 cells per field) in a single culture and cell counts are expressed as
mean = SEM values. The percentages of GFAP, GalC and BlIl tubulin positive cells in WT and
Q111 SVZ cell cultures were calculated from cell counts in four independent microscopic fields
(approximatively 100 cells per field) per culture. Data are represented as mean + SEM of 4
cultures per condition. Statistics were performed using Kruskal-wallis test followed by Dunn’s
multiple comparisons test and was set to p<0.05. All analyses were conducted using Graph pad

Prism 8.
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RESULTS

Establishment of a differentiation protocol

Neural stem cells from the SVZ of early postnatal mice (PO to P5) were cultured in
suspension to generate free-floating neurospheres either, or in adherence on poly-D- lysine
(PDL) and laminin to grow as “quiescent” stem cells in a medium devoid of serum and
supplemented with EGF and FGF-2. In suspension, cells proliferate in a clonally manner to form
aggregates or neurospheres (Figure 1). Five-day-old neurospheres are then dissociated into
single cells and plated on poly-D-lysine to initiate adherence and differentiation. Growth factors
are withdrawn from the medium to induce cell cycle exit. Forty-eight hours after plating, most
of the cells present a bipolar shape, characteristic of progenitors. To stimulate differentiation,
2% FBS is added after 48 hours and onwards (Belenguer et al., 2016)%. Multipolarized cells are

observed at DIV 3, 5, 7 and 10 consistent with ongoing differentiation.

Expression of stem cells and progenitors’ markers along the lineage

In order to validate the culture model, the expression of stem cells and progenitors’
markers along the lineage was determined by western blot and gPCR. Sox2 is a transcription
factor that is expressed in multipotent, self-renewing and proliferating stem cells. Consistently,
Sox2 is found in neurospheres ((Doetsch et al., 2002)) and, to a lesser extent, in stem cells
cultured in monolayers. Sox2 is no more express upon growth factors removal (Figure 2A and
B).

EGFR, the receptor for EGF, is expressed in proliferating stem/progenitor cells but not in
progenitors upon EGF and FGF2 removal as observed in western blots (Figure 2A and B).

According to these results, stem cells cultured in adherence in the presence of growth
factors will be referred from now on as to quiescent stem cells, stem/progenitor cells in
neurospheres will be referred as to activated stem cells, dissociated SVZ cells plated in the
absence of growth factors for 24h to 48h will be referred as to progenitors. mRNA levels of
DLX2, a marker of C cells in the SVZ lineage, which are progenitors, was determined by gPCR. |
found that DLX2 is highly expressed in progenitors as compared to quiescent and activated

stem cells (Figure 2C).
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Expression of HTT varies along WT and Q111 SVZ lineage

The expression of HTT along the SVZ lineage was evaluated by western blot (Figure 3A).
HTT is highly expressed in quiescent and activated stem cells. At the progenitors’ stage,
expression of HTT drops significantly by 60% (Figure 3A and 3C). Serum is added at DIV 3 and
onwards to promote differentiation as shown by the expression of BlIl tubulin at DIV 5 (Figure
3A). HTT is re-expressed when cells differentiate (Figure 3A). At the mRNA level, HTT is highly
expressed in activated stem cells while expression drops significantly in progenitors as assessed
by TagMan gPCR (Figure 3C). HTT mRNA drops by 40% at the progenitor stage as compared to
the quiescent stage (Figure 3C). These results show that the decrease of HTT at the progenitor
stage is due, at least in part, to a decrease expression of the HTT gene.

Levels of HTT were also evaluated in SVZ cells cultured from Q111 homozygous mice
to determine whether the pattern observed in WT cells is altered in HD. Unlike in WT cells,
HTT remains expressed at the progenitor stage (Figure 7A and 7B). HTT protein is not

detected in early differentiating cells (3 DIV and 5 DIV).

HTT protein is degraded at the progenitor stage.

As the decrease of HTT levels at the progenitor stage is drastic, and considering that the
half-life of HTT is of at least 24h (14) it is conceivable that HTT may be degraded by the
ubiquitin pathway. To test this hypothesis, cells were dissociated from neurospheres and
plated to differentiate for 24h. MG132, a proteasome and autophagy inhibitor that blocks
the degradation of ubiquitinated proteins, was added for 10h. Cells were then harvested for
protein extraction. Analysis by western blot shows that HTT is present in MG132 treated
progenitors as compared to non-treated progenitors (Figure 4A and 4B). This result suggests

that ubiquinated HTT is accumulated in progenitors treated with MG132.

Co-immunoprecipitations were performed with anti-HTT and anti-polyubiquitin
antibodies. The resulting immunoprecipitated proteins were run on SDS page gel and
immunoblotted for the detection of polyubiquitinated HTT. HTT and polyubiquitin
expressions and interactions were upregulated at progenitor stage when treated with 4nM

of MG132 compared to non-treated progenitor cells and quiescent cells (Figure 5A and B).
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More experiments are still required to conclude.

HUWE1 is expressed in SVZ WT progenitor cells.

The E3 ubiquitin protein ligase HUWE1 has been shown to interact with HTT is a
yeast two-hybrid assay performed previously in the lab (data not shown). HUWE1 may
therefore tag HTT for degradation in progenitors. Firstly, the expression of HUWE1 was
evaluated along the SVZ WT lineage. Preliminary western blot showed that HUWE1 is
expressed at the progenitor stage (Figure 6). Further experiments are required to draw

out a conclusion about the regulation of HTT degradation by HUWE1 in SVZ WT lineage.

mHTT reduces neuronal differentiation

Immunostaining was performed in order to test whether mHTT alters neuronal and glial
differentiation of SVZ stem cells. SVZ cells were plated on poly-D-lysine-coated coverslips. The
same protocol as described in Fig 4A was used to differentiate the cells. At DIV 5, cells were
fixed and immunostained to reveal GFAP positive astrocytes and Blll tubulin positive neurons.
Cells were counted. The number of astrocytes is significantly increased in Q111 as compared
to WT cultures. However, the number of neurons is decreased in Q111 as compared to WT
cultures (Figure 8). These observations suggest the mHTT alters neuronal differentiation while

favoring glial differentiation.

DISCUSSION

In this study, we have explored the intricate dynamics of HTT expression during the
differentiation of neural stem cells, specifically within the subventricular zone (SVZ) lineage.
Our findings reveal a biphasic expression pattern of HTT in the wild-type (WT) lineage,
characterized by high expression in quiescent and activated stem cells, followed by a sharp
decrease at the progenitor stage. Notably, this regulatory pattern differs in the Q111 lineage,
where HTT persists at the progenitor stage. Additionally, we have identified HUWE1, an E3

ubiquitin protein ligase, as an integral player in this process. HUWE1's expression at the
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progenitor stage suggests its role in HTT regulation. Furthermore, we have examined various
markers, including Sox2 and EGFR, as indicators of stem cells and progenitors, and DLX2, a
marker of C cells in the SVZ lineage, which are progenitors. These markers help characterize
different stages along the neural stem cell lineage and contribute to our understanding of the
observed HTT dynamics.

HUWE1, as a ubiquitin ligase, plays a crucial role in tagging proteins for ubiquitination
and subsequent degradation by the proteasome. This mechanism is central to cellular
homeostasis and quality control, ensuring that damaged or surplus proteins are efficiently
removed. The expression of HUWE1 at the progenitor stage suggests its involvement in the
regulation of HTT levels. One plausible hypothesis is that HUWE1 interacts with HTT and
mediates its ubiquitination, marking it for proteasomal degradation. This hypothesis aligns
with the observed decrease in HTT levels at the progenitor stage. Given that the half-life of
HTT is relatively long, the rapid reduction in its levels suggests active degradation
mechanisms are at play. The addition of MG132, a proteasome and autophagy inhibitor,
results in the accumulation of ubiquitinated HTT in progenitors. This observation strongly
supports the notion that the ubiquitin-proteasome pathway is involved in HTT degradation
during neural stem cell differentiation. Furthermore, co-immunoprecipitation experiments
demonstrate an interaction between HTT and polyubiquitin when progenitor cells are treated
with MG132. This interaction suggests that HTT becomes ubiquitinated, marking it for
proteasomal degradation.

While these findings provide preliminary evidence for HUWE1's involvement in HTT
degradation, more experiments will establish a conclusive link between HUWE1 and HTT
regulation in the SVZ WT lineage. Further investigations should aim to elucidate the specific
mechanisms through which HUWE1 targets HTT for ubiquitination and degradation,
contributing to our understanding of neural stem cell biology and potential implications for
Huntington's disease.

The biphasic expression of HTT in the WT lineage holds critical significance in the
context of neural stem cell differentiation. In the WT lineage, HTT is initially highly expressed
in quiescent and activated stem cells, but its levels drop significantly at the progenitor stage.
This dynamic pattern of HTT expression suggests a finely tuned regulatory mechanism during
differentiation. The initial high expression of HTT in quiescent and activated stem cells may

serve various functions. HTT is known to be involved in various cellular processes, including
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transcriptional regulation, intracellular transport, and synaptic function. In the context of
neural stem cells, its initial high expression may support the maintenance of stemness and
self-renewal capacity. However, the sharp decrease in HTT levels at the progenitor stage
likely serves a distinct purpose. As neural stem cells transition into progenitors, they need to
undergo significant cellular changes to commit to a specific lineage and initiate
differentiation. The reduction in HTT levels could be a critical step in this process, allowing for
the derepression of genes or pathways necessary for progenitor identity and differentiation.

Now, when we observe the Q111 lineage, a distinct pattern emerges. HTT remains
expressed at the progenitor stage in Q111 cells, in contrast to its downregulation in WT cells.
This disparity raises intriguing questions about the underlying mechanisms and the
implications for Huntington's disease (HD). One possibility is that the expanded
polyglutamine repeat in the Q111 HTT protein alters its regulation and stability. This could
lead to its persistence in Q111 progenitors, potentially disrupting normal cellular processes.
The exact mechanisms driving this difference need further investigation but could involve
altered interactions with regulatory proteins or differences in post-translational
modifications.

Additionally, mtt HTT disrupts neurogenesis, skewing differentiation towards glial cells. The
decrease in neurons in Q111 SVZ cultures may result from the selective loss of immature
neurons. Additionally, further investigations should assess whether this reduction in neurons
is compensated for in later differentiation stages. Thus, mtt HTT hinders neuronal
differentiation, promoting glial differentiation in SVZ cultures. These experiments, in line with
previous research ((Godin et al., 2010)), revealed that the absence of HTT promotes neuronal
differentiation while depleting the pool of neuroepithelial cells. Additionally, mutant HTT
interferes with neurogenesis during embryonic development (Molina-Calavita et al., 2014)).
These findings are consistent with previous research indicating that the absence of HTT
directs glial differentiation over neuronal differentiation in mouse embryonic stem cells
((Conforti et al., 2013)).

Collectively, our results suggest that HTT regulation plays a pivotal role in determining
the fate of SVZ cells. HTT plays a crucial role in facilitating the transition from the stem cell
state to the differentiating state. This implies a significant regulatory function for HTT in
governing the transition between these distinct cellular states within the developmental

lineage.
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Understanding why HTT is expressed in Q111 progenitors while downregulated in WT
progenitors could provide crucial insights into the molecular pathways disrupted in HD. It
may also shed light on potential therapeutic targets to mitigate the effects of expanded HTT
in HD. Further research into the specific molecular interactions and pathways involved in HTT
regulation in both WT and Q111 neural stem cells is warranted to unravel the intricacies of
this phenomenon.

The findings in this project are consistent with the results obtained in the first project,
where HTT downregulation in PN-GBM stem cells contributed to the downregulation of DLL3,

a marker of pro-neural stem cells.
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Figure.1l In vitro differentiation protocol of SVZ-NSCs.
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Figure.3l Expression of Huntingtin protein in SVZ WT. A) Representative western blot depicting the variation of
HTT protein levels in aNSC, gNSC, progenitors’ cells and after induction of differentiation at 3 and 5 DIV in SVZ
WT. Sox 2 immunostaining detects highly proliferative and self-renewing cells in neurosphere stem cells. Bl
Tubulin immunostaining detects differentiated neurons . Vinculin serves as loading control for total proteins. B)
Quantification of HTT protein levels in WT cell culture. 3 experiments were done. C) Quantifications of RT-PCR
and TagMan PCR. Kruskal-wallis test followed by Dunn’s multiple comparisons test and Mann whitney, errors
bars: SEM, *p<0.05, **p<0.001.

