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Abstract

The development of the nervous system requires precise control of gene expression of
effectors that direct various neuronal processes such as proliferation, differentiation, stemness, and
migration. Dysregulation of neurodevelopmental programs such as Sonic hedgehog (SHH) and
WNT pathways give rise to a broad spectrum of neurological disorders, including brain tumors
such as medulloblastoma (MB). One critical mRNA surveillance pathway involved in maintaining
global gene expression integrity is nonsense-mediated mRNA decay (NMD). NMD has two
important roles: it degrades aberrant mRNAs harboring premature termination codons (PTC) and
it regulates expression of endogenous transcripts which impacts several physiological processes
including cell proliferation and differentiation, response to environmental cues and even
development of disease. Thus, understanding developmental programs can provide valuable
insights into the molecular mechanisms underlying tumor formation and progression.

MB is the most common malignant pediatric brain tumor and are classified into four
molecular subgroups: SHH, WNT, Group 3 and Group 4. Although survival is about 70%, the
current standard of care is aggressive and non-specific, leaving patients with severe life-long
neurological deficits. Thus, developing targeted therapies with milder side effects is necessary.
About 30% of MB cases display hyper-activated SHH signaling. In this pathway, SHH binds to its
receptor Patched1 (PTCHI1), causing proliferation of cerebellar granule cell precursors (GCPs),
the cells of origin of SHH-MB. Hyper activation of the Shh pathway in GCPs is a critical early
event that is accompanied by collaborative mutations to aid in its oncogenic transformation and
tumorigenesis.

In Chapter 4 of the thesis, I utilise the developing cerebellum as a model system to study

the molecular mechanisms underlying MB tumorigenesis by identifying novel molecular



regulators of the Shh pathway. Previously, our lab demonstrated that Ptchl loss of heterozygosity
(LOH) is essential for preneoplastic lesion formation and inactivation of additional tumor
suppressors collaborating with Ptchl LOH is required for progression to advanced tumors.

We hypothesized that NMD is a novel tumor suppressor in MB and aimed to elucidate the
underlying molecular mechanisms. First, we demonstrate that NMD inactivation leads to
hyperactivated Shh signaling in GCPs and the subsequent upregulation of proliferation-regulating
genes, causing excessive GCP proliferation. Conversely, activation of NMD leads to
downregulation of Shh pathway activity and a decrease of GCP proliferation.

We further investigated the mechanism of NMD-mediated regulation of Shh signaling.
NMD selectively targets mRNA transcripts with specific features that induce its degradation, such
as the presence of an upstream open reading frame (uORF) in the 5' untranslated region (5'UTR),
a lengthy 3' UTR exceeding 1000 nucleotides, and introns in the 3'UTR. Genome-wide “NMD
feature” prediction from Mus musculus Ensembl gene annotation revealed presence of such NMD-
inducing features in regulators of the Shh pathway. We identify that the intron-containing long
3’UTR of mRNAs of at least two Shh signalling effectors are direct targets of the NMD machinery
and are responsible for their NMD-mediated degradation. Next, using CRISPR-Cas9-mediated
gene inactivation of key NMD machinery components in the Ptchl MB mouse model, we showed
that NMD inactivation cooperates with Ptchl inactivation to accelerate MB progression and
aggressiveness in vivo. Conversely, NMD activation causes a delay in MB tumor latency and
improves survival in mice.

Overall, we have identified NMD as a new molecular pathway involved in regulating the
proliferation of cerebellar granule neuron progenitors. Our findings might help the development

of novel therapies to treat MB.



Résumé

Le développement du systéme nerveux nécessite un contrdle précis de l'expression génique
des effecteurs qui dirigent divers processus neuronaux tels que la prolifération, la différenciation,
la propriété des cellules souches et la migration. La dérégulation des programmes
neurodéveloppementaux tels que les voies Sonic hedgehog (SHH) et WNT donne lieu & un large
éventail de troubles neurodéveloppementaux, y compris des tumeurs cérébrales solides telles que
le médulloblastome. Une voie critique de surveillance de I'ARNm impliquée dans le maintien de
l'intégrité globale de l'expression génique est la dégradation des ARNm non-sens (NMD). La NMD
a deux réles importants : elle dégrade les ARNm aberrants comportant des codons de terminaison
prématurés et elle régule l'expression de transcrits endogeénes qui a un impact sur un large éventail
de processus physiologiques, notamment la prolifération et la différenciation cellulaire, la réponse
aux signaux environnementaux et méme le développement de maladies. Ainsi, la compréhension
des programmes de développement peut fournir des informations précieuses sur les mécanismes
moléculaires sous-jacents a la formation et a la progression des tumeurs.

Le médulloblastome est la tumeur cérébrale pédiatrique maligne la plus courante et est
classé en quatre sous-groupes moléculaires : SHH, WNT, groupe 3 et groupe 4. La norme de soins
actuelle, qui comprend une résection chirurgicale, suivie d'une chimiothérapie et d'une
radiothérapie, est agressive et non spécifique aux quatre sous-groupes. Bien que la survie soit
d'environ 70 %, elle laisse les patients avec de graves déficits neurologiques a vie. Ainsi, le
développement de thérapies ciblées avec des effets secondaires plus 1égers est nécessaire. Environ
30% des cas de médulloblastome montrent une signalisation SHH hyperactive. Dans cette voie,
SHH se lie a son récepteur Patchedl (PTCH1), provoquant la prolifération des précurseurs des

cellules granulaires cérébelleuses (GCP), les cellules a l'origine du médulloblastome SHH.
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L'hyperactivation de la voie Shh dans les GCP est un événement précoce critique qui s'accompagne
de mutations collaboratives supplémentaires pour faciliter sa transformation oncogénique et sa
tumorigen¢se.

Dans le chapitre 4 de la thése, j'utilise le cervelet en développement comme systéme
modele pour étudier au niveau moléculaire les mécanismes sous-jacents a la tumorigenese du
médulloblastome en identifiant de nouveaux régulateurs moléculaires de la voie Shh. Des travaux
antérieurs dans notre laboratoire ont démontré que la perte d'hétérozygotie (LOH) de Ptchl est
essentielle a la formation de 1ésions prénéoplasiques et que l'inactivation de suppresseurs de
tumeurs supplémentaires collaborant avec Ptchl LOH est nécessaire pour la progression vers des
tumeurs avanceées.

Nous avons émis 1'hypotheése que la NMD est un nouveau suppresseur de tumeur dans le
médulloblastome et visions a ¢lucider les mécanismes moléculaires sous-jacents. La NMD cible
sélectivement les transcrits d'ARNm avec des caractéristiques spécifiques qui induisent sa
dégradation. Ces caractéristiques comprennent la présence d'un cadre de lecture ouvert en amont
(uORF) dans la région 5' non traduite (5'UTR), une longue région 3' non traduite (3'UTR)
dépassant 1000 nucléotides et la présence d'un ou de plusieurs introns dans le 3'UTR. Lors de la
déplétion de facteurs de NMD, nous avons observé une augmentation de I'expression de cibles
NMD bien établies hébergeant des caractéristiques induisant une NMD, démontrant que la voie
NMD est fonctionnelle dans les GCP cérébelleux qui sont les cellules d'origine du MB-SHH.
Conformément a notre hypothese, nous démontrons que l'inactivation de NMD conduit & une
signalisation Shh hyperactive dans les GCP. Cela a conduit a la régulation a la hausse ultérieure

des cibles transcriptionnelles de Gli qui sont des genes régulateurs de la prolifération, provoquant
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une prolifération excessive des GCP. Inversement, l'activation de NMD entraine une régulation
négative de l'activité de la voie Shh et une diminution de la prolifération des GCP.

Dans ce chapitre, nous avons étudié plus en détail le mécanisme de régulation de la
signalisation Shh médiée par NMD. La prédiction de la «caractéristique NMD» a I'échelle du
génome a partir de l'annotation du gene Ensembl de Mus musculus a révélé la présence de
caractéristiques induisant la NMD dans les régulateurs de la voie de signalisation Shh. Nous avons
identifi¢ que le 3'UTR des ARNm d'au moins deux effecteurs de la signalisation Shh (Smo et G/i2)
sont responsables en tant que déclencheurs directs de la dégradation de leurs ARNm médiée par
NMD. Dans la voie NMD, la phosphorylation du facteur NMD central UPF1 par la kinase SMG1
est cruciale pour marquer les cibles NMD et déclencher leur dégradation. A I'aide d'expériences p-
UPF1 RIP-qPCR, nous déterminons en outre que p-UPF1 marque les transcrits Smo et Gli2 pour
la dégradation médiée par NMD, potentiellement par sa liaison aux longs 3'UTR contenant des
introns de leurs ARNm.

Ensuite, nous avons évalué¢ I'impact de 1'inactivation de la NMD sur la tumorigenese du
médulloblastome Ptchl in vivo. En utilisant 1'inactivation génique médiée par CRISPR-Cas9 des
principaux composants de la machinerie NMD dans le modele murin de médulloblastome Ptchl,
nous avons montré que l'inactivation des composants NMD coopére avec l'inactivation de Ptchl
pour accélérer la progression et I'agressivité du médulloblastome in vivo. A l'inverse, l'activation
de la NMD entraine un retard de la latence tumorale du médulloblastome et améliore la survie des
souris. Dans 1'ensemble, nous avons identifié la NMD comme une nouvelle voie moléculaire
impliquée dans la régulation de la prolifération des progéniteurs des neurones granulaires
cérébelleux. Nos découvertes pourraient aider au développement de nouvelles thérapies pour

traiter le médulloblastome.
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“The important thing is not to stop questioning.”
- Albert Einstein
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Chapter 1

Introduction
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1.1 Cerebellar development
1.1.1 Development of cerebellum during neurogenesis

During cerebellar development, the cerebellar cortex and all cerebellar nuclei are generated
via a highly complex, but organized events of neurogenesis and cell migrations. The isthmic
organizer, roof plate, and the transcription factors expressed rostral and caudal to the isthmus
produce extracellular signals that allow the cerebellar anlage map to be generated at an early stage
of development, at embryonic day 8.0-8.5 (E8.0-8.5)!.The two distinct germinal centers that give
rise to neuronal populations in the cerebellum are the ventricular zone (VZ) and the rhombic lip
(Figure 1.1.1).

Arising from the dorsomedial VZ of the emerging cerebellar anlagen along the fourth ventricle
are all the GABAergic neurons. These include Purkinje cells (PC) which is the principal output
neuron of the cerebellar cortex, and various classes of Pax2" inhibitory interneurons?. The
progenitors of the Purkinje cell are generated between E11-E14.5 to form physically separate and
molecularly distinct clusters by ~E183. In parallel, progenitors of cerebellar nuclei neurons are
produced between E10-E12.5 and those of cerebellar interneurons, including Golgi, basket, and
stellate cells occur around E13.5. As the inhibitory interneuron progenitors move through the white
matter, they undergo further rounds of cell divisions en route, and finally settle in conjunction with
the PC clusters®. All these VZ-derived neuronal cell populations are generated from a common
pool of progenitors, and they eventually migrate radially along the glial fiber system*”’. By P20, a
monolayer of parasagittal stripes is produced by association of PC clusters and accompanying
interneurons that diffuse longitudinally'.

All cerebellar glutamatergic neurons such as a subpopulation of the excitatory deep cerebellar

nuclei neurons (born between E10.5-E13.5)%, the cerebellar GCPs (born between E13.5-postnatal
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period)!'? and neurons from many pre cerebellar regions such as unipolar brush cells (UBC) at a
relatively late developmental stage between E14.5-birth!, are produced by distinct progenitors in
the secondary germinal zone that arises along the anterior aspect of the rhombic lip. Dorsal
brainstem progenitors originate from the lower rhombic lip, while the upper rhombic lip gives rise
to progenitors that begin to express Math1/Atohl, a bHLH transcription factor which imposes a
neuronal lineage restriction. Thus, different progenitor populations control specification in the
rhombic lip, in contrast to the VZ, where neuronal subtypes are produced from a single pool of
progenitors! 12,

All the above cell populations migrate tangentially onto the cerebellar anlage surface. The
specified deep cerebella nuclei neurons assemble to build the nuclear transitory zone before

forming individual nuclei®!%!?

. The UBCs migrate dorsally through the prospective white matter
and undergo final differentiation close to P28 to reside in the internal granule layer (IGL)!'3!4.

Unlike excitatory cerebellar nuclei neurons, between E12.5-E16, GCPs spread across the surface

of the cerebellum dorsally to form a secondary germinal zone called the external granule layer

(EGL)'S.
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Figure 1.1.1. Embryonic cerebellar development. (A and B) Two germinal zones during
embryonic neurogenesis as shown in a sagittal view: ventricular zone (VZ) and the rhombic
lip (RL). From the radial glia in the VZ, all cerebellar GABAergic neurons are produced first,
followed by Purkinje neurons Bergmann Glia and interneurons. From the RL arise three major
glutamatergic neurons, all of which migrate tangentially into the cerebellar anlage.: first is the
cerebellar nuclei projection neurons, followed by granule neurons from Atohl/Mathl+
granule neurons progenitors (aka GCPs), and then unipolar brush cells. (C) Lamination
schematic to show the various neuronal populations organised in the P7 cerebellum that arose
from progenitors in (A).

Nuclear transitory zone (NTZ); External granule layer (EGL); Radial glia (RG); Unipolar
brush cell (UBC); Ventricular zone (VZ); Rhombic lip (RL); Molecular layer (ML); Purkinje
layer (PL); Internal granule layer (IGL); Figure from (Haldipur and Millen, 2019)"3.
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1.1.2. Postnatal cerebellar development

Development of the cerebellum occurs in successive waves of proliferation and migration
of the cerebellar GCPs throughout late embryogenesis and postnatal phase. GN arising from GCPs
constitute greater than 50% of all neurons (in mouse and humans). In addition, other
subpopulations of progenitors arise from the white matter postnatally that enrich the glial cell and
interneuron populations!'®.