A B 15 - *
aNSC gNSC & - 0 Activated stem cells
1 ns .
MG132 = - + - 2T Quiescent stem cells
b h ol eé 10 A (o) )
D?F7 . 350 kDa Sgo0 3 © Progenitor cells
(anti-HTT) T3 = 2
L:a:_ § o Progenitor cells
5 .
Vinculin ' — ) - 110 kDa = 0
7 o
0 : L
MG132 - - + -

Figure.4l HTT protein is degraded at the progenitor stage. A) Representative western blot of HTT expression in
SVZ WT progenitors in the absence or the presence of 4nM of MG132. Levels of HTT in aNSC and gNSC are
shown as positive controls. Vinculin serves as a loading control for total proteins. B) Quantifications of the
western blots. 6 experiments were done. Kruskal-wallis test followed by Dunn’s multiple comparisons test,
errors bars: SEM, *p<0.05.
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Figure.51 Co-immunoprecipitation of HTT and PolyU in SVZ WT progenitor cells treated with MG132. A)
Representative western blot of HTT expression strains in SVZ WT progenitors treated with 4nM of MG132 and
aNSC, using an anti-HTT mAB coupled to magnetic beads, B) Representative western blot of PolyU expression
strains in SVZ WT progenitors treated with 4nM of MG132 and gNSC, using an anti-PolyU mAB coupled to
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magnetic beads, as described in the material and methods. Equivalent quantities of input and isotype bounded
beads were loaded and detected with anti HTT mAB.
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Figure.6l Expression of HUWE1 protein in SVZ WT lineage. Representative western blot for HUWE1 at different
time-points of SVZ lineage. Vinculin serves as a loading control for total proteins.

A aNSC gqNSC P-cell 3DIV 5DIV B

© Activated stem cells

D7F7 150
(anti-HTT)-- - 350kDa c * . Quiescent stem cells
S
i PR . s 110 kDa s © Progenitor cells

\ﬁncuhn" , ; 2% 100
Bl Tubutinrm 4 S “‘ 55 kDa %E Ao
‘ ' ) ‘ ER s0- DIV

Sox 2 35 kDa T
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SUMMARY

Although the classic symptoms of Huntington’s disease (HD) manifest in adulthood, neural progenitor cell
behavior is already abnormal by 13 weeks’ gestation. To determine how these developmental defects evolve,
we turned to cell and mouse models. We found that layer II/lll neurons that normally connect the hemispheres
are limited in their growth in HD by microtubule bundling defects within the axonal growth cone, so that
fewer axons cross the corpus callosum. Proteomic analyses of the growth cones revealed that NUMA1
(nuclear/mitotic apparatus protein 1) is downregulated in HD by miR-124. Suppressing NUMA1 in wild-
type cells recapitulates the microtubule and axonal growth defects of HD, whereas raising NUMA1 levels
with antagomiR-124 or stabilizing microtubules with epothilone B restores microtubule organization and res-
cues axonal growth. NUMAT1 therefore regulates the microtubule network in the growth cone, and HD, which

is traditionally conceived as a disease of intracellular trafficking, also disturbs the cytoskeletal network.

INTRODUCTION

Huntington’s disease (HD) is caused by an abnormal CAG expan-
sion in the coding region of the huntingtin gene, which leads to the
production of huntingtin protein (HTT) that bears an abnormally
long polyglutamine tract. The classic motor and cognitive symp-
toms of HD do not typically appear until adulthood, but neuroimag-
ing studies have revealed clear abnormalities in brain structure and
function in presymptomatic mutation carriers (Nopoulos et al.,
2011; Scahill et al., 2020; Tang et al., 2013; Tereshchenko et al.,
2020). Although such changes may be a mix of compensatory,
degenerative, and developmental processes, one recent study in
HD subjects showed that their lack of asymmetry between the right
and left Sylvian fissure (which should be formed around the 14th
gestational week) must arise during embryogenesis (Mangin
et al., 2020). This was the most suggestive evidence for very early
developmental derangement in humans until we were able to study
fetal HD mutation carrier tissue and demonstrate molecular abnor-
malities in neural progenitor cells (Barnat et al., 2020). Because
there are so few human samples available, however, and we
were limited to studying tissue from 13-week-old fetuses, we
were unable to follow the evolution of these molecular defects.
The literature provides a number of hints as to where we
should look. HD is most prominently associated with degenera-

tion of the corticostriatal circuit, which may have as much to do
with insufficient wild-type HTT function as with dysfunction of the
mutant HTT (mHTT). During cortical development, projection
neurons produced in the ventricular zone undergo a multipolar-
bipolar transition and migrate along the glial fibers to reach their
designated layer in the cortical plate, where they integrate and
mature. The HTT protein normally maintains the pool of cycling
neural progenitors and ensures the multipolar-bipolar transition
of newborn neurons and their proper migration (Barnat et al.,
2017; Godin et al., 2010). In HD mice, mHTT causes mitotic spin-
dle misorientation of dividing progenitors and decreases cortical
thickness at embryonic day (E) 14.5 and E16.5 (Molina-Calavita
et al., 2014). mHTT also interferes with the migration and matu-
ration of post-mitotic neurons (Barnat et al., 2017; Cepeda
etal., 2003; McKinstry et al., 2014; Molero et al., 2016). Our study
of human HD mutation carrier fetuses (Barnat et al., 2020)
showed that, as in HD mouse models, the number of proliferating
cells is diminished, and more neural progenitors enter lineage
specification prematurely. To this subtle defect in neurogenesis
we can add defects in neural migration, as some layer-specific
neocortical neurons mislocalize in the mouse (Barnat et al.,
2017). It is not known whether the neurons are able to integrate
properly into the circuit once they reach their destination. We
therefore asked whether HD affects axonal growth.
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Axonal growth takes place through the growth cone, a highly
motile structure located at the tip of the growing axon (reviewed
in Lewis et al., 2013; McCormick and Gupton, 2020; Pasterkamp
and Burk, 2021; Pinto-Costa and Sousa, 2021). The growth cone
receives guidance cues from the extracellular environment and
remodels the cytoskeleton accordingly to enable axonal
outgrowth. This cytoskeletal reorganization inside the growth
cone generates two opposing forces: a “push” from the axonal
shaft, driven by microtubule polymerization, and a “pull” from
the retrograde flow of ACTIN at the front of the growth cone.
Studies in cell models examining how neuritic outgrowth might
be affected in HD have yielded somewhat inconsistent results:
one study reported longer neurites in neural cultures derived
from HD patient-derived induced pluripotent stem cells (iPSCs)
(HD iPSC Consortium, 2017), but other studies show shorter
neurites in neural cultures derived from HD iPSCs (Mehta et al.,
2018), in primary cultures of hippocampal neurons expressing
the first exon of mHTT (llieva et al., 2019), and in HD neuroblas-
toma cell lines (Reis et al., 2011). Multiple neuroimaging studies,
however, clearly show that the corpus callosum, which inte-
grates function across the hemispheres, is thinner in HD gene
carriers (reviewed in Casella et al., 2020; Estevez-Fraga et al.,
2021). In HD mice, as in humans, diffusion imaging reveals
thinning of the white matter (WM) tracts of the corpus callosum
(reviewed in Casella et al., 2020). This thinning has been
attributed to the degeneration of callosal axons and myelination
deficiencies, but given the early developmental defects in
HD, we hypothesized that it actually reflects abnormal axonal
growth.

RESULTS

Axonal growth of callosal projection neurons is
attenuated in HD from PO

To analyze the axonal growth of callosal neurons in HD, we studied
an HD knockin mouse model in which the first exon of the HTT
gene is replaced by a human exon 1 carrying 111 CAG repeats
(HAh@"@11Yy (Wheeler et al., 2002). HdhY’@'"" heterozygous
mice express mHTT at the endogenous level, recapitulate the
genetics of human HD, and provide a reliable model of neurodeve-
lopmental processes that take place in HD human embryos (Bar-
nat et al., 2020).

Callosal projection neurons originating from pyramidal neu-
rons of the superficial cortical layers II/l1ll connect homotopically
to the contralateral cortex (Fame et al., 2011). We performed in
utero electroporation (IUE) of the membrane-targeted red fluo-
rescent protein (mem-RFP) in the somatosensory cortex of
mouse embryos at E15.5, when the neurons that form layers Il
and lll are born (Figure 1A) (Hand et al., 2015). We then measured
axonal length at postnatal day (P) 0, when fibers begin to cross
the corpus callosum (Figure 1B, upper panels). Axons were
shorter in Hdh®”/2'"! embryos than in their HAh®”’%” controls
and remained so even at P4 (Figure 1B, lower panels). Another
HD mouse model, zQ175, showed the same axonal growth
defect (Figure S1A) (Menalled et al., 2012).

We next analyzed neuronal development at P21, when the
axons have reached their final destination and are connected
to the contralateral side. As before, we electroporated mem-
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RFP in the somatosensory cortex of E15.5 mouse embryos
and selected four regions of interest (Figure 1C). Previous
studies reported that layer II/lll neurons form branches both
ipsi- and contralaterally in layers I/1l/1ll and V but not in layer IV
(see, e.g., Hand et al., 2015; Lewis et al., 2013). We made the
same observation in P21 axons of Hdh®”/?” mice (Figures S1B
and S1C). To assess ipsilateral arborization (region 1, somato-
sensory cortex), we calculated the signal intensity in layer V (Fig-
ure S1B); this signal was similar in Hdh®”/?” and Hdh®"/Q'"!
animals. For the contralateral region, we chose region 2, within
the area corresponding to the somatosensory cortex, where
branching reached its maximum density for both genotypes (Fig-
ures 1C and S1C). Signal intensities were lower in Hdh®”/Q11!
layers II/Ill and V than in Hdh®”’97 animals (Figure S1C).

To determine whether the sparser arborization in the contralat-
eral region was due to fewer axons arising from the ipsilateral
side, we measured the signal intensity in the WM region of region
2 and found it to be lower in the Hdh®”/@"" animals (i.e., they had
fewer axons than controls) (Figure S1C). We next traced the
axons along the corpus callosum (Figure 1C, region 3) and
measured signal intensity along the line with a fixed width of
200 pixels. Axonal density in the Hdh®’®""" corpus callosum
was lower than in Hdh®”’®” controls (Figure 1D). To measure
the contralateral arborization relative to the number of axons
that actually reached the contralateral side, we evaluated
the signal intensity in layers V and II/lll relative to the WM (Fig-
ure S1C, bottom graphs). Here the HD mice showed greater
arborization, which likely reflects compensation for the lower
number of axons.

Last, we analyzed the pattern of branching along the cortex
from the corpus callosum to the contralateral region (Figure 1E).
We drew a line coronally, focusing on layer II/1ll, where the axons
end (Figure 1C, region 4). In control sections, there were several
branching points in the parietal (Figure 1E, areas a and b) and so-
matosensory regions (Figure 1E, areas c and d). In HD, the major
branching area was in the somatosensory cortex. In agreement
with our previous quantification (Figure S1C), branching was
less dense in HD than in control brains.

Thus, the limitation in axonal growth seen in newborn HD mice
continues to affect branching in the contralateral cortex even
at P21.

Microtubule disorganization leads to HD cortical neuron
growth cone defects

To investigate the morphology of callosal axons at a single-cell
resolution, we established a cellular model of layer II/lll neurons.
We developed primary cultures of wild-type (Hdh®”’?") cortical
neurons from E16.5 embryonic mouse brains electroporated at
E15.5 with a plasmid encoding myristoylated-Venus (mVenus),
a variant of the yellow fluorescent protein (Figure 2A). At 4 days
in vitro (DIV4), we identified mVenus-positive cells by staining
against the cortical layer markers Satb2 and Ctip2, which are ex-
pressed in callosal projection and layer V neurons, respectively
(Alcamo et al., 2008). Most of the mVenus-positive neurons
were SATB2-positive and CTIP2-negative. We developed
cultured cells from Hdh9"’%” and HAh®”/?""" embryos using the
same cell culture conditions and measured the axonal length
of mVenus-positive cells. Axons were shorter in HD than in
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Figure 1. Axonal growth and branching are impaired in HD mice from birth through P21

(A) Selective labeling of layer II/Ill neurons with membrane-RFP (Mem-RFP) by electroporation at E15.5 and postnatal axonal length measurement. The arrow
indicates the end of the axon tract.

(B) Representative coronal sections of PO and P4 Hdh®”/97 and Hdh®”/@'"" cortices with magnification of the corpus callosum for P0. Histograms compare axonal
length. PO, unpaired t test, **p = 0.0076 (Hdh®7/7, 1,625 + 70.7; HAh®/A11" 1,353 + 64.22; n = 17 brains for each condition). P4, unpaired t test, ***p = 0.0004
(HAhQ7797 4 423 + 202.2; Hdh®/Q1"" 3,384 + 170.8; n = 18 brains for each condition). Error bars denote SEM.

(C) Using the same electroporation scheme, we analyzed four regions of interest (numbered 1-4) at P21 in (D) and (E) and in Figures S1B and S1C.

(D) Representative images of coronal sections of P21 Hdh®”/%” and Hdh®"/@'"" cortices showing the corpus callosum. Line scan analysis shows signal intensity
(in arbitrary units [a.u.]) along the corpus callosum (region 3). The shaded regionsrepresent SEM.

(E) Representative images of coronal sections of the contralateral side in P21 Hdh®”/?” and Hdh®”/?'"" cortices. The line scan analysis shows signal intensity
along layer II/Ill from the parietal to the auditory cortex (region 4). The shaded region represents SEM.
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Figure 2. Growth cone morphology and
microtubule organization are modified
in HD cultured neurons

(A) Schematic of E16.5 primary cell culture of
layer 1I/1ll neurons that are labeled with mVenus
(green) by in utero electroporation at E15.5; at
DIV4, mVenus-positive neurons are immuno-
stained for SATB2 and CTIP2. The graph quan-
tifies double-positive mVenus-SATB2 and mVe-
nus-CTIP2 cells. Paired t test, *p = 0.035 (SATB2,
79.03% + 7.08%; CTIP2, 12.41% + 6.90%; n =3
independent experiments for each condition).
(B) Representative Hdh®”/?7 and Hdh®”/!
neurons. Axon lengths compared at right using
Mann-Whitney test, ****p < 0.0001 (Hdh®"/%7,
median 273.5; Hdh®/?""" median 244.9; n >
425 axons from five independent experiments for
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wild-type cultured neurons (Figure 2B), mimicking the in vivo con-
dition (Figure 1). Axonal branching, however, was similar in control
and HD neurons at this developmental stage in vitro (Figure 2B).