In mice, GCPs derived from the rostral rhombic lip undergo their first wave of proliferation
at embryonic day 13.5 (E13.5) followed by migration over the surface of the cerebellum from
E17.5 onwards to expand their population and form the external granule cell layer (EGL) *. This
expansion in the EGL is stimulated by the mitogen sonic hedgehog (SHH) produced by PC as early
as E17.5'7-2°, Numerous signaling mechanisms boost GCP growth between postnatal days (P2-
P4)!8. After the SHH-dependent peak proliferation phase from P5 to P7, these progenitors move
into the inner layer while they exit the cell cycle and start to differentiate into cerebellar granule
neurons (GN) (Figure 1.1.2). There is an increase in the expression of key GCP differentiation
markers, specifically NeuroD1 and p27Kip1%!-3. Following this, the differentiated cells migrate
past the Purkinje layer/molecular layer to reach the internal granule cell layer (IGL), where they
reside in the mature cerebellum, finally making synaptic connections with the PC!>4,

In humans, from the tenth gestational week to the end of the second postnatal year, GCP expansion
continues. This expansion phase concludes when the external granule layer (EGL) is no longer
present'®. In addition, human cerebellum has much higher foliation than that in mice. Altogether,
the number of GN per PC is 10-fold higher in humans compared to mice!®. A deeper understanding
of human cerebellar development can be facilitated by critical analyses of animal MB models and

patient-derived xenograft (PDX) models.
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Figure 1.1.2. Postnatal cerebellar development. GCPs proliferate in response to Shh
secreted by the Purkinje neurons to populate the EGL. After this Shh-dependent proliferation
phase, the GCPs exit the cell cycle, start to differentiate, and migrate radially past the Purkinje
layer with the help of Bergmann glia to reside as Granule neurons in the IGL of the adult
cerebellum. Granule cell precursors (GCPs); External granule layer (EGL); Internal granule
layer (IGL); Figure from (Tamayo-Orrego L and Charron F, 2019)%.
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1.1.3. Canonical Sonic Hedgehog signaling in the developing cerebellum

GCPs in the EGL continue to depend on SHH to drive their postnatal proliferation phases
for generating the expanding pool of progenitor cells !7-!°. In the absence of SHH ligand, the 12-
span transmembrane receptor Patched 1 (PTCH1) represses activity of the 7-pass transmembrane,
G protein-coupled receptor Smoothened (SMO) keeping the intracellular signal transduction at the
“OFF” state?®. The transcriptional activation of the pathway is prevented due to two reasons. First,
full length glioma-associated oncogene family of transcription factor 2 (GLI2) is bound and
sequestered by suppressor of fused (SUFU) in the cytoplasm for its proteasomal degradation?®.
Second, full-length GLI3 is phosphorylated by Protein kinase A (PKA), Glycogen synthase kinase
3-beta (GSK3-B) and Casein kinase 1 (CK1), triggering its proteolytic cleavage to generate the
truncated GLI3 repressor form (GLI3R) which blocks transcription?”-?¢, When extracellular SHH
binds to PTCH1, the PTCH1-ligand complex is internalized and degraded in the endosomes, which
relieves PTCH1's inhibitory effects on SMO switching the pathway to the “ON” state®®. Activated
SMO can degrade the SUFU-GLI2 complex in the cytoplasm and trigger proteolytic cleavage of
GLI2 recruitment to the nucleus where it promotes transcription of downstream Shh target genes
which is required to induce GCP proliferation!®2%0 (Figure 1.1.3). Additional co-receptors of
SHH that promote SHH signaling include CAM-related/downregulated by oncogenes (CDO),
Brother of CDO (BOC) and Growth arrest-specific 1 (GAS1) 22132, On the contrary, another co-
receptor Hedgehog interacting protein (HHIP) can compete for PTCH1 binding, thus functioning
as a negative regulator of the pathway*3.
In conclusion, activation of the canonical SHH signaling pathway ultimately leads to G/i-mediated
transcription of genes including cell cycle regulators cyclin D1 (Cendl), cyclin D2 (Cend2), cyclin

E (Ccne), proto-oncogene N-myc, Hexokinase 2 (Hk2) and Glil. Ccndl is highly expressed in

29



GCPs immediately following birth*-37. Pogoriler et al showed that loss of Ccndl in mice impaired
GCP proliferation and cerebellar growth®s. During the peak proliferative phase of P4-P8, GCPs
display high expression of both Ccndl and Ccnd23®. Shh-induced proliferation is significantly
reduced by dominant-negative N-myc, proving that N-myc is necessary for the GCP
proliferation®. Similarly, N-myc overexpression increases GCP proliferation, and further
upregulates Cendl even independently of Shh signaling®*. These studies demonstrate that

transcription downstream of G/i is majorly responsible for Shh-induced GCP proliferation.
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Figure 1.1.3. Shh signaling in the developing cerebellum. Left schematic: Ptchl represses Smo
when Shh is absent. In the OFF state, the Shh-mediated transcription remains inhibited due to the
binding of the truncated repressor Gli3 in the nucleus and proteasomal degradation of the protein
encoded by full length Gli2 activator. Right schematic: In the presence of Shh, it binds to Ptchl
along with Boc, Cdon, or Gasl, thus relieving the inhibition exerted by Ptchl on Smo; this is the
ON state of the pathway. Full length Gli2 is cleaved by proteases following Smo activation. The
Gli2 activated form activates transcription of target genes in the nucleus. (Figure from Yam P.T.
and Charron F, 2013)*
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1.1.4. GCPs are the cell of origin of SHH-MB

Although SHH signaling is the major driver of GCP proliferation during early postnatal
period, an important consequence of hyperactivated Shh signaling in GCPs is development of
cerebellar tumors called MB. Using mouse models, several individual reserach groups provided
evidences that GCPs are the main cell of origin of SHH-MB. An early study using a mouse model
with the Mathl-driven conditional deletion of Ptchl in GCPs demonstrated uncontrolled GCP
proliferation and MB formation with histopathologic features of desmoplastic human MBs*:+2,
Aligned with this observation, constitutive activation of Smo also causes excessive GCP
proliferation and high incidence of MB “>*3, Further supporting this conclusion, early progenitors
or stem cells strictly committed to granule neuron lineage can be initiators of SHH-induced
MB*# In the progression of MB, there is an internediate “preneoplasia” stage between postnatal
weeks 2 and 6 in which lesions are detectable as discrete foci on the surface of the cerebellum.
Tumor cells and preneoplastic lesion cells resemble GCPs in that they are Mathl positive and
express key targets of SHH-mediated Gli transcription such as Glil, Ccndl and MycN*S. Lower
rhombic lip dervied progenitors are also suggested as the cells of origin for non-SHH subgroups,
but Swartling et al shows GCP lineage is required for Shh-MB specifically*’. For instance, Shh-
MB tumors were formed in mice transplantated with N-mycT58A-transduced E16 cerebellar
GFAP* NSCs (which can still form GCPs in vivo), but Group 4 tumors developed in mice upon
transplantation of N-mycT58A-transduced PO cerebellar NSCs, which are incapable of producing
GCPs in vivo®. Altogether, these lines of evidence deomstrate that GCP specification is absolutely
essential to drive Shh-MB tumorigenesis. Interstingly, consistent with GCP originating regions,

location of human SHH MBs detcted by MRI studies was in cerebellar hemispheres*->°.
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Over the last decade, our lab has also provided key insights highlighting that hyperactivation of
the SHH signaling in GCPS render them susceptible to oncogenic transformation. First, high levels
of the SHH receptor BOC in GCPs triggered CcndI-dependent DNA damage and Ptchl loss of
heterozygosity (LOH), a critical early event that leads to advanced tumor progression’!.
Replication stress can induce DNA damage, and Tamayo-Orrego ef al showed that Shh stimulation
in GCPs triggered replication stress through increased origin firing and consequently hyper
recombination events such as Ptchl LOH which initates tumor formation®2,

Furthermore, modulation of genes involved in GCP proliferation can directly impact Shh-
mediated MB formation, as shown by use of transgenic mouse models . For example, in two
separate studies using a Ptchl heterozygous mutant mice, (1) loss of Ccndl was sufficient to
suppress MB formation®® and (2) inactivation of GIlil significantly reduced spontaneous MB
formation®. In another trasngenic mouse MB model driven by SmoM2, cre-mediated ablation of

Hk2 minimised the aggressiveness of MB and improved survival®.

1.1.5. Additional extracellular players in MB progression

Most of what is known about Shh-MB arises from research focused on GCPs, the cell of origin of
this subgroup. Although Shh signaling is a central pathway in the tumor initation and pogression
of Shh-MB, it is important to keep in mind that additional extracelulular ligands in the developing
cerebellum also influence Shh-MB tumorigenesis. I briefly describe the contribution of two
extraceullar signaling pathways: IGF2 signaling and Norrin/Frizzled signaling.

IGF signaling pathway:

The Shh pathway is primarily responsible for GCP proliferation, however Insulin-like Growth

Factors (IGFs) also aid in their survival and expansion during cerebellar development>. In
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addition, Tanori and colleagues showed that increased /gf7 expression in the Ptchl heterozygous
mutant mouse model potently increased GCP proliferation, delayed differentiation and dampened
their apoptosis®. In addition, preneoplastic lesions form de novo when IgfI is highly expressed,
but this does not alter how quickly those lesions progress to become complete tumors>®. On the
other hand, Corcoran et al demonstrated in the Ptchl heterozygous mutant mouse model that
expression of [gf2 which is a growth promoting factor is required for the progression of
preneoplastic lesions to advanced tumors by promoting tumor cell proliferation, but Igf2 is not
sufficient for de novo preneoplastic lesions at the initiation stage>’.

Norrin/Frizzled signaling:

There exists multiple tumor stromal cells and resident immune cells in both preneoplastic lesions
and advanced medulloblastoma, suggetsing their contribution to the tumorigenesis®®. The blood-
brain barrier (BBB), which is made up of astrocyte processes, pericytes, and endothelial cells,
protects the brain parenchyma by tightly regulating the movement of molecules, ions and even
foreign substances such as chemotherapy drugs®®. The vascular development in the cerebellum is
maintained via the interaction of the vascular endothelial cell with the neural cells. A key
endogenous signalling axis that is invovled in this process is the Norrin/Frizzled pathway, wherein.
Norrin, which is an atypical Wnt ligand, specifically interacts with Frizzled to activate B-catenin—
dependent canonical Wnt signaling®®-®!. The regulation of Wnt signaling in the endothelial cells
aids in maintaining an intact BBB in SHH-MB®2. During the early stages of tumorigenesis,
Norrin/Frizzled signaling functions as a tumor-suppressive mechanism by the restoration of
normal vascualture and inhibition of angiogenesis mediated by tumor-cell derived Wnt signaling®®.

Conversly, loss of Frizzled signaling causes the activation of angiogenesis and stromal remodelling
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leading to a decrease in apoptosis, more tumor cell prolifertaion and higher rates of Ptchl LOH

and progression to advanced MB tumors in the Ptchl heterozygous mutant mouse model®.

1.2 Medulloblastoma (MB)

Medulloblastoma (MB) is the most common malignant pediatric brain tumor and is one of the
leading causes of cancer-related deaths in children, but it is also diagnosed in adults. These tumors
originate from the posterior fossa but can spread to various parts in the brain and to the spinal cord.
MB is classified into four molecular subgroups: Wingless Int-1 (WNT), Sonic Hedgehog (SHH),
Group 3 (G3), and Group 4 (G4) (Figure 1.2). This classification is based on a comprehensive list
of parameters including genetic alterations, transcriptomic gene expression analyses, methylation
pattern analyses, and clinical characteristics such as age of onset, histology, prognosis, or
metastatic risk®7!. The current standard therapy which consists of maximal safe surgical removal
of the tumor, risk adapted radiation therapy, and chemotherapy, is non-specific to the subgroups.

Recent large scale “~-omics” screening of human MB tumors, combined with several lines of
data gathered from candidate gene approaches in mouse models demonstrate that (1) these tumor
subgroups display deregulation of specific developmental pathways that are critical for normal
cerebellar development such as SHH and WNT, (2) the cells of origin for each of these subgroups
are temporally and spatially distinct cerebellar progenitors and finally (3) these larger tumor
subgroups are further subdivided into 12 biologically distinct and clinically relevant MB subtypes

to address molecular and clinical intra-subgroup heterogeneity!-6%72-74,

1.2.1 Molecular subgroups of MB

SHH-MB
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Of all MBs, about 30 % belongs to the SHH subgroup, characterized by mutations in
different components of the SHH pathway. SHH tumors are further subdivided into four subtypes
based on age as a top criterion: SHHa (29 % in adolescent children between 3-10 years), SHHf
(16 % in infants <3 years having poor prognosis), SHHy (21 % in infants <3 years having good
prognosis), and SHHS (34 % in adults).

SHH tumors occur mostly in infants (pediatric) and adults and are molecularly and clinically
distinct’. In adults, the male to female ratio is 2:1 and the SHHS subtype are mostly found in the
cerebellar hemispheres and are rarely metastatic’>. In infants belonging to the SHHP and SHHy
subtypes, the male to female ratio is 1:1. These pediatric tumors are detected in the hemispheres
(rarely midline) and are more frequently metastatic’>. SHH-MB can display different histology
types, though the most frequent is nodular desmoplastic and second frequent is the classic
histology®.