As a decrease in neuritic growth correlates with an increase in
growth cone size (Ren and Suter, 2016), we labeled the F-ACTIN
network with phalloidin to delineate the growth cone periphery
and to compare the growth cone area in control and HD neurons.
As expected from the inhibited axonal growth in HD, the growth
cone area in cortical Hdh®”/?""" neurons was significantly larger
than in Hdh®”’9” neurons (Figure 2C). The growth cone owes
much of its morphology and directional motility to the dynamic
reorganization of microtubules. In the shaft of the axon, microtu-
bules are bundled together, but upon entering the growth cone
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Hdh each condition). Primary branches for 100 pm of
axon in each genotype were compared using
unpaired t test, p = 0.798 (Hdh®”’%”, median
0.4132; Hdh®e'"" 0.3905; n > 45 axons
from four independent experiments for each
condition).

(C) Representative confocal Airyscan images of
growth cones immunolabeled with phalloidin
(ACTIN, green) and anti-tyrosinated TUBULIN
antibody (tyr-TUB, gray). Growth cone areas by
genotype compared using Mann-Whitney test,
**p = 0.002 (Hdh®”/?” median 59.17; Hdh®”/Q11",
median 79.43; n > 91 growth cones from four
independent experiments for each condition).
(D) Representative confocal Airyscan images of
growth cones immunolabeled with anti-tyr-TUB
antibody. Representative line scan analysis
(relative fluorescence intensity) and quantification
of tyr-TUB maximum fluorescence intensity in
the two genotypes using Mann-Whitney test,
**p = 0.002 (Hdh®”/?” median 92.03; Hdh®”/Q111,
median 51.058; n > 30 growth cones from three
independent experiments for each condition).
Lengths of exploratory microtubules in the
two genotypes compared using Mann-Whitney
test, **p < 0.0001 (Hdh®/?” median 3.34;
Hdh®@1"1 " median 4.59; n > 98 exploratory
microtubules from four independent experiments
for each condition). Error bars denote SEM.
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they splay out into individual “exploratory microtubules” that
extend into the distal, motile domain and invade the ACTIN cyto-
skeleton (Dent et al., 2011). To examine the microtubules, we
used an anti-tyrosinated TUBULIN antibody that reveals both
the main microtubule bundle and the exploratory microtubules
(Figure 2D). This tyrosinated TUBULIN signal was significantly
lower in HD growth cones, indicating fewer microtubules in the
bundle (Figure 2D). This was confirmed by the lower mean
maximum fluorescence intensities in HD compared with control
neurons (Figure 2D, blue and orange arrows on line scan corre-
spond to the bundles in control and HD growth cones, respec-
tively). The exploratory microtubules in the peripheral domain
were also longer in HAh®”@'"" than in HAh®”’?" neurons. We
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Figure 3. Proteomic analysis highlights al-

Qa7 Q7 8 . terations in growth cone proteins in HD
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0.71 (KINECTIN1, mean of difference 6.65 + 16.51).
(D) Representative confocal images of growth
cones immunostained for FAT4 (red). Histogram to
the right shows FAT4 fluorescence intensity. Un-
* paired t test, *p = 0.01 (Hdh®”?Y", 639.2 + 63.98;

Hdh®7Q111 3887 + 70.32; n > 5 growth cones
from three independent experiments for each
condition). Error bars denote SEM.

conclude that HD defective axonal growth is associated with
microtubule disorganization in the growth cones.

HD alters the protein composition of growth cones

To decipher the molecular basis of HD-induced defects in axonal
growth in an unbiased manner, we performed mass spectrom-
etry (MS)-based quantitative proteomic analysis on control and
HD growth cones prepared from cortices of newborn Hdh®”/®”
and Hdh®”/@""" mice using sucrose density-gradient ultracentri-
fugation (Leshchyns’ka and Sytnyk, 2013). We chose PO
because the axons are undergoing intense growth at this stage
(Lewis et al., 2013). We controlled our enrichment protocol by
analyzing the cis-Golgi matrix protein (GM130) and the growth
cone JNK-interacting protein 1 (JIP1) (Figure 3A). As expected
(Dajas-Bailador et al., 2008), GM130 was mostly in the non-
growth cone fraction, while JIP1 was enriched in the growth
cone fraction.

This analysis yielded 2,873 different proteins identified with at
least two peptides (Table S1). We compared this list of proteins
with a reference growth cone proteome (lgarashi, 2014) and
found that 97% of the major growth cone markers were present
in our growth cone proteome from Hdh®”/?” and Hdh®”/Q1!
mice (Table S2), but none differed in abundance between the
two genotypes. Among the 2,873 proteins, 20 were less abun-
dant and 8 more abundant in Hdh®”’?'"" growth cone prepara-

tions (Figure 3B; Table S1). These proteins belonged to six
main functional categories (Table S3). The two major classes
were DNA- and RNA-binding proteins, among which chromatin
modifiers and transcription factors were the most abundant
class that was downregulated in HD. Several other studies
have highlighted the presence of transcription factors in the
axon growth cone (Ji and Jaffrey, 2014; Suzuki et al., 2020),
though a relationship between transcription and axonal growth
has yet to be established. We found several microtubule-,
lipid-, and ubiquitin-binding proteins and proteins involved in
transport (e.g., KINECTIN1 [KTN1]). Several cell adhesion pro-
teins, such as FAT atypical cadherin 4 (FAT4), were also differen-
tially regulated in HD. We validated candidate proteins in each
of these categories by immunoblotting growth cone-enriched
fractions from PO cortices of Hdh®”’%” and Hdh®"/?""" mice (Fig-
ure 3C). We focused on the downregulated hits because MS
analysis detected only a small number of peptides for the upre-
gulated ones (Table S1, column E). We then focused on proteins
for which antibodies were available. We confirmed the downre-
gulation of the transcription activator SMARCA4 and the struc-
tural maintenance of chromosomes flexible hinge domain-con-
taining protein 1 (SMCHD1) but could not confirm KTN1
downregulation in the HD growth cone (Figure 3C). Immunocyto-
chemistry confirmed the strong downregulation of FAT4 in the
HD growth cone (Figure 3D).
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Figure 4. NUMA1 expression is decreased in HD by miR-124

(A) Immunoblotting for NUMA1, VINCULIN, GM130, and JIP1 in non-growth cone (NGC) and growth cone (GC) fractions. Histogram to the right quantifies NUMA1
in the GC fraction and, at the far right, in the GC fraction relative to the NGC fraction of both genotypes, in at least five independent experiments for each condition.
Unpaired t test, *p = 0.017 (Hdh®”’97, 1.35 = 0.12; Hdh®”/?""", 0.912 + 0.122); ns (p = 0.43; HAh®’Y”, 0.91 + 0.07; HAh®/2'"", 0.817 + 0.096).

(B) Representative confocal images of cortical neurons at DIV4 and magnification of Hdh®”’%” and Hdh®”/2""" growth cones immunolabeled with anti-NUMA1
antibody (gray) and phalloidin (green, to show ACTIN). The graph shows NUMA1 fluorescence intensity in both genotypes across three paired experiments.
Paired t test, *p = 0.04 (mean of difference between Hdh®”/?” and Hdh®”/Q"" 41.7 + 3.335).

(C) The graph shows NUMA1 mRNA expression analyzed using gRT-PCR in PO cortices. Relative quantification was measured by means of the comparative
cycle threshold (AACt) method. Paired t test, p = 0.37 (Hdh®”/@'"" mean of difference 0.14 + 0.14; n = 6 independent experiments).

(D) The graph shows miRNA expression analyzed using gRT-PCR in PO cortices, using the comparative cycle threshold (AACt) method. Paired t test, p = 0.1
(miR-7, mean of difference 0.68 + 0.36); *p = 0.037 (MiR-124, mean of difference 0.48 + 0.18), p = 0.1 (MiR-22, mean of difference 0.16 + 0.09), p = 0.1 (MiR-125,
mean of difference 0.65 + 0.37), p = 0.1 (miR-130, mean of difference 0.33 + 0.17), p = 0.2 (miR-31, mean of difference 0.84 + 0.56), p = 0.3 (MiR-301, mean of
difference 0.25 + 0.21), p = 0.3 (miR-351, mean of difference 0.14 + 0.13), p = 0.3 (miR-152, mean of difference 0.15 + 0.13), p = 0.1 (MiR-148b, mean of difference
0.55 + 0.30).

(E) NUMA1 and VINCULIN immunoblotting in DIV4 Hdh®”%” and Hdh®”/?""" cortical neurons treated as indicated. NUMA1 was assessed 72 h after
transfection. Graph to the right shows NUMA1 protein levels in Hdh®”/@""" neurons as percentage of its level in control neurons. One-way ANOVA, Tukey’s

(legend continued on next page)
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Among these candidates, we were particularly interested
in the microtubule-binding nuclear/mitotic apparatus protein 1
(NUMA1) (Figure 3B) because it promised insight into the
bundling defect that we observed in the HD growth cone: the
C-terminal domain of NUMA1 has a stretch of 100 amino acids
that directly bind and bundle microtubules (Haren and Merdes,
2002). NUMA1 protein levels were also 3.6-fold lower in HD
mice than in controls; this result seems highly reliable, as the pro-
tein was identified and quantified with 18 different peptides (Ta-
ble S1). Although NUMA1 has been shown to bundle microtu-
bules during cell division (Forth et al., 2014; Gallini et al., 2016;
Merdes et al., 1996), we postulated that it might be important
for bundling during axonal growth. We verified NUMA1 expres-
sion by immunoblotting (Figure 3C) and found that NUMA1 pro-
tein levels were downregulated in the HD growth cone fraction, in
agreement with our MS-based quantitative characterization.

miR-124 and protein degradation pathways lead to
NUMA1 downregulation in HD

NUMA1 downregulation in PO HD cortical growth cone fractions
was proportional to its decrease in non-growth cone fractions
that include cell bodies, axons, and dendrites (Figure 4A).
NUMAT1 protein was also markedly decreased in both the nuclear
and the cytosolic extracts of HD brains compared with control
(Figure S2A). We then stained cortical neurons at DIV4 for the
presence of NUMA1: NUMA1 staining was visible in the cell
body, along neurites, and in the growth cone in controls (Fig-
ure 4B). NUMAT1 levels were overall lower in all cellular compart-
ments of HAh®”’""" than in Hdh®”’®" neurons (Figures 4A and
4B). These data suggest that the lower level of NUMA1 in the
HD growth cone reflects a genuine decrease in abundance
rather than a defect in the distribution of the protein.

To determine whether NUMA1 mRNA levels were deregulated
in HD at the transcriptional or post-transcriptional level (Fig-
ure 4C), we performed quantitative reverse transcriptase PCR
(gRT-PCR). NUMA1 mRNA levels were similar in PO control and
HD cortices, indicating that NUMA1 downregulation in HD occurs
mostly at the post-transcriptional level. We decided to look for
microRNAs (miRNAs), which have been closely linked to the
post-translational regulation of almost all fundamental biological
pathways, including axonal growth during cortical development
(Wilson and Caceres, 2020). We performed an in silico analysis
of mouse NUMA1 3’ UTR using the biotool TargetScan and found
ten miRNAs with putative binding sites in the 3’ UTR of NUMA1.
Among them, only miR-124 was significantly upregulated in HD
compared with control cortices (Figure 4D). To see whether
NUMA1 is a target of miR-124, we electroporated primary
cultures of Hdh®”/9""" neurons with antagomiR-124 (Figure 4E).
Inhibiting miR-124 markedly increased NUMA1 in HD cells.

We also investigated the two main mechanisms of protein
degradation, autophagy and the ubiquitin-proteasome system
(UPS) (Figures S2B and S2C). We treated HD cortical neurons
with bafilomycin or MG132 (lysosome and proteasome inhibitors,

¢ CellP’ress

respectively). As expected, bafilomycin increased the levels of the
autophagy adaptor protein p62, and treatment with MG132
increased ubiquitination overall. Both treatments augmented
NUMAT1 protein levels in HD compared with the non-treated con-
ditions. There are probably several mechanisms at work to regu-
late NUMAT1 protein levels in HD, with miR-124 acting upstream
to suppress NUMA1 even before lysosomal or proteasomal
degradation.

NUMA1 localizes to microtubules in the growth cones of
cortical neurons

Because NUMAT1 has never been reported to play a role in axonal
development, we first investigated this possibility in control con-
ditions. We immunoblotted extracts from primary cultures of
cortical neurons at different DIV corresponding to different
stages of maturation (Lewis et al., 2013). NUMA1 expression re-
mained constant during the first week of maturation (dendrite
and axonal outgrowth) and decreased after DIV6, when neurons
start to establish interneuronal connections (Figure 5A). This
expression pattern was consistent with previous studies (Ferhat
et al., 1998; Torii et al., 2020) and suggests that NUMAT1 plays a
role in neuronal maturation.