Germline mutations in SHH pathway components drive MB tumorigenesis. For instance, Gorlin

77,78

syndrome patients who have PTCH1 germline mutations’’-’® are predisposed to MB and basal cell

7980 and Li-Fraumeni

carcinoma (BCC). Likewise, individuals with SUFU germline mutations
syndrome patients who have TP53 germline mutations are all susceptible to MB8!. Somatic
mutations in PTCH1 are prevalent in infants, adolescents, and adults’>3283, Activating mutations
in SMO are found in adult and infantile SHH MBs, whereas SUFU mutations mostly occur in
infants”>%%, In adolescent patients belonging to the SHHa subtype, the genetic aberrations include
amplification of MYCN, SHH, GLI1, GLI2 transcription factors as well as somatic mutations in

TP537°. TP53 mutation status has high prognostic impact. Whole genome sequencing has

identified other recurring mutations in sporadic MBs that are genes known to either interact with
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or amplify SHH signaling such as KM72D (12%), DDX3X, GSEI, GNAS, CREBBP and
RKARIA%.

The following chromosomal aberrations have been detected to date in the SHH subgroup till date:
Loss of 17p (19.8 % in adult SHH vs 12.7 % in pediatric SHH), 10q loss (19.8 % in adult SHH vs
54.5 % in pediatric SHH) and 3q gain (27 % overall) 7. However, the most frequently detected
was the deletion of chromosome 9q (37.5 % in adult SHH vs 56.4 % in pediatric) which, not
surprisingly, is the location of PTCH1 (9q22)7°.

The 5-year overall survival for SHH subgroup is about 77 % in infants, about 69 % in children and
about 75 % in adults®. Despite many patients with SHH MB having favourable outcomes with
current treatments, we require specialized and targeted therapeutic approaches due to the
debilitating long term neurological side effects. Following surgical resection, treatment with high
dose craniospinal radiation and adjuvant chemotherapy still leaves certain subtypes like SHHa
patients with poor outcome. On the other hand, some MBs can be cured without radiotherapy by
using postoperative chemotherapy®. As with most chemotherapeutics, it aids in controlling tumor
locally, and has more global cytotoxic effects in patients. The gold standard chemotherapy regimen
includes 7 weeks of vincristine, a gap of 30 days, followed by alternating cisplatin and
cyclophosphamide every 5™ week starting at 11" week.?’

The most popular therapy for SHH-MBs that has been successful in preclinical studies is the
inhibition of SMO using small molecule inhibitors such as vismodegib and sonidegib®®. Although
vismodegib has been approved for BCC treatment, it is still not for adult SHH MBs. This could be
due to the acquired resistance in SMO resulting from a mutation in its extracellular domain
preventing vismodegib binding®. Another reason could arise from the drug’s inability to exert its

effects due to the loss of primary cilia (the primary location of SMO-mediated SHH signaling),
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which would allow basal constitutive activation of the pathway”’°!. For the treatment of patients
with standard and high risk newly diagnosed SHH MB, a Phase II clinical trial of vismodegib in
combination with chemotherapy (cisplatin, vincristine, and cyclophosphamide) is active currently.
In case of Sonidegib, pediatric patients showed permanent bone growth defects in Phase I/II

studies.

WNT MB

This subgroup only accounts for about 10 % of all MBs. The 5-year overall survival is
higher than 90 %, meaning patients with WNT MB have the best prognosis. These tumors are rare
in infants and are prevalent in children between 6-12 years of age (WNT-a) and are evenly
diagnosed in males and females®?. The tumors in adults >17 years belong to the WNT-f subtype.
At the diagnosis, these tumors are located in the fourth ventricle, along the brainstem with very
rare metastatic presentation®’.
It is well known that Turcot syndrome patients who have germline mutations in the WNT pathway
repressor, Adenomatous polyposis coli (APC), are predisposed to WNT MB83°+% The Mutations
in f-catenin (CTNNB1), which is the transcriptional activator of the WNT pathway is the other
major driver for WNT MBs”>*7. More than 97% of WNT MBs are caused by mutations in these
two driver genes. Some other recurring mutations found in these tumors are in genes encoding
DDX3X, TP53, SMARCAA4. Loss of chromosome 6 is the only cytogenic alteration in WNT MBs.
Such genetic aberrations occurring in lower rhombic lip progenitor cells of the embryonic dorsal
brainstem are responsible for formation of WNT MBs®.
The aim for the ongoing clinical trials for WNT MB is to retain high cure rates and minimizing

adverse side effects of treatment. Therefore, it focuses on developing de-escalation of treatment
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options including reduction of craniospinal radiation dosage and/or chemotherapy regimens

(NCTO01878617, NCT02724579).

Group 3 (G3) and Group 4 (G4) MBs

Group 3 (G3) accounts for about 25 % of all MB cases and have the worst prognosis and
highest rate of metastasis’®*°. The male to female ratio of occurrence is 2:1 and is prevalent in
young children (3-10 years) mainly, with rare occurrence in teenagers and infants’®. The three G3
subtypes are: G3-a (chromosomes 8, 10 and 11 loss, chromosome 7 gain, and i17q, MYC
amplification), G3-B (OTX1 gain and DDX31 loss on chromosome 9 and a high expression of
GFI1/GFI1B) and G3-y (i17q and MYC amplification)’?. Metastatic presentation is observed in
about 40% of all G3 cases”®.
Group 4 (G4) MBs make up around 40 % of the total cases and have an intermediate prognosis
like that of SHH MBs%. For G4, male to female ratio is 3:1, and is prevalent across all age groups
with rare occurrence in infants®*’%35. The three subtypes are: G4-a (MYCN and CDKNA
amplifications, as well as 8p loss and 7q gain), G4-B (synuclein, a interacting protein (SNCAIP)
duplications) and G4-y (8p loss, 7q gain and CDKNA amplifications)’?. They are detected along
the midline occupying the fourth ventricle, and about 40 % of all G4 tumors are metastatic’%,
Recent multi-omics studies have revealed that G3 and G4 MB tumours originate mostly from
progenitors in the subventricular zone (SVZ) of the human rhombic lip, which is internalised in
the nodulus region of the cerebellum. From the rhombic lip SVZ pool, cells in the undifferentiated

state give rise to G3 tumors, and the more differentiated glutamatergic cerebellar nuclei and UBCs

give rise to G4 tumors.
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At the molecular level, Group 3 and Group 4 tumors are the least well understood. Although not
well studied sparing certain MB cell line establishment, there are also few MB tumors that share
characteristics with both groups, leaving them with an ambiguous subgroup identity’*7>?, What
is quite evident is that 1) MY C amplifications are largely confined to G3 tumors and 2) G3 tumors
possess well-defined photoreceptor identity gene expression similar to the signature identified in
the human fetal rhombic lip. On the other hand, G4 tumors is suggested to resemble a typical UBC
gene signature. However, it is imperative to keep in mind that G3 and G4 tumors share a continual
differentiation pat. The current model suggests that the rhombic lip SVZ progenitors are the central
lineage of origin for G3 and G4 tumors and are defined by the extent of their differentiation along
a proliferative glutamatergic trajectory towards the UBC lineage. There is also a frequent overlap
in the genetic alterations found in Group 3 and Group 4, such as DDX31 deletions, OTX2 and
GFI1/GF11B amplifications, CHD7, KMT2D and KMT2C mutations’!3:19,

Current standard of care for Group 3 is associated with considerable morbidity, and new strategies
need to be developed. Chemotherapy drugs such as pemetrexed and gemcitabine are currently

101

being tested in a clinical trial for Group 3 patients'’’. Treatments against TGF-[3 signaling, such as

targeting MYC-driven transcriptional activity and cell growth could also be more effective
possibility, since Group 3 tumors are mainly associated with TGF-[3 signaling®8102.103,

For Group 4, there is no ongoing preclinical or clinical studies. Group 4 MBs appear to have an
enrichment of genes involved in neural differentiation and neuronal development based on some
studies, however the clinical significance and genetic basis of this has not yet been demonstrated
to move forward with therapeutic possibilities®>!*. Owing to growing research in subtype

distinction in G4 tumors, we can anticipate improvement in therapeutic strategies and survival

rates in the future.
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patients)
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20% 33% 8.9% 9.4%(5)
(a) (B {v)

Filamin A, YAP1, SFRPL,
GAB1

9q deletion, loss of 10q
and 17p, gains of 3g and 9p

PTCHI1, TP53 (high
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Figure 1.2. Overview of MB subgroups. This table has details on patient demographics and
molecular features of each subgroup and their subtypes.

LCA: Large cell/anaplastic; ND: Nodular Desmoplastic; GCP: Granule cell progenitor; EGC:
External granule layer; BBB: Blood—brain barrier; G3: Group 3; G4: Group 4; HDAC: Histone
deacetylases; IHC: Immunohistochemistry; FISH: Fluorescence In Situ Hybridization; SHH:
Sonic Hedgehog; WNT: Wingless. Figure from (Doussouki ME and Chamdine O, 2019)!%.
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1.2.2  Shh signaling-based MB mouse models

Numerous genetic mouse models that replicate each of the four MB subgroups have been
developed!?%1%7, Understanding the molecular mechanisms underlying SHH-MB has been the
focus of my thesis, and I have used two well established and widely accepted SHH-MB mouse

models for this research.

Ptchl +/- mouse model:

Ptchl heterozygous mice is a model that recapitulates the histological features of human
MB caused by the most frequent MB driver mutation (PTCH1). In this mouse model, part of Ptchl
exon 1 (including the putative start codon) and all of exon 2 were replaced with lacZ and a
neomyecin resistance gene; the resultant protein made from any alternative start codon would lack
the transmembrane domain, thus affecting its orientation on the membrane leading to pathway
actviation®”. Two distinct groups developed genetically engineered Ptchl*- mouse models that
could generate MB tumors with a low 14% incidence, and latency between 5-25 weeks**!1%8,
Further, our lab has demonstrated that these Ptchl*- tumors are representative of the Shha subtype
specifically>2. Goodrich et al also observed that full activation of the Shh pathway, as in the case
of homozygous germline deletion of Ptchl (Ptchl”") led to embryonic lethality*?. Strikingly,
Ptchl*" mice crossed with a p53-null mice dramatically increased the MB incidence to 100% and
reduced the latency to 12 weeks'®. Several researchers utilize the Ptch1*- mice as a pre-clinical
model in combination with genetic alterations of candidate genes that may serve as potential
drivers of Shh-MB.

In addition to homozygous deletion of Ptchl (Ptchl”"), GCP-specific hyperactivation of Shh

signaling achieved with over-activating point mutation of Smo (W539L: SmoA1/M2 or S537N:
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SmoA2) or Gli overexpression can also result in Shh-MB tumors with a high penetrance. This is

because GCPs, which is the cell of origin of Shh-MB retain their tumorigenic potential until P10.

Overactivated Smo mouse model

Since the Ptch1™- transgenic line displayed low tumor incidence, another mouse model
capable of resulting in higher tumor incidence was developed. Widespread upregulation of Shh
signaling ensuing from the embryonic stage achieved by homozygous mutations in components of
the Shh pathway mainly caused embryonic or early postnatal death. So, an essential and cell-
autonomous positive effector of the Shh pathway, Smo was chosen for this improved Shh-MB
model. ND2-SmoA hemizygous mouse model was created by Hallahan et a/ in which a
constitutively active Smo was exclusively produced in GCPs under the control of the NeuroD?2
promoter*’. Following this, the same group developed a homozygous a ND2-SmoA mouse model
(Smo/Smo) 8. The MB incidence went from 48% in hemizygous model to 94% in the homozygous
model.
Furthermore, mutant forms of SMO were previously identified in human BCC and MB!!%:!!1,
Consequently, point mutations such as W539L (designated as SmoA1/M2) or S537N (designated
as SmoA?2) in a conditionally activated allele of Smo was targeted into the ubiquitously expressed
Rosa26''%-113 'When crossed with a MathI-Cre driver mice, the SmoM2 mutant results in the
ligand-independent constitutive activation of the Shh signaling specifically in GCPs until P7-

P10%!2, Math1-Cre*; Smo"”™? mice is an aggreeive MB mouse model that developed diffuse MB

with 100% penetrance and had an avergae survival of about 35 days®.
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1.2.3. Events in Shh-MB progression using Ptch1+/- mouse model

The first indication that hyperactive SHH signaling due to mutations in components of the
SHH pathway are responsible for MB tumorigenesis was from the finding that Gorlin syndrome
patients, who inherit germ line mutations in the PTCH1 gene, are predisposed to SHH-MB, basal

14117 The most commonly occurring mutations in

cell carcinoma and rarely, rhabdomyosarcomas
human SHH-MBs are mutations in PTCH1, SUFU and SMO, or amplifications in GL/ family of
transcription factor (GLII, GLI2) and N-MYC %. As a result, clinically relevant mouse models
such as those with Ptchl heterozygosity and activating mutations in Smo have been developed to
study Shh-MB, as described in the previous section*?. The” one-hit model” of activated Smo
(SmoM?2) is sufficient for constant activation of the Shh pathway to lead to MB tumor formation
with 100% incidence and very short latency, thus making it a very aggressive MB model'!3. Mice
with Ptchl heterozygosity, on the other hand, develop MB tumors with lower penetrance and
longer latency *.

In the past, researchers claimed Ptchl heterozygosity to be the initiating event which led
to the formation of precancerous lesions (also called preneoplastic lesions) which are discrete
cancerous foci preceding advanced tumor development on the cerebellar surface between P14-P40
in Ptchl*~ mouse model''®!'°. This was thought to be followed by a second step of Ptchl LOH
for advance tumor formation!!3.

Two important observations from previous studies facilitated further understanding of
tumor progression: (1) the incidence of preneoplastic lesions in this model is much higher than

that of advanced tumor*®>’, and (2) all advanced MB exhibit Ptchl LOH!8, This raises the

possibility of a tumor suppressive mechanism after acquisition of Ptchl LOH to prevent advanced

45



tumor progression and work from our lab identified oncogene-induced senescence as this rate
limiting rate-limiting step in the progression of MB.