We also stained cortical neurons in culture for the presence of
NUMAT1. In DIV3 neurons, NUMA1 was found in the cell body,
along neurites, and in the growth cone (Figure 5B, upper panels).
We looked specifically at NUMAT1 localization in axonal growth
cones by immunostaining for the presence of TAU and F-ACTIN,
which label axons and the growth cone periphery, respectively
(Figure 5B, lower panels). NUMA1 staining was strong in the
axonal shaft and in the growth cone but did not show obvious co-
localization with F-ACTIN. We then analyzed NUMA1 distribution
with regard to the microtubule cytoskeleton (Figure 5C). NUMA1
was particularly enriched in the main microtubule bundle. It also
decorated the exploratory microtubules in the peripheral domain
that contact the growth cone cortex. To confirm the association
between NUMA1 and microtubules, we used a detergent extrac-
tion assay on cortical neurons to wash out proteins that are not
associated with the cytoskeleton (Figure 5D). As expected,
detergent treatment eliminated cytosolic GFP, whereas the
endogenous NUMA1 signal remained in the growth cone, where
it strongly localized with the major microtubule bundle in the cen-
tral domain. Confirming these observations, NUMA1 was en-
riched with polymerized microtubules in a microtubule co-sedi-
mentation assay from protein extract of PO cortical tissue
(Figure S3).

Downregulation of NUMA1 recapitulates the HD defect
in axonal outgrowth

We next investigated NUMA1’s contribution to axonal outgrowth
of callosal fibers in the P4 brain. Because NUMAT1 is important
for mitosis, cell polarization, and migration (di Pietro et al., 2016;
Jinetal.,2017; Toriietal., 2020), anything that interfered with these
functions would likely affect postnatal axonal growth. We therefore

multiple-comparisons test, **p = 0.0077 (mean of difference between Hdh®”/” and Hdh®”/?'" 0.4), p = 0.06 (mean of difference between Hd

hQ7/Q7 and

HdhQ"A"""+ AntagomiR-124 —0.18), *p = 0.01 (mean of difference between HdhQ”’?""" and HdhQ""?"""+AntagomiR-124 —0.59; n = 4 independent experiments

for each condition).
Error bars denote SEM.
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used IUE to decrease NUMAT1 in post-mitotic cells once they exit
the cell cycle or once their migration is completed (Figure 6A). We
first decreased NUMAT1 in newborn neurons by electroporating
lox-GFPshNUMA1 or lox-GFP only in E15.5 embryos with a
plasmid expressing CRE under the control regulatory sequence
of the NeuroD promoter (ND:CRE) (Figures 6A and 6B). In this
way, NeuroD is expressed in newborn neurons but not in cycling
progenitors or TBR2—positive intermediate progenitors. Second,
to target cells that have ended their migration, we electroporated
E15.5 embryos with lox-GFPshNUMA1 or lox-GFP with a tamox-
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Figure 5. NUMA1 is enriched on microtu-
bules in growth cones

(A) NUMA1 and VINCULIN immunoblotting anal-
ysis at indicated DIV. The graph corresponds to
the quantitative evaluation of NUMA1 protein in
Hdh®7/97 cortical neurons express in percentage
of DIV1. One-way ANOVA with multiple compari-
sons followed by Dunnett’s post hoc test, “*p =
0.002 (DIV8, —72.85 + 5.35).

(B) Representative neurons immunostained for
F-ACTIN (green), TAU-1 (magenta), and NUMA1
(gray). All confocal images taken with Airyscan.
(C) Representative growth cones immunostained
for NUMA1 (gray), tyr-TUB (magenta), and
F-ACTIN (green).

(D) Representative growth cones immunostained
for GFP (green), NUMA1 (gray), and tyr-TUB
(magenta). Before immunostaining, neurons were
treated (+Triton X-100) or not with detergent to
extract soluble proteins. Line scan analyses show
fluorescence intensities of NUMA1 and tyr-TUB
staining; graphs represent at least five growth
cones for three independent experiments for each
condition. Unpaired t test, **p = 0.003 (GFP no
treatment, 100 + 14.77; +Triton X-100, 17.18 +
1.545), **p = 0.002 (tyr-TUB no treatment, 100 +
10.12; +Triton X-100, 177 + 20.83), p = 0.136
(NUMA11 no treatment, 100 + 8.00; +Triton X-100,
124 + 14.83).

Signal intensity (%) Error bars denote SEM.

ifen-dependent ERT2-CRE construct so

2 4 6 8 that CRE expression can be induced in

— Tyr-TUB PO pups by tamoxifen injection (Figures
T NUMAT 6A and 6C). Both conditions (NUMA1
decreased from embryonic or postnatal

stages only) recapitulated the HD pheno-

5% ¢ G type to the same extent, with callosal pro-

jections crossing the midline but being
shorter than controls (Figures 6B and 6C).
Thus, NUMA1 depletion during the post-
natal period, independent of neuronal
migration, is sufficient to affect axonal
outgrowth of callosal fibers in vivo.

To decipher the mechanisms involved in
NUMA1-induced deregulation of axonal
outgrowth, we cultured E16.5 wild-type
cortical neurons that were previously elec-
troporated with mVenus at E15.5
(Figure S4A). As NUMA1 contributes to
axonal polarization (Torii et al., 2020), we decreased the expres-
sion of NUMA1 by infecting cells with lentivirus expressing short
hairpin RNA (shRNA) against the NUMA1 mRNA at late DIV1,
when the cells are polarized and the axon specified in our primary
cortical cultures. Immunoblotting revealed that NUMA1 was effi-
ciently downregulated at DIV4 (Figure S4B). As in vivo, NUMAT1-
depleted callosal neurons in vitro had shorter axons (Figure S4C)
and larger growth cones (Figure 6D) than control neurons.
The main microtubule bundle in the central domain of the
growth cone was markedly disorganized, and the exploratory
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Figure 6. NUMA1 depletion impairs axonal
growth in mice
(A) Procedure to delete NUMAT1 in layer II/lll
neurons from embryonic neuronal differentiation
to P4 or from the end of neuronal migration (P0O) to
P4. The control was wild-type mice electro-
porated with ND-CRE +lox-GFP or CRE-ERT2 +
lox-GFP.
(B) Representative coronal sections of P4
ND:CRE + Ilox-GFP and ND:CRE + lox-
cortices. Histograms quantify
axonal length. Unpaired t test, *p = 0.001
(ND:CRE + Lox-GFP, 4,886 + 163.7, n = 14;
ND:CRE + lox-GFPshNUMA1, 4,060 + 145.2;
n = 12 brains for each condition).
(C) Representative coronal sections of P4 CRE-
ERT2 + Ilox-GFP and CRE-ERT2 + lox-
GFPshNUMA1 cortices. Histograms quantify
axonal length. Unpaired t test, ™p = 0.0008
(CRE-ERT2 + Lox-GFP, 4953 + 110.6; CRE-
ERT2 + lox-GFPshNUMA1, 4017 + 214; n = 12
: brains for each condition).
Axon length CRE-ERT2 (mm) (D) Representative confocal images of growth
cones immunolabeled with phalloidin (ACTIN,

Axonal
measurement

PO P4
I 1

In utero
electroporation

|/\/ E15.5

[l NUMA1 expression
ND:CRE+lox-GFPshNUMA1

CRE-ERT2 +lox-GFPshNUMA1

No NUMA1 expression

[l Tamoxifen injection

GFPshNUMA1
B P4 CRE-ERT?2

(9]

P4 ND:CRE

lox-GFP
lox-GFP

ShNUMAT

lox-shNUMA1

600pm

lox:

Axon length ND:CRE (mm)
6 .

5

a

i

green) and anti-tyrosinated TUBULIN antibody
(tyr-TUB, gray). The graph compares growth cone
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4 : = i (shNUMAT1) conditions. Unpaired t test, **p =
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(E) Representative confocal Airyscan images of
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[ ]
: 1 & ]

(relative fluorescence intensity). Right histogram:
CT shNUMA1

W
B

lox-GFP lox-shNUMA1

|w)

shNUMA1

lengths of exploratory microtubules. Mann-Whit-
ney test, ***p < 0.0001 (control, median 3.17;
shNUMA1, median 4.58; n > 172 exploratory
microtubules from four independent experiments
for each condition).

Error bars denote SEM.

ACTIN/Tyr-TUB

Exploratory microtubules
shNUMA1

E Microtubule bundling
CT shNUMA1 CT

Expression of NUMA1 restores
microtubule bundling and rescues
axonal length in HD mice

- To determine whether

)

HD-induced

— p ¥/ ) K| defects in axonal development are

Signal intensity (a.u.) Exploratory MT length (um) caused by the downregulation of
300 [R— 15 . NUMA1, we prepared primary cultures
200{ | — shNUMA1 " of cortical neurons from E16.5 Hdh®”/®”
and Hdh®/@""" prains electroporated

100 5 at E15.5 with a plasmid encoding cyto-
solic NUMA1 (i.e., NUMA1 without its

OO 2 4 6 8 0 nuclear localization signal) tagged with

Distance (pm) CT shNUMA1

GFP (GFP-NUMA1) (Figure 7A). We
next assessed whether NUMA1 pro-
motes axonal growth in HD through
its ability to bind and organize the microtubule arrays. For
that purpose, we expressed a plasmid encoding a version of

the NUMA1 protein in which the microtubule-binding domain

microtubules in the peripheral domain grew longer (Figure 6E).
Loss of NUMA1 thus recapitulates HD-induced defects in axonal
growth and microtubule organization in the growth cone.

Neuron 770, 1-15, January 5, 2022 9



Please cite this article in press as: Capizzi et al., Developmental defects in Huntington’s disease show that axonal growth and microtubule reorgani-
zation require NUMA1, Neuron (2021), https://doi.org/10.1016/j.neuron.2021.10.033

- ¢ CellPress

Neuron
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g clear localization signal; MBD, microtubule-
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GFP-NUMA1 = stained cortical neurons expressing the indicated
1 1995 < constructs. Before immunostaining, neurons
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GFP-NUMA1AMBD e extract soluble proteins. In this panel, GFP-
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NUMA1AMBD is abbreviated as GFP-NUMA1A.
(C) Representative confocal Airyscan images of
growth cones immunostained with anti-GFP
(green) and anti-tyrosinated TUBULIN (tyr-TUB,
gray) antibodies. Below: representative line scan
analyses of relative fluorescence intensity.

(D) Representative Hdh®’%” and Hdh®"/Q1"
neurons expressing the indicated constructs.
Histograms show axonal lengths. One-way
ANOVA with multiple comparisons followed by
Tukey’s post hoc test, **p = 0.0051 (mean of dif-
ference between Hdh®”/?” and Hdh®”/Q'"
39.57), p = 0.999 (mean of difference between
Hdh®/97 and HAh®”/A"1 L NUMAT1 1.46), ***p <
0.0001 (mean of difference between Hdh®"/¢”
and Hdh®/@""" 4 NUMA1AMBD 119), *p =
0.0035 (mean of difference between Hdh®”/@11"
and Hdh®”/@""" ;. NUMA1 —38.11), ***p < 0.0001
(mean of difference between Hdh®/?'! and
Hdh®”@111 L NUMA1AMBD 76.46), **p <
0.0001 (mean of difference between Hdh®”/@111
NUMA1 and Hdh@/@"" . NUMA1AMBD 117.6).
n > 132 axons from four independent experi-
ments for each condition.

Error bars denote SEM.

(Figure 7C), but GFP-NUMA1 expression
was sufficient to rescue microtubule
bundling and restore axonal growth (Fig-
ure 7D). In contrast, GFP-NUMA1-
AMBD exacerbated the axonal defect

D Q7/Q7 Q7/Q111
Hdh dh
Mem-RFP+GFP Mem-RFP+GFP Mem-RFP+GFP-NUMA1 Mem-RFP+GFP-NUMA1A
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(Figure 7D). Thus, the microtubule-bind-

Axon length (mm)
k%

Q7/Q7

eHdh +GFP
Q7/Q111

eHdh +GFP
Q7/Q111

eHdh +GFP-NUMA1
Q7/Q111

*Hdh +GFP-NUMA1A

was deleted (GFP-NUMA1-AMBD) (Figure 7A) (Gallini et al.,
2016).

As expected, using a detergent extraction assay as before
(Figure 5D), GFP-NUMAT1 remained associated with the microtu-
bule cytoskeleton, while GFP-NUMA1-AMBD did not (Figure 7B).
We used the status of the central microtubule bundle in growing
axons as a readout of the HD phenotype, as the integrity of this
structure is required for proper axonal growth. HD neurons again
showed defective bundling of the central microtubule domain
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ing domain of NUMA1 is required to
regulate axonal growth.

Antagomir-124 expression and

epothilone B treatment restore

axonal growth in HD mice

Finally, to see if we could prevent the

HD-induced defects in vivo, we restored

NUMAT1 protein levels by electroporating
GFP-NUMAT1 in E15.5 Hdh®”/@""" embryos and measuring the
axons at PO (Figure 8A). (NUMAT1’s size, 250 kDa, prevented us
from expressing it by postnatal viral injections.) Callosal fibers
in HD neurons expressing GFP-NUMA1 grew as long as those
in controls.