Altogether, the current paradigm is a three-step process of tumorigenesis in this mouse
model (Figure 1.2.3). First is the presence of Ptchl heterozygosity. Second, acquisition of Ptchl
LOH which leads to the formation of preneoplastic lesions, and induction of oncogene-induced
senescence, a mechanism of tumor suppression, the reason attributed to why certain tumors do not
advance to MB. Third, progression from a preneoplastic lesion to an advanced MB tumor requires
evasion of senescence. Tamayo-Orrego et al identified cellular senescence occurred due to
mutations in p53 and/or pl6ink4a (a cyclin-dependent kinase inhibitor) inactivation through
increased promoter methylation!?°,

Additional data from our lab delineates the mechanism of MB initiation, that is, the
acquisition of Ptchl mutation such as Ptchl LOH is the result of genomic instability through

replication stress induced by the mitogen Shh32,
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Figure 1.2.3. Multistep paradigm of PtchI™ MB. In addition to functioning as a mitogen, Shh
induces replication stress and a subsequent increase in recombination events in the cell of origin
of MB (GCPs) such as Ptchl LOH, which is indispensable for preneoplastic formation. Additional
genetic co-drivers are necessary for the transition to an advanced tumour from the preneoplastic
stage to overcome tumor suppressive mechanisms such as senescence. Figure from (Tamayo-
Orrego et al., 2016)'2!,
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1.2.4. Candidate collaborators of Ptchl LOH in Shh-MB

To understand the molecular mechanism of tumor formation and progression from a pre-
cancerous lesion to an advanced MB tumor, we performed deep sequencing of RNA and identified
potential somatic mutations in Ptchl+/- MB that aid in tumor progression. Our lab has shown that
cellular senescence is a tumor suppressive mechanism following Ptchl loss of heterozygosity in
preneoplastic MB lesions, whereby the cells select for p53 mutations or pl6ink4a inactivation,
which will lead to evasion of senescence and thus progression to advanced MB tumors '?°, In
addition, deep sequencing of RNA from Ptchl +/- MB tumors revealed mutations in certain genes
known to be implicated in various pathways ranging from mitochondrial metabolism, proteasomal
regulation, RNA regulation and cell proliferation. Of interest, mutations in two genes, SMG/ and
SMGS5 were identified. SMG1 and SMGS5 are important components of a mRNA surveillance

mechanism called nonsense-mediated mRNA decay (NMD).

1.3. Nonsense-mediated mRNA decay (NMD) pathway
1.3.1. Classic NMD/ EJC-dependent NMD

DNA is transcribed to pre-mRNA, which undergoes processing steps such as 5’ capping,
3’ poly-adenylation and splicing, to form a processed mRNA. Eukaryotic cells are subject to a
variety of environmental stress, genetic insults, and errors in pre-mRNA splicing, and these can
alter the protein-coding potential of the DNA/mRNA, thus affecting both the quality and quantity
of mRNA being produced. To maintain the integrity of gene expression, cells employ surveillance
mechanisms that scans mRNAs for any errors that may eventually lead to the excessive production
of deleterious proteins '2*124, NMD is a translation-dependent mechanism involving degradation

of faulty transcripts through a highly orchestrated sequence of protein-protein interactions
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involving core NMD factors such as UPF1, UPF2, UPF3B, SMG1, SMG5, SMG6 and SMG7'%,
Intron splicing results in the deposition of tetrameric complexes known as Exon junction
complexes (EJC) approximately 20—-24 nucleotides upstream of exon—exon junctions. EJC recruits
UPF3B, followed by association with UPF2. During translation, the ribosome along with the
release factors, eRF1 and eRF3 scans along the mRNA and displaces every EJC until it reaches
the canonical termination codon, where translation terminates. This is the case for a normal
transcript with no premature termination codon (PTC). However, when an mRNA has NMD
sensitive features in the canonical ORF such as the presence of a PTC located >55 nucleotides (nt)
upstream of an exon-exon junction, then the ribosome halts followed by EJC retention resulting in
translation termination!2. This triggers the most well studied branch of NMD called the 3' UTR
EJC-dependent NMD, with the RNA helicase UPF1 being the central effector in the pathway!?*
(Figure 1.3.1). A close encounter with the PTC during the pioneer round of translation causes the
interaction of UPF1 with the cap binding protein on the 5’cap to facilitate association of UPF1
with the kinase SMG1 and to release factors bound to the ribosome to form the SURF complex
(SMG1-UPF1-eRF1-eRF3). The SURF complex interacts with the UPF2/UPF3B bound EJC,
resulting in the formation of a decay inducing complex (DECID)!?7-12°, Transition to the DECID
complex initiates the remodelling and translocation of NMD complexes from 5’end of the EJC
toward its 3’end, which has three consequences on the pathway. First, the ribosome along with the
release factors are dissociated and this is thought to link the surveillance machinery to translation
termination. Second, it triggers the phosphorylation of UPF1 by SMG1 kinase, which is the most
critical step of NMD pathway'?’. Third, UPF1 undergoes confirmational changes due to its

interaction with UPF2 to adopt an active helicase form. UPF1 unwinds the RNA and removes the
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proteins bound to the mRNA when its helicase activity is initiated, allowing recruitment of
nucleases to the mRNA to initiate the final degradation phase in the pathway.

Degradation of the faulty mRNA can occur either via the exonucleolytic or endonucleolytic RNA
degradation pathways. Phospho-binding proteins SMG5 and SMG7 are recruited to
phosphorylated UPF1 (p-UPF1) by forming a stable heterodimer to promote mRNA
deadenylation, decapping and 5'-3" or 3'-5’ exonucleolytic degradation!3%-132, Alternatively, SMG6
is an endonuclease that can be recruited to cleave the mRNA in the vicinity of the PTC into free 5
"and 3’ fragment ends for exoribonucleases to further degrade them!33-!%5, In addition, SMGS5,
SMG6, SMG7 along with protein phosphatase 2A (PP2A) also mediate dephosphorylation of
UPF13%138  Overall, UPF1 undergoing cycles of phosphorylation and dephosphorylation by
complexing with various NMD effectors is essential for NMD-mediated degradation of the mRNA

target.