We also restored NUMA1 expression postnatally by using an-
tagomiR-124 (Figure 8B). We injected antagomiR-124 in the
facial vein of PO Hdh®”/?""" animals and analyzed the axonal
growth of callosal fibers at P4. HD callosal fibers treated with
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antagomiR-124 grew as long as the controls (Figure 8A). Electro-
porating antagomiR-124 in E15.5 HD embryos produced a
similar rescue (Figure S5A). Together with our results on
NUMAT1 downregulation in E15.5 Hdh®”/%” and NUMA1 expres-
sion in E15.5 Hdh®”/@""" (Figures 6A-6C and 8A), this strongly
supports the idea that the mechanisms by which antagomir-
124, NUMA1, and mHTT regulate axonal growth are indepen-
dent of neuronal migration.

Finally, we targeted the microtubule defect in HD using epothi-
lone B, a microtubule-stabilizing drug. Epothilone B crosses the
blood-brain barrier and has been used to promote axonal regen-
eration in mouse (Kugler et al., 2020; Ruschel et al., 2015). In HD
cortical neurons in culture, epothilone B treatment restored the

Mem-RFP+GFP-NUMA1

bule stabilization rescue axonal length of
HD cortical neurons in vivo

(A) Representative coronal sections of PO
Hdh®/Q7 and Hdh®/A"" cortices expressing
GFP or GFP-NUMA1. Histogram quantifies axon
length in the three conditions. One-way ANOVA
with multiple comparisons followed by Tukey’s
post hoc test, *p = 0.041 (mean of difference
between Hdh®”/9” and Hdh®7/@'1 493.9), **p =
0.008 (mean of difference between Hdh®”/!
and Hdh®/@1"1 1 NUMA1 653.8), p = 0.721 (mean
of difference between control and Hdh®”/A"" 4
NUMAT1 160). n > 132 axons from four indepen-
dent experiments for each condition.

(B) Schematic of experimental procedure to
recover Hdh®”/@1 axonal growth of layer 11/l
neurons from PO to P4. For each condition, the
embryos were electroporated with Mem-RFP at
E15.5. The PO Mem-RFP positive pups were in-
jected with PBS for Hdh®”9” and Hdh®”Q""" with
PBS + antagomiR-124 for Hdh®”/?'"" or PBS +
epothilone B for Hdh®”/@""", Representative cor-
onal sections of P4 Hdh®”?” and Hdh®"/Q"!
cortices expressing Mem-RFP and treated with
antagomiR-124 or epothilone B. Histograms
below show axon lengths in each condition. One-
way ANOVA, Tukey’s multiple-comparisons test,
***p < 0.0001 (mean of difference between
Hdh®/?7 and HAhY/®'"" 1,192 um), p > 0.99
(mean of difference between Hdh®”?” and
HdhQ”?""" 4 antagomiR-124 —28.83 um), p =
0.26 (mean of difference between Hdh®”/?7 and
HdhQ” """ + epothilone B 434.4 um), **p <
0.0001 (mean of difference between HdhQ”/?'"!
and HdhQ”@"" 4+ antagomiR-124 —1,221 um),
**p = 0.0057 (mean of difference between
HdhQ”?'""" and HdhQ”?'""" + epothilone B
—757.5 um), p = 0.22 (mean of difference between
HdhQ” """ +antagomiR-124 and HdhQ”%'"" +
epothilone B —463 um). n = 12 brains from four
independent experiments for each condition.
Error bars denote SEM.

midline

organization of the main microtubule
bundle in the central domain of the
growth cone (Figure S5B). We also in-
jected epothilone B subcutaneously in
PO Hdh®”/Q""" animals and analyzed cal-
losal fibers at P4 (Figure 8B). Epothilone B-treated HD animals
grew callosal fibers as long as controls.
Therefore, the limited axonal growth in early HD can be
rescued by NUMA1 expression, which restores the organization
of the microtubule array in the growth cone.

DISCUSSION

A thin callosum and attenuated connectivity between the two
cortical hemispheres can be observed decades before the first
clinical symptoms of HD in mutation carriers (reviewed in Este-
vez-Fraga et al., 2021). We show that these early defects arise
from impaired axonal growth during development, rather than
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through a degenerative process. The growth of callosal axons is
compromised in HD mice from PO; at P4, callosal fibers are able
to cross the corpus callosum but still show delayed outgrowth
compared with the control condition. This axonal growth defi-
ciency has two major consequences for the maturation of
cortical connections. First, a proportion of HD axons fails to
reach the contralateral side to establish connections at all. Sec-
ond, the fibers that reach their final destination augment their
branching within layers II/lll and V, but this is insufficient to
compensate for the diminished cortical ramifications. The
branching defect in HD could also result from the fibers arriving
on the contralateral side too late to receive the proper signals.

Deepening our understanding of trafficking defects

in HD

HD is rightfully considered a disease of impaired trafficking, but
the present study shows that HD affects the cytoskeletal infra-
structure itself. HTT has been known for some time to rely on mi-
crotubules for not just axonal transport of vesicles but also other
functions in ciliogenesis and mitotic spindle orientation, all of
which are altered in HD (Saudou and Humbert, 2016). Whether
HD interferes with microtubule organization and dynamics has
been largely unknown. We previously showed that the dynamic
instability of microtubules was diminished in HD mouse embry-
onic fibroblasts and that they persisted abnormally after mem-
brane contact (Molina-Calavita et al., 2014). It is now clear that
in HD, the microtubule array in the growth cone is itself disorga-
nized, with impaired microtubule bundling in the central domain
and longer exploratory microtubules in the peripheral domain,
resulting in an overall increased growth cone area. As the growth
cone advances, the peripheral domain becomes the new central
domain while the previous central domain, in turn, gives rise to
the axonal shaft by constricting the growth cone and bundling
microtubules, resulting in a net elongation of the axon (Pinto-
Costa and Sousa, 2021). Thus, the disorganization of microtu-
bules observed in the growth cone of HD callosal neurons con-
tributes to their poor elongation, which can be rescued in vivo
by the microtubule-stabilizing agent epothilone B. Determining
whether microtubule disorganization also contributes to the
impairment of microtubule-based functions of HTT will require
further study.

Unexpected functions for NUMA1 in microtubule
organization and axonal growth
Most studies on NUMA1 have focused on its role in spindle for-
mation and orientation (di Pietro et al., 2016). During spindle
assembly, the interaction of NUMA1 with dynein/dynactin
promotes microtubule tethering to the poles; in metaphase,
NUMA1 binds to dynein/dynactin and to the leucine-glycine-
asparagine (LGN) protein to recruit dynein to the cortex, where
it exerts attractive forces on astral microtubules for cell division.
NUMAT1 also binds directly to microtubules and leads to the for-
mation of stable bundles during division (Forth et al., 2014; Gallini
et al., 2016; Haren and Merdes, 2002; Merdes et al., 1996). Here,
we show that NUMAT1, by directly binding to microtubules, also
organizes the central microtubule bundles in the growth cone.
Only a few studies have investigated the role of NUMA1 in
differentiating and mature neurons. Ferhat et al. (1998) observed
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NUMAT1 in the cell body of developing sympathetic and hippo-
campal neurons. They found that NUMA1 protein levels
increased during the first days in vitro before decreasing at later
stages (as we also found) and suggested that NUMA1 could be a
component of the somatodendritic microtubule arrays of the
neurons (Ferhat et al., 1998). More recent studies highlight the
role of NUMAT1 in the development of cortical neurons. NUMA1
cooperates with the non-catalytic regulatory p80 subunit of kata-
nin, whose mutation causes microlissencephaly (Jin et al., 2017),
to regulate not only cortical neurogenesis but also the radial
migration of newly generated neurons. NUMAT1 is also required
at a later stage of neuronal development during the assembly
of the axonal initial segment (Torii et al., 2020). NUMA1 inhibits
Neurofascin endocytosis, leading to its accumulation on the
plasma membrane and promoting the enrichment of other pro-
teins of the axonal initial segment and its stabilization (Torii
et al.,, 2020). Once the axon initial segment is stabilized,
NUMA1 is no longer required for its maintenance. We now
show that NUMA1 is essential for growth cone integrity and
axonal growth independent of its role in neurogenesis, migration,
and polarization.

During neuronal maturation in HD, NUMA1 protein levels are
severely downregulated by miR-124; the remaining levels of
NUMA1 in HD can be increased by treatment with ubiquitin
and autophagy inhibitors. Interestingly, Eshraghi et al. (2021)
recently reported that mHTT stalls ribosomes, globally repres-
sing protein synthesis, including that of NUMA1. Along similar
lines, or at least to similar effect, the cellular stress that occurs
in HD also downregulates NUMA (Jayaraman et al., 2017). In
these studies, the authors proposed that the mechanisms
involve the interaction of mMHTT and NUMA1 with ribosomal pro-
teins. Whether such mechanisms could also contribute to the
downregulation of NUMAT1 in HD neuronal maturation remains
to be tested.

An integrated model of early development in HD

Because the striatum is the first region to show neuronal loss in
HD (Rub et al., 2016), the contribution of the cerebral cortex to
HD has been relatively neglected. Accumulating evidence sup-
ports the notion that the striatal degeneration is, in fact, caused
by defective cortical signaling to the striatum (Tereshchenko
et al.,, 2020; Virlogeux et al., 2018; Wang et al., 2014; Zhao
et al., 2016). Neurons projecting to the striatum (layer V neu-
rons) are particularly susceptible in HD patients (Hedreen
et al., 1991), and cortical layer II/1ll neurons that project through
the corpus callosum to the contralateral hemisphere also
degenerate in HD patients (Hedreen et al., 1991). Thus, similar
to what has been proposed for the cortico-striatal connection,
the reduced cortico-cortical connectivity shown here could
explain the thin corpus callosum observed in presymptomatic
gene carriers.

We show that the growth of callosal axons is compromised in
HD mice. Whether the number of upper layer neurons and their
migration is also affected in HD is not clear (Barnat et al., 2017;
Molina-Calavita et al., 2014). It could well be the case, given
that wild-type HTT regulates the maintenance of their pool and
their migration (Barnat et al., 2017; Tong et al., 2011); this would
precede the axonal growth defect and could influence it,
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although part of the impairment in axonal growth involves a cell-
autonomous mechanism, as indicated by axonal growth defects
of HD callosal neurons in cell cultures. It is worth noting that HD
callosal neurons showed branching defects in vivo but not when
they were isolated in cell cultures. This suggests that the defec-
tive branching on the contralateral side is not due to an autono-
mous mechanism but rather that these HD axons are not
exposed to the proper extracellular signaling. As noted above,
this may be a matter of timing. It is also possible, however,
that there are abnormalities in extracellular signaling in HD that
also contribute to the impaired branching.

It is now clear that HD interferes with the fundamental pro-
cesses of cortical development: neurogenesis (Barnat et al.,
2020), neuronal migration (Barnat et al., 2017), and (from the pre-
sent study) axonal growth and maturation into the proper circuit.
A young mature HD brain has fewer neurons than a control one;
not all neurons will reach their final destination, and for those that
do, their connectivity is altered. These subtle deficits form the
substrate for subsequent compensatory events, prodromal clin-
ical signs and degeneration.

Precisely how each defective stage interferes with the subse-
quent one, with additive or compensatory effects, remains to be
established. It is of the utmost importance to consider HD longi-
tudinally and to differentiate between pathogenic and compen-
satory changes so that therapies can be directed against the
former while promoting, or at least not undermining, the latter
(Al-Ramahi et al., 2018). The exact contribution of abnormal
development to adult pathology also needs to be well mapped,
so that we can integrate neurodevelopment in our therapeutic
strategies. Our data here create at least a theoretical possibility
that therapies delivered very early in life could delay the onset of
classic HD symptoms.
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Cat#715-225-150, RRID:AB_2340826
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Dako Fluorescent mounting medium Agilent Cat#S302380-2
Proteases Inhibitor Sigma-Aldrich Cat#P8340
Phosphatases Inhibitor Sigma-Aldrich Cat#P5726
Triton X-100 Sigma-Aldrich Cat#X100-500ML
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pNeuroD-IRES-CRE-GFP (ND: CRE) Provided by L. Nguyen, University N/A
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Bafilomycin Sigma Cat#B1793
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MG132 Sigma Cat#474790
Tamoxifen Sigma Cat#T5648
PFA formaldehyde 32% Euromedex Cat#15714-S
Taxol/Paclitaxel Sigma-Aldrich Cat#T7191
glutaraldehyde solution 25% Sigma-Aldrich Cat#G5882-50ML
Sodium borohydride Sigma-Aldrich Cat#452874
Porcine tubulin TEBU BIO Cat#T240-A
Recombinant DNA
pCAG_GFP (Barnat et al., 2017) N/A
pPCAG_GFP-NUMA1ANLS This paper N/A
pCAG_GFP-NUMA1ANLSAMBD This paper N/A
pPCAG-mVENUS (pSCV2) Provided by J. Courchet, N/A
Neuromyogene, Lyon, France
pCAG-TdTomato-1C-HS1BGFP-SV40pA Addgene Cat#26771
Experimental models: Organisms/strains
SWISS-CD1 Janvier Lab N/A
HahQ7a11 Provided by M.-F. Chesselet, N/A
UCLA, US.
HdhQ7Q17% The Jackson Lab B6J.12951-Htttm1Mfc/190ChdiJ

Software and algorithms

ImagedJ/Fiji NIH https://imagej.nih.gov/ij/download.html
Adobe lllustrator N/A
Graph pad Prism 7.0 N/A

Deposited data

Mass spectrometry data

ProteomeXchange repository

http://www.proteomexchange.org/,
dataset identifier PXD023885

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sandrine
Humbert (sandrine.humbert@univ-grenoble-alpes.fr).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability
The data that support the findings of this study are either provided as supplementary material or are available from the corresponding
author [S.H.] upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Hth111/Q111 hQ7/Q175

mice areina CD1 background and Hd ina C57BL/6J background. All mice are derived from heterozygous crosses.
All experimental procedures were performed in authorized establishments (Grenoble Institute of Neurosciences, INSERM U1216, li-
cense #B3851610008) in strict accordance with the local animal welfare committee (Comité Local Grenoble Institute Neurosciences,
C1EA-04), EU guidelines (directive 2010/63/EU) and the French National Committee (2010/63) for care and use of laboratory animals.

METHOD DETAILS
In utero electroporation, brain fixation and cell culture

E15.5 embryos were electroporated in utero with 2 ug/ul of the plasmids of interest as previously described (Barnat et al., 2017). mem-
RFP or Venus-positive cortices were either fixed or dissociated for cell culture, respectively. For cell culture, Venus-positive cortices
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were harvested at E16.5, dissected, and digested in Papain enzyme solution. Papain was inactivated using FBS (10%) and cells were
washed with opti-MEM-glucose. Cells were cultured on poly-L-lysine matrices in Neurobasal supplemented with B27 (2%), glutamax
(1%), and Penicillin/Streptomycin (1%). The cells were plated at a density of 800,000 cells/well in 6-well plates and fixed at DIV4.

Mem-RFP positive animals were intracardiacally perfused with PBS followed by cold paraformaldehyde (PFA) 4%. Brains were
harvested, post-fixed overnight in PFA 4% and sectioned (300 um) through the entire somatosensory cortex. After 3 rinses in
PBS, slices were mounted in Dako mounting medium.

Neonatal mouse treatment
All the treatments were performed in PO mice. Tamoxifen (Sigma, 100 mg/kg) and epothilone B (Div Bio Science, 0.75 mg/kg) were
injected subcutaneously. The antagomiR-124 (QIAGEN, 300nM) was administered with an intravenous injection as described in
(Gombash Lampe et al., 2014).

Cell treatment

All drug treatments were done on cortical neurons at DIV4. Neurons were treated for 10h with 10uM MG132 (Sigma, 474790); for 6h
with 100nM bafilomycin (Sigma, B1793). Cells were lysed and proteins analyzed by western blot. To evaluate the efficiency of epo-
thilone B to bundle and stabilize microtubules in vitro, neurons were treated for with 10nM epothilone B. AntagomiR-124 (QIAGEN,
339132) was delivered via direct uptake (gymnosis) at a concentration of 100nM in the culture medium.

Immunocytochemistry

Cortical neurons were fixed at DIV4 with Glutaraldehyde (0.5%), Triton X-100 (0.1%) in cytoskeleton buffer (10mM MES, 138mM KCl,
3mM MgCI2, 2mM EGTA, pH 6.1) supplemented with 10% sucrose at 37°C. Glutaraldehyde auto-fluorescence was quenched with
10 min incubation in Sodium Borohydride 1mg/mL. Blocking was performed with PBS-BSA (5%) for 1h at 20°C. Primary antibodies
were incubated overnight at 4°C. Secondary fluorochrome-conjugated antibodies were applied 1h30 at 20°C and phalloidin 30min at
20°C. Washes were done in PBS. The following antibodies and reagents were used: rabbit monoclonal anti-NUMAA1, diluted 1:200;
rat monoclonal anti-tyrosinated TUBULIN antibody (YL1/2), diluted 1:4000; rabbit polyclonal anti-FAT4, diluted 1:100; phalloidin-
ATTOA488, diluted 1:1000; chicken polyclonal anti-TAU antibody, diluted 1:1000; chicken polyclonal anti-GFP antibody, diluted
1:2000. Secondary antibodies were coupled to Cy2, Cy3 or Cy5 (Jackson Immuno-Research Laboratories).

Permeabilization assay

Cortical neurons were electroporated at DIVO with 1ug of GFP encoding plasmid and were mixed (1:2) with non-electroporated cells
in order to have isolated GFP-positive neurons. At DIV4, cells were treated with BRB80 (80mM PIPES, 1mM EGTA, 1mM MgClI2, pH
6.7) supplemented with Paclitaxel 10uM (Taxol) and Triton X-100 (0.05%), and warmed at 37°C for 3min before fixation. Growth
cones were immunostained as described above and all images were acquired with the same parameters and displayed with the
same threshold.

Growth cone fractionation

Growth cone and non-growth cone fractions were separated from PO cortices as in (Leshchyns’ka and Sytnyk, 2013). Briefly, twelve
cortices were homogenized by 10 strokes using glass potters, loaded onto a discontinuous 0.75/1.0/2.33M sucrose gradient and
spin at 242,000 g for 1h at 4°C in a SW32Ti rotor. Growth cone fractions were collected at the interface load/0.75M sucrose and
non-growth cone fractions collected between 0.75/1.0M sucrose and then analyzed by Western Blot.

Mass spectrometry-based quantitative proteomics

Proteins extracted from five biological replicates of growth cones purified from Hdh®”9” and Hdh®/?""! mice were solubilized in
Laemmli buffer and stacked in the top of a 4%-12% NuPAGE gel (Invitrogen). After staining with R-250 Coomassie Blue (Biorad),
proteins were digested in-gel using trypsin (modified, sequencing purity, Promega), as previously described (Casabona et al., 2013).

The resulting peptides were analyzed by online nanoliquid chromatography coupled to MS/MS (Ultimate 3000 RSLCnano and
Q-Exactive HF, Thermo Fisher Scientific) using a 185 min gradient. For this purpose, the peptides were sampled on a precolumn
(8300 um x 5 mm PepMap C18, Thermo Scientific) and separated in a 75 um x 250 mm C18 column (Reprosil-Pur 120 C18-AQ,
1.9 um, Dr. Maisch). The MS and MS/MS data were acquired by Xcalibur (Thermo Fisher Scientific).

Peptides and proteins were identified by Mascot (version 2.6.0, Matrix Science) through searches against the i) Uniprot database
(Mus musculus taxonomy, February 2018 version, https://www.uniprot.org/); ii) a homemade database containing the sequences of
classic proteins found in proteomic analyses (human keratins, trypsin, etc.), and iii) the corresponding reversed databases. Trypsin/P
was chosen as the enzyme and two missed cleavages were allowed. Precursor and fragment mass error tolerances were set at
10 and 25 milli mass unit, respectively. Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Acetyl
(Protein N-term, variable) and Oxidation (M, variable). The Proline software (Bouyssié et al., 2020) was used for the compilation,
grouping, and filtering of the results (conservation of rank 1 peptides, peptide length > 7 amino acids, peptide score > 25, allowing
to reach a false discovery rate of peptide-spectrum-match identifications < 1% as calculated on peptide-spectrum-match scores
by employing the reverse database strategy). Proline was then used to perform a compilation, grouping and MS1 label-free
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quantification of the identified protein groups. MS data have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (Perez-Riverol et al., 2019) with the dataset identifier PXD023885.

Statistical analysis was performed using the ProStar software (Wieczorek et al., 2017) on the basis of the quantitative data obtained
with the five biological replicates analyzed per genotype. We removed proteins identified in the contaminant database, proteins iden-
tified with fewer than two peptides, proteins identified by MS/MS in fewer than three replicates of one condition, and proteins de-
tected in fewer than four replicates of one condition. After log2 transformation, abundance values were normalized by median
centering, before missing value imputation (slsa algorithm for partially observed values in the condition, and DetQuantile algorithm
for totally absent values in the condition). Statistical testing was conducted with limma, whereby differentially expressed proteins
were sorted out using a log, (Fold Change) cut-off of 0.67 and a p value cut-off of 0.01, leading to a FDR inferior to 5% according
to the Benjamini-Hochberg estimator.

Microtubule co-sedimentation assay

Polymerization of porcine TUBULIN (T240-A) was performed in BRB80 (80mM PIPES, 1mM EGTA, 1mM MgClI2, pH 6.7) supplemented
with GTP (1mM) and glycerol (2.5%) for 1h at 37°C. Paclitaxel 50 uM (Taxol) was added for 15min at the end of polymerization. PO-P1
cortices were lysed at 50 pg/uL in BRB80 supplemented with protease and phosphatase inhibitors, then subjected to vortex/ice cycles
for 20min. The lysates were cleaned by 245,000 g ultracentrifugation for 40 min at 4°C to discard potential polymerized microtubules in
the pellet. The supernatant was collected and incubated or not (control) with 2 UM of polymerized microtubules for 30min at RT. The
TUBULIN detected by western blot in the control line is the endogenous TUBULIN. Total fraction (input) was collected before ultracen-
trifugation at 100,000 g for 30min at 23°C in a TLA100.3 rotors. Supernatant was discarded and pellet fractions were obtained by re-
suspending pellet in a volume equal to the initial volume. 20ul of each fraction were loaded onto the gel for western blot analysis.

Nuclear and cytoplasmic proteins extraction

PO cortices were harvested in cytoplasmic protein low-salt extraction buffer (10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA, 1 mM
DTT, 0.5 mM PMSF, 0.6% Nonidet P-40 supplemented with 1/100 protease and phosphatases inhibitors, Sigma-Aldrich, P8340 and
P5726). The cortices were homogenized by pipetting up and down approximately 10 times with a P1000 Gilson. After 15min on ice,
the cytosolic fraction was collected after centrifugation at 10,000 rpm for 10min at 4°C. The pellet was washed 4 times with cold PBS.
The nuclear proteins were extracted from resuspension of the pellet with RIPA buffer (150mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50mM tris HCI pH8.0 supplemented with 1/100 protease and phosphatases inhibitors, Sigma-Aldrich
P8340 and P5726). The suspension was briefly sonicated to homogenize the lysate. After 15 min on ice, the samples were centrifuged
at 16,000 g for 15min at 4°C and the supernatant (nuclear fraction) was collected.

Western blot

Cortical neurons were harvested in protein extraction buffer (20mM Tris-HCI pH7.4, 137mM NaCl, 2mM EDTA, 1% Triton X-100 sup-
plemented with 1/100 protease and phosphatases inhibitors, Sigma-Aldrich, P8340 and P5726) and frozen at 80°C until protein
extraction. Protein extraction of neurons was performed by pipetting up and down approximately 10 times with a P1000 Gilson.
The supernatants were collected after centrifugation at 10,000rpm for 10 min at 4°C. Protein concentration was measured by the
BCA method. Proteins were treated with SDS-PAGE sample buffer [6X concentrated: 350mM Tris 10% (w/v), SDS 30% (v/v) in glyc-
erol, 0.6M DTT, 0.06% (w/v) bromophenol blue], boiled 5min at 95°C, and loaded on 8%. Polyacrylamide gel.

Proteins were transferred onto PVDF (polyvinylidine difluoride) membranes, blocked with 5% bovine serum albumin and 0.5%
Tween (Euromedex) in TBS (TBST) for 1h at room temperature, and probed overnight at 4°C with the following primary antibodies
diluted in 5% bovine serum albumin TBST: 1:1000 rabbit anti-NUMA1 (ab109262, Abcam), 1:2000 rabbit anti-VINCULIN (V9131,
Sigma), 1:250 mouse anti-GM130 (610822, BD transduction), 1:500 mouse anti-JIP1 (B-7, sc-25267 Santa Cruz Biotechnology),
1:5000 mouse anti-TUBULIN (T9026, Sigma), 1:1000 rabbit anti-LAMIN B1 (ab133741, abcam), 1:1000 mouse anti-poly-UBIQUITIN
antibody (Clinisciences, LS-C107107-25), 1:500 rabbit anti-p62 (Sigma, P0067). Washes were performed with TBS-Tween (0.1%).
HRP-conjugated antibodies were incubated for 1h at room temperature and membranes were revealed by using ECL reagent
(ThermoFisher Scientific) with a Chemidoc imaging device (Biorad).

Quantitative real-time PCR
For NUMA1 mRNA analysis, total RNA was extracted from PO cortices using the NucleoSpin RNA extraction kit (Macherey-Nagel,
740955). RNA samples were retrotranscribed with the iScript Ready-to-Use cDNA supermix (Biorad, 1708840). One microgram of
cDNA was submitted to gPCR using the SsoAdvanced SYBR Green supermix (Biorad, 1725272) with a specific pair of primers for
NUMAT1 (Gene Globe ID QT00109557, QIAGEN). CycloG (5'-AAGAATCGTCGCTGGTATG-3', 5-AAAGCCGATGACAAGGAG-3'),
MTBP (5-GGGGTCATAGGAGTCATTGG-3', 5-ACATCTCAGCAACCCACACA-3'), and PGK1 (5-TAGTGGCTGAGATGTGGCA
CAG-3/, 5'- GCTCACTTCCTTTCTCAGGCAG-3') genes were used as internal controls. Fold changes were calculated using the
2-AACt method. Data were analyzed from six independent experiments and presented as the mean + SEM.

For miRNA quantification, RNA was extracted from PO cortices using the miRNeasy Tissue/Cells Advanced Mini Kit (QIAGEN,
217604). Of the extracted RNA, 10 ng was used for reverse transcription following the manufacturer’s instructions using miRCURY
LNA RT Kit (QIAGEN, 339340). gPCR reactions were performed following manufacturer’s instructions for miRCURY LNA SYBR
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Green PCR Kit (QIAGEN, 339345) with a specific pair of primers for mmu-miR-124-3p (QIAGEN, MIMAT0000134-YP00206026);
mmu-miR-148b-3p (QAIAGEN, MIMAT0000580-YP00204047); mmu-miR-130b-3p (Quiagen, MIMAT0000387-YP00204317);

mmu-miR-7a-1-3p (QIAGEN, MIMAT0004670-YP00205888); mmu-miR-31-5p (QIAGEN, MIMAT0000538-YP00205159); mmu-
miR-22-3p (QIAGEN, MIMAT0000531-YP00204606);

mmu-miR-152-3p (QIAGEN, MIMAT0000162-YP00204294); mmu-miR-125b-5p (QIAGEN, MIMAT0000423-YP00205713); mmu-
miR-351-5p (QIAGEN, MIMAT0000609-YP00205011);

mmu-miR-301a-3p (QIAGEN, MIMAT0000688-YP00205601) and U6 snRNA (hsa, mmu) (QIAGEN, YP00203907) was used as in-
ternal control. miRNAs changes were quantified with the 2—AACT method using RNU6-1 (RNA, U6 small nuclear 1) as control.

Plasmid constructs
To delete the NLS region in the pCDH-Ubc-NUMA1FL and pCDH-Ubc-NuMA1deltaMBD constructs (Gallini et al., 2016), we per-
formed an inverse PCR with the following oligos: Delta NLS sense 5'-TCACCACCGTGTCCCTGGAACCTCATCAGG-3';

Delta NLS anti-sense 5'-GGGACACGGTGGTGATACCGGTGCC-3'. Subsequently both constructs were sub cloned into a pCAG-
GFP vector (addgene 11150) using Pro Ligation-Free Cloning Kit from (abm E086/E087). BsrGl was used as restriction site. For the
lox-STOP-lox-GFPshNUMAT1 constructs, we used a pCALNL-GFP-hU6 plasmid into which we cloned the shNUMA1. To build the
pCALNL-GFP-hU6 the humanU6 promoter has been PCR amplified from the pLKO.1 (addgene 10878) and cloned into the
pCALNL-GFP plasmid (addgene, 13770) into the Xbal unique restriction site using Pro Ligation-Free Cloning Kit (abm E086/
E087). shNUMAT1 was introduced in the Agel unique restriction site of this resulting vector, annealing the 2 following oligos: sens (tar-
geted sequence is in bold)

5'gatttaaattgaattccggccttagtctctggacctagaactcgagttctaggtccagagactaaggtitttggggatccccggtcgecaccatgd’; anti-sense (tar-
geted sequence is in bold) 5'catggtggcgaccggggatccccaaaaaccttagtctctggacctagaactcgagttctaggtccagagactaaggccggaa
ttcaatttaaatc-3'. All constructs were sequenced (GENEWIZ).

Image acquisition

For the in vitro axonal tracking, cortical neurons were imaged with Axio Scan.Z1 slide scanner (Colibri.7; 20X objective; Zeiss). The
brain sections for in vivo axonal track were acquired using an inverted confocal microscopy (LSM710, Zeiss). High-resolution images
on growth cones were acquired using an inverted confocal microscope (LSM710, Zeiss) with Airyscan detector and a 63 objective
(1.4 NA, Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
All the data were analyzed using NIH ImageJ (https://imagej.nih.gov/ij/). For axonal tracking in cell culture, the axon was defined as
the longest neurite measuring at least 100um, using the Imaged segmented line tool. Measurements were taken from the neck of the
axon at the base of the soma to the growth cone. For axon branching in cell culture, we considered an extension of at least 15um to
constitute a branch. On brain sections, axon tracts were traced using the edge of the mem-RFP labeled region as the starting point.
In P21 mice, we analyzed 4 different regions of interest (1 to 4, Figure 1C). For region 1 in the ipsilateral cortex, we measured the
mean in layer V after subtracting the mean intensity background from a cortical region presenting no specific staining. Region 2 was
traced in the contralateral somatosensory cortex, where the branching was at its maximum for both genotypes; we measured the
mean in layers V, II/1ll, and white matter (WM) V after subtracting the mean intensity background from a cortical region with no specific
staining. Region 3 represents a line scan of 200-pixel width drown across the middle region of corpus callosum. Finally, region 4 rep-
resents a line scan of 200-pixel width drawn in layer II/lll all along the contralateral cortex from the parietal to the auditory region,
where the last branching point was present in the control condition. Growth cone areas were measured from the axon shaft up to
the tips of filopodia, defined by phalloidin staining. Exploratory microtubules were measured from their tips to the main microtubule
bundle. To assess the microtubule bundling state, we plotted the maximum value obtained after measuring the mean fluorescence
intensity of Tyr- TUBULIN staining along a line scan width of 60 pixels.

Statistical analyses

GraphPad Prism 6.0 software (San Diego, CA) was used for statistical analyses. Outliers were identified applying the Rout method.
Sample sizes were chosen based on similar experiments in the references to ensure statistically significant results while minimizing
the number of animals used. Significance was assessed using a two-tailed Student’s t test or Mann-Whitney U test, depending on the
normality test (Shapiro-Wilk normality test or Kolmogorov-Smirnov test). The samples following a Gaussian distribution were
expressed as mean = SEM. Data without a normal distribution were displayed as box-whisker plots representing the 25™, 50"
and 75" percentiles.
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NEURODEVELOPMENT

Huntington’s disease alters human neurodevelopment

Monia Barnat', Mariacristina Capizzi**, Esther Aparicio*, Susana Boluda?, Doris Wennagel",
Radhia Kacher', Rayane Kassem', Sophie Lenoir’, Fabienne Agasse’, Barbara Y. Braz, Jeh-Ping Liu®,
Julien Ighil*, Aude Tessier®, Scott 0. Zeitlin®, Charles Duyckaerts?, Marc Dommergues®,

Alexandra Durr®+, Sandrine Humbert't

Although Huntington’s disease is a late-manifesting neurodegenerative disorder, both mouse studies
and neuroimaging studies of presymptomatic mutation carriers suggest that Huntington’s disease might
affect neurodevelopment. To determine whether this is actually the case, we examined tissue from human
fetuses (13 weeks gestation) that carried the Huntington’s disease mutation. These tissues showed clear
abnormalities in the developing cortex, including mislocalization of mutant huntingtin and junctional complex
proteins, defects in neuroprogenitor cell polarity and differentiation, abnormal ciliogenesis, and changes

in mitosis and cell cycle progression. We observed the same phenomena in Huntington’s disease mouse
embryos, where we linked these abnormalities to defects in interkinetic nuclear migration of progenitor cells.
Huntington’s disease thus has a neurodevelopmental component and is not solely a degenerative disease.

untington’s disease (HD) is a neurodegen-
erative disease that is part of the larger
family of “proteopathies,” which includes
the polyglutamine diseases, amyotrophic
lateral sclerosis, and Alzheimer’s and
Parkinson’s diseases. These diverse disorders
share a delayed onset in mid-adulthood or
later despite the expression, at least in heredi-
tary cases, of the disease-driving protein from
the first days of life. This raises the question of
whether early events might set the stage for
later disease. For example, huntingtin (HTT),
the protein mutated in HD, is essential for de-
velopment, at least in mice (7-3). The mutant
HTT (mHTT) impairs neural progenitor cell
division and neuronal migration and matu-
ration (4-6), giving HD mice a thinner cortex
(7). The fact that expression of either mHTT
or hypomorphic HTT solely during early life
is sufficient to produce HD features in adult
mice strongly suggests that there is a develop-
mental component to the disease (8, 9).

In support of this notion, human neuro-
imaging studies have revealed smaller intra-
cranial volume in HD mutation carriers as
young as 7 years of age (10, II). Loss of cortical
volume takes place long before any symptoms
appear, and defects in the corticostriatal net-
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work lead to striatal dysfunction and degen-
eration (12-15). Studies in neurons derived
from HD human induced pluripotent stem
cells (iPSCs) have identified changes in gene
expression that support an altered develop-
mental program (16, 17), and mHTT alters neu-
ronal identity in cortical populations of HD
brain organoids (18). But does mHTT affect
early human development? And if so, how
early? To answer these questions, we recruited
HD mutation carriers who sought prenatal
testing in order to determine whether the
fetus carried an HD-causing mutation.

Mutant huntingtin mislocalizes in human and
mouse embryos

We were able to procure rare intact cortical
tissues from four HD mutation carrier fetuses
and four healthy controls at gestation week 13
(GW13) (table S1). At this developmental stage,
the cortical neurons that project to the stri-
atum and later deteriorate in HD are arising
from the division of progenitor cells at the
ventricular zone. These apical progenitors
extend processes toward both the apical and
basal surfaces of the neuroepithelial wall,
and their nuclei move back and forth between
surfaces in concert with cell cycle progression
in a process known as interkinetic nuclear mi-
gration. This process, common to all develop-
ing pseudostratified neuroepithelia (19, 20),
maintains the balance between progenitor re-
newal and differentiation by controlling when
apical progenitor nuclei are exposed to prolif-
erative versus neurogenic signals, and in what
proportions.

To examine the expression pattern of HTT
at the ventricular zone of the GW13 cortex, we
used an antibody that recognizes both HTT
and mHTT (4C8; Fig. 1, A and B, and fig. S1A).
In wild-type tissues, HTT staining demarcated
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the apical surface of the ventricular zone and
spread diffusely throughout the basal region.
In cortical tissue of HD mutation carriers, how-
ever, HTT staining concentrated at the apical
endfeet (the apical surface of the processes).

Given the preciousness of the human tissue,
we turned to mice to further investigate these
observations, using embryonic day 13.5 (E13.5)
mouse embryos, which correspond to GW13 in
human neurodevelopment. We studied an HD
knock-in mouse model in which the first exon
of the HTT gene is replaced by human exon 1
carrying 111 CAG repeats (Hdh®"/Q!y (27).
Immunostaining coronal sections revealed a
pattern of HTT expression that paralleled our
observations in human fetuses (fig. S1B). To
determine the distribution of mHTT specific-
ally, we used another HD knock-in mouse mod-
el in which Flag tags are inserted in the N
terminus of wild-type HTT (Hdh™¥*) or mu-
tant HTT carrying 140 CAG repeats (Hdh™#0¥*)
(22) (fig. S1C). The Flag labeling showed that
mHTT localized to the apical surface and was
decreased in the basal region.

Mutant huntingtin impairs endosome
secretion and recycling

Apical progenitors maintain their polarity
through endocytosis and the trafficking of pro-
teins from the trans-Golgi network to the plasma
membrane at the apical endfeet (19). In HD,
both endocytosis and Golgi-membrane traffick-
ing are dysregulated (23). Because one of HTT’s
main functions is to transport vesicles, we used
markers of the endosomal pathway to map
the subcellular localization of HTT in HD and
to gauge whether transport is affected this
early in HD.

We stained for calnexin (a marker of the
endoplasmic reticulum), GRASP65 (Golgi as-
sembly stacking protein of 65 kDa to mark the
cis-Golgi network), TGN38 (trans-Golgi net-
work integral membrane protein 38), EEA1
(early endosome antigen 1), and transferrin
receptor (recycling endosomes). In control
samples, HTT colocalized partially with these
markers (figs. S2 and S3). In both human and
mouse HD samples, however, HTT strongly
colocalized with TGN38, EEAI, and transfer-
rin receptor, and to a lesser extent with cal-
nexin and GRASP65. These results suggest
that mHTT hinders endosomal trafficking in
apical progenitors, even at this very early stage
of development.

Mutant huntingtin disrupts neuroepithelial
junctional complexes

Apical endfeet contain junctional complexes
(19, 24) composed of tight-junction and
adherens-junction proteins, including ZO1,
PAR3, NCAD, and B-catenin (25), that link
neighboring progenitors to each other, there-
by sealing the neuroepithelium. Because HTT
regulates the trafficking of these proteins,

lof7

0202 ‘91 1snbny uo /610 BewedusIds 99usIds//:dlY WOl POPEROJUMO



RESEARCH | RESEARCH ARTICLE
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Fig. 2. Junctional protein complexes are disrupted in the apical endfeet
of HD mouse embryos. (A) Schematic of the in utero electroporation
experiment. (B and C) Mouse embryos were electroporated at E13.5 with a
pCAG-GFP construct to delineate the apical endfoot in E15.5 cortices.

(B) Hdh?”’7 and HdhQMQML cortical sections were immunostained for
GFP (left) and for HTT and GFP (right). White arrowheads point to apical
endfeet. Nuclei were counterstained with DAPI. (C) Left: Diagram indicating
the position of junctional complexes at the apical endfeet. Right: Cortical

sections were immunostained for GFP, ZO1, and PAR3 (upper panel) and GFP,
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PAR3, NCAD, B-catenin, and vinculin immunoblotting analyses of lysates from
E15.5 Hdh®”’Y and Hdh®™/ M cortices. Bar graphs correspond to the
quantitative evaluation of the indicated proteins. For each condition, n = at

least 7 embryos from different mothers. Z01: **P = 0.0026; PAR3: **P = 0.0075;

NCAD: P = 0.1255; B-cat: P = 0.1476 (unpaired t tests). Results are means + SEM.
(E) HTT-associated complexes were immunoprecipitated with the 4C8 antibody
from E15.5 Hdh®”/7 and HdhQ*Y QM cortical extracts. Mouse IgG (mlgG) was
used as a negative control.
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Fig. 3. Interkinetic nuclear migration and mitosis of cortical apical pro-
genitors are impaired in HD mouse embryos. (A) Schematic of the
experiment for analysis of interkinetic nuclear migration. £13.5 Hdh®”’%’ and
Hdh QUL embryos were electroporated with Cdtl-mKO2 and geminin-GFP
constructs. After 48 hours, the movement of the GFP- and mKO2-labeled nuclei
was followed by spinning disc microscopy, taking one image every 10 or 15 min
for 10 hours. (B to D) Representative images showing the movement of nuclei in
Gy, Gy, and Gy/S transition phases as indicated. (D) Stars indicate the beginning
and ending of the G1/S transition. Scale bars, 5 um. (E) Quantitative differences
in the velocity of Gi-phase nuclei [for each condition, n = 9 cells from three

Barnat et al., Science 369, 787-793 (2020) 14 August 2020

embryos from different mothers; ***P = 0.0008 (unpaired t test)], velocity

of G,-phase nuclei [for each condition, n = at least 202 cells from four embryos
from different mothers; ***P < 0.0001 (Mann-Whitney U test)], and length

of Gy/S transition [for each condition, n = at least 8 cells from three embryos
from different mothers; *P = 0.0356 (unpaired t test)]. (F) Bar graphs show
the percentage of phospho-histone 3 (PH3) cells (mitotic index) of dividing
progenitors [E13.5: for each condition, n = at least 2151 cells from four embryos
from different mothers, ***P < 0.0001 (unpaired t test); E15.5: for each
condition, n = at least 1801 cells from three embryos from different mothers,
***P = (0.0005 (unpaired t test)]. Results are means + SEM.
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which are dysregulated in HD (6, 26-30), we
hypothesized that mHTT hinders the correct
positioning of these junctions, which would
diminish the integrity of the neuroepithelium.
As predicted, HTT partially codistributed with

701, PAR3, p-catenin, and NCAD at the apical
endfeet of human GW13 control and mouse
E13.5 neuroepithelium (figs. S4 and S5A). The
levels of ZO1, NCAD, and pB-catenin were
high at the apical surface of the human and

mouse control ventricular zone and even higher
in HD tissues, with a concomitant reduction
in these proteins in the basal region (Fig. 1,
C to F, and fig. S5, B to E). PAR3 was also
misregulated in HD but in a different pattern
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Fig. 4. Mutant huntingtin shifts neurogenesis toward neuronal lineage.

(A) Diagram showing the position of the fetal ventricular zone. (B) Cortical
sections of GW13 fetuses were immunostained with antibody against
phospho-histone 3 (PH3) and the mitotic index was quantified. For each
condition, n = at least 1146 cells from three fetuses from different mothers;
***P < 0.0001 (Mann-Whitney U test). Scale bars, 25 um. (C) Coronal GW13
brain sections from control fetus and fetus carrying HD-causing mutation
(HD) were immunostained for the cilia marker Arl13b. Scale bars, 5 um. Bar
graphs show cilia length [for each condition, n = at least 770 cilia from four
fetuses from different mothers; ***P < 0.0001 (Mann-Whitney U test)] and cilia
density [for each condition, n = 4 fetuses from different mothers; *P = 0.0104
(unpaired t test)] at the apical surface. (D) Coronal brain sections of GW13
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human cortex were immunostained for F-actin, y-tubulin (y-tub), and Arl13b.
Scale bars, 2 um. White arrowheads and white arrows show apical and
basolateral cilia, respectively. Bar graph shows the percentage of basolateral
cilia at the apical surface. For each condition, n = at least 260 cilia from
four fetuses from different mothers; ***P = 0.0003 (Mann-Whitney U test).
(E) Typical PAX6 and TBR2 staining of a GW13 human fetal sample analyzed.
Scale bars, 50 um. Bar graphs show the percentage of PAX6/TBR2-positive
cells (PAX6'/TBR2") over PAX6-positive, TBR2-negative (PAX6"/TBR27)
progenitors [for each condition, three fetuses from different mothers were
analyzed; VZ, n = at least 2447 cells, ***P < 0.0001 (Mann-Whitney U test);
iSVZ, n = at least 1580 cells, *P = 0.011 (unpaired t test). Results are
means + SEM. Nuclei were counterstained with DAPI.
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from these other proteins: Its expression levels
were down-regulated, so its demarcation of the
apical surface in control samples was dimin-
ished, rather than intensified, in HD.

To better understand how junctional com-
plexes in individual apical endfeet are affected
in HD, we electroporated E13.5 control and
HD mouse embryos in utero with a pCAG-
GFP (green fluorescent protein) construct and
performed immunohistochemistry on E15.5
coronal sections (Fig. 2, A and B). At this stage
in mice and at the corresponding stage GW16
in humans (table S1), the mislocalization of
HTT and junction proteins in HD apical pro-
genitors persisted (figs. S6 and S7). Indeed,
GFP-expressing knock-in HD progenitors, but
not controls, showed a bright line of HTT along
the apical surface (Fig. 2B). In control em-
bryos, ZO1, NCAD, and B-catenin immuno-
staining marked the sides of the apical endfeet;
PARS3 staining was more apical (Fig. 2C). In
Hdh¥WM embryos, ZO1, NCAD, and p-catenin
spread throughout the apical endfeet and PAR3
staining was diminished. These observations
were corroborated by immunoblotting protein
extracts from HdhY’Y and HAhYW™ E15.5
cortices (Fig. 2D). The levels of NCAD and
B-catenin were similar in control and HD con-
ditions, but ZO1 and PAR3 protein levels were
lower in the mutant mice. Coimmunoprecipi-
tation showed that HTT associates with ZO1,
PAR3, and B-catenin, but these interactions
were disrupted in HD (Fig. 2E and fig. S8).

Mutant HTT alters progression through the
cell cycle

The integrity of the apical junctional com-
plexes is essential for progression through
interkinetic nuclear migration, when the nu-
clei of progenitor cells born at the apical sur-
face move toward the basal side during the Gy
phase of the cell cycle, enter and complete the
S phase, then return to the apical surface,
where they undergo division (19, 20, 31, 32).
Given that the junctional complexes do not
form properly with mHTT, we examined cell
cycle progression in the apical progenitors.
To measure apical (G; phase) and basal (G,
phase) movements in vivo, we used the fluo-
rescent ubiquitination-based cell cycle indica-
tor (FUCCI), which tracks the expression of
markers of the different phases of the cell cycle
(33). We electroporated wild-type E13.5 embryos
with plasmids encoding CDT1 (chromatin li-
censing and DNA replication factor 1)-mKO2
and geminin-GFP, then carried out time-lapse
imaging on acute cortical slices 2 days after in
utero electroporation (Fig. 3A) so that we could
distinguish cycling progenitors in G; from neu-
rons exiting the cell cycle and migrating away
from the ventricular zone (fig. SOA and movie
S1). As expected, CDT1 levels peaked during G,
and fell upon entry into S phase, whereas
geminin levels were high during S phase and
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G, (fig. S9B and movie S2). The velocities of
nuclear movement in G; and G, in control
cells were as previously reported (34) (Fig. 3,
B, C, and E, and movies S3 to S6), but in
Hdh¥YQM embryos, migrating nuclei moved
more slowly in both G; and G, causing these
phases to lengthen while the G;/S phase tran-
sition was shortened (Fig. 3, D and E, and
movies S7 and S8). We next immunostained
cortical sections of Hdh®"'™Q!"! embryos and
GW13 HD carrier fetuses with antibody against
phospho-histone 3 (PH3), a marker of mitosis,
and evaluated the mitotic index (Fig. 3F and
Fig. 4, A and B). HD mice and human muta-
tion carriers had roughly half the mitotic in-
dex of controls. In HD, therefore, the pool of
proliferating cells is diminished.

Mutant HTT biases neurogenesis toward the
neuronal lineage

The cell cycle correlates with the assembly
(during G,) and disassembly (at the onset of
M phase) of the primary cilium at the apical
progenitor endfeet (19, 32). Immunostaining
with the cilia marker Arl13b, a member of the
adenosine diphosphate ribosylation factor-like
family, revealed that both the length and den-
sity of the cilia were greater at the apical area
of the developing cortex in HD human and
mouse samples than in controls (Fig. 4C and
fig. S10A), which confirms that the cells were
not progressing through the cell cycle prop-
erly (20). Because a longer G; phase and a
shorter G;/S transition characterize progeni-
tors committed toward the neuronal lineage
(32, 35), we asked whether mHTT favors the
production of apical over basal progenitors.

We evaluated cilia orientation by labeling
brain sections with F-actin (to delineate the
apical surface) and Arli3b and y-tubulin (to
label the basal body) (Fig. 4D and fig. S10B).
The proportion of basolateral cilia, which sig-
nal the generation of basal progenitors (36),
was greater in HD human and mouse samples
than in controls. To discriminate between
apical progenitors and basal progenitors, which
are more engaged in the neuronal lineage
(37), we labeled for the transcription factors
PAX6 and TBR2, respectively. HD human
and mouse samples showed a greater propor-
tion of basal progenitors at the ventricular
zone, subventricular zone, and inner subven-
tricular zone than did controls (Fig. 4E and
fig. S10C).

Discussion

Our data show that mHTT mislocalizes at
junctional complexes, disrupts the polarity of
human and mouse neuroepithelium, and in-
terferes with the cell cycle of apical progeni-
tors, leading to fewer proliferating cells and
more neural progenitors prematurely enter-
ing lineage specification. This is consistent
with previous evidence that HTT regulates
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cellular adhesion, polarity, and epithelial or-
ganization (27). In the presence of mHTT, the
epithelial-mesenchymal transition is accelerated
(28). 1t is possible that mHTT contributes to
cellular disorganization through other means
as well, such as by interfering with the orienta-
tion of the mitotic spindle (7). Given that HTT
also establishes apical polarity in the mam-
mary epithelium, where it forms a complex
with PAR3, aPKC, and RAB11A and ensures
the apical translocation of PAR3-aPKC through
RABIT1A (29), we speculate that HTT may act
to maintain epithelial cell polarity throughout
the body.

A recent neuroimaging study found that the
posterior Sylvian fissure, normally asymmet-
rical between the right and left hemispheres,
lacks asymmetry in the HD population studied
(38). Because the Sylvian fissure appears early
in utero, the authors concluded that this ab-
normal symmetry arises during fetal develop-
ment. Our results show that mHTT does alter
very early stages of brain development in hu-
man HD, even though the samples we analyzed
were from mutation carriers with small path-
ological expansions (39, 40, and 42 repeats)
that would typically cause later manifestations
of HD. The defects we observed likely render
the corticostriatal circuitry more vulnerable
to the later dysfunctions characteristic of HD
(23), as proposed for another polyglutamine
disease, spinocerebellar ataxia type 1(39). The
path to degeneration is complex, however, and
weaves together both pathogenic and com-
pensatory mechanisms. For example, a re-
cent study found that HD mutation carriers
as young as 6 years of age show compensatory
hyperconnectivity between the striatum and
cerebellum; this initially enlarges the stria-
tum but the metabolic load soon overwhelms
it, the connections are rapidly lost, and the
striatum atrophies well before the onset of
motor symptoms (40).

It is now beyond doubt that neurodegen-
erative diseases can have a developmental com-
ponent. For HD, this discovery opens the door
for future studies to identify molecular treat-
ments. For example, the HD iPSC Consortium
characterized isoxazole-9 after finding that it
reverts abnormal neuronal differentiation in
HD-derived pluripotent stem cells (17). It may
be that treatment should be given very early
in life; it remains to be seen whether re-
ducing mHTT levels in adulthood, even in the
prodromal stage, would be sufficient to fore-
stall symptom progression, because the brain
circuitry is already altered.
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Neural progenitors disrupted

Symptoms of Huntington's disease (HD) manifest in adulthood despite the aberrant protein being present much
earlier in persons carrying the disease-causing mutation. Barnat et al. studied the cellular effects of the HD mutation on
human and mouse fetal brain development (see the Perspective by DiFiglia). The authors found that neural progenitor
cells at the brain's ventricular zone reach out to both the apical and basal surfaces of the neuroepithelial wall, and their
cellular nuclei shuttle back and forth as the cell cycle progresses. With the aberrant protein, these epithelial junctions are
disrupted, epithelial polarity is disturbed, and the cell cycle favors premature neuronal differentiation.
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