1.3.2. EJC-independent NMD

In mammalian cells, there are at least two different branches of NMD, and NMD target
discrimination dictates the choice of the NMD mechanism. Studies using knockdown of EJC
components, and experiments using artificial tethering of UPF1 to 3' UTRs, revealed evidence for
cellular transcripts undergoing EJC-independent NMD (Figure 1.3.1)!3%14,
In a normal scenario, to ensure prompt and effective termination of translation, the cytoplasmic
polyadenylate-binding protein 1 (PABPC1) binds to the polyA tail and causes eRF1 and eRF3 to

141 However, if UPF1, which is known to compete with

be recruited to the terminating ribosome
PABPCI located on the polyA tail, recruits the translation termination complex, the mRNA

undergoes NMD!#2143 The distance between the PTC and the PABPC1 protein on the polyA tail
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affects NMD activation'*1%>, The probability of inducing NMD increases as this distance
increases. Hence, physiological nonmutated transcripts with length of the 3’UTR greater than 1000
nt are susceptible to EJC-independent NMD!4, In addition, since UPF1 binding is promiscuous
and is found on most cellular mRNAs'¥, the likelihood of UPF1 occupancy is enhanced in case
of a long 3’UTR, subsequently amplifying the possibility that the bound UPF1 will be
phosphorylated and activate NMD. This hypothesis was supported by transcriptome-wide analysis
in human cells with the finding that p-UPF1 was enriched on the 3' UTRs of EJC-independent

NMD targets, as in the case of EJC-dependent NMD targets!47-148,
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Figure 1.3.1. EJC-dependent and EJC-independent NMD pathway.

During normal termination, EJCs (that were deposited at every exon-exon junction post splicing)
and any promiscuously bound UPF1 are typically cleared from the 5S’UTR and CDS by translating
ribosome. UPF1 cannot associate with the termination complex also because of PABPCl's
interactions with eRF1-eRF3 or translation initiation factor elF4G.

(a) EJC-dependent NMD: Unlike most termination codons that are located in the final exon and
thus downstream of exon—exon junctions, if a PTC is located >50—55 nt upstream of an exon—exon
junction, it results in retention of EJC downstream and premature an inefficient translation
termination. PABPC1 and eRF3 cannot interact properly because of the retained EJC. The NMD
factors UPF1 and the SMG1 complex (SMG1, SMG8 and SMG9) associate with the eRF1-eRF3
translation termination complex to form the SURF complex. Interaction of SURF complex with
EJC -UPF2-UPF3 results in DECID formation, which triggers SMG1-mediated phosphorylation
of UPF1. This facilitates recruitment of mRNA decay factors SMG5/7 and/or SMG6 to degrade
the PTC-containing mRNA by exonucleolytic and/or endonucleolytic cleavage.

(b) EJC-independent NMD: Physiological mRNAs that have unusually long 3’UTRs (>1000 nt)
are also subject to NMD. With increased distance between PABPC1 and the PTC, translation
termination is inefficient as PABPC1 cannot effectively recruit eRF1-eRF3 termination complex,
resulting in retention of the many promiscuously bound UPF1 proteins on the 3’UTRs. This
increases the likelihood of UPF1 phosphorylation, and thus NMD initiation. SURF complex is
formed, and UPF1 phosphorylation occurs independent of EJC, subsequently followed by mRNA
decay.

Coding sequence (CDS); Exon junction complex (EJC); Polyadenylate-binding protein 1
(PABPC1); eukaryotic release factor 3 (eRF3); Premature termination codon (PTC); release factors
(eRF1-eRF3); SMGI1-UPF1-eRF1-eRF3 (SURF); Decay inducing complex (DECID).

Figure from (Kurosaki T et al, 2019)'%3
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1.3.3. Key NMD effectors (UPF proteins, SMG proteins, EJC components)
Up-frameshift proteins (UPF)

The three UPF proteins, UPF1, UPF2 and UPF3B (also called SMG2, SMG3 and SMG4,
respectively) that form the core machinery of the NMD pathway were discovered in genetic

138149 orthologs of which were described in humans, mice,

screens in S. cerevisiae and C. elegans
and flies!>*!3!, The interaction of these proteins is critical for the recognition of the PTC-containing
transcript, and the recruitment of NMD-related mRNA degradation factors. UPF1 is an ATP-
dependent RNA helicase that contains 1) an N-terminal cysteine- and histidine-rich (CH) domain
which is preceded by an unstructured proline-glycine rich region, 2) an RNA helicase domain (HD)
in the middle, and 3) a C-terminal serine- and glutamine-rich (SQ) domain'4”!>2 (Figure 1.3.3a).
There are multiple experimentally validated phosphorylation sites targeted by SMG1 kinase in the
amino-terminal unstructured region (T28 for SMG6) and the carboxy-terminal SQ domain of
UPF1 (S1073, S1078, S1096 and S1116 for SMG5/7)!3. The distinct residue that undergoes
phosphorylation determines which NMD factor (SMG6 or SMG5/7) will be recruited to induce
decay downstream!>?,

Inactive UPF1 has its CH domain tightly folded into its HD, forming a closed structure allowing
it to clamp RNA but prevent the ATPase and RNA helicase activities'>>!%’, Trans-binding of UPF2
to the regulatory CH domain of UPF1 during NMD results in a substantial conformational change

155,158

giving it an open configuration which triggers UPF1 helicase activity , allowing protein

clearance from the RNA to initiate the decay phase.
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Figure 1.3.3a. Structure of UPF1 protein. UPF1 consists of: (1) N-terminal unstructured region,
(2) a cysteine- and histidine-rich (CH) domain, (3) a central helicase domain which consists of two
ATP-binding RecA-like domains (HD), (4) C-terminal serine- and glutamine-rich (SQ) domain.
Phosphorylation sites exist in many [S/T] Q motifs in the amino-terminal unstructured region and
the carboxy-terminal SQ domain of UPF1. Red depicts experimentally validated phosphorylation
sites; Number depicts amino acid positions. Figure from (Kim YK et al, 2019)!*°
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The activity of UPF1 is stimulated during NMD by UPF2 and UPF3B, which are nonenzymatic
components of the surveillance complex!>®. Mendell et al observed perinuclear localization of
UPF2, followed by recruitment to the mRNAs in the nucleus due to splicing!®’. UPF2 acts as a
molecular linker that can have interactions with several NMD factors. UPF2 can associate with
UPF3B which is bound to the EJC, the release factor eRF3 recruited to the ribosome, and be
involved in SMG1-UPF1 interaction'®!.

In vertebrates, the least conserved UPF protein is UPF3162

, and two alternatively spliced isoforms
of UPF3 exists; UPF3A and UPF3B!3%163, NMD is inhibited by UPF3A, while NMD is activated
by its paralog, UPF3B!%4, Functioning as an adaptor protein that allows interactions between UPF2
and EJC, UPF3B promotes UPF1 activation and premature translation termination. In mammals,
compared to UPF3A, UPF3B has stronger binding affinity to the EJC hence acting as the dominant
paralog carrying out UPF3-mediated functions in NMD. This was specifically due to the role of
UPF3B in the recruitment of eRF3 to position it at the A site of the ribosome, followed by SMG1-
mediated UPF1 phosphorylation'®®. Since both proteins competitively bind to UPF2, these two
proteins function differentially in NMD to modulate the level of gene expression during key

processes such as neurogenesis, embryogenesis, apoptosis, and stress response!?>164166 UPF3A

could inhibit NMD by sequestering UPF2 from an NMD substrate RNA.

Suppressor with Morphological effects on Genitalia (SMG) proteins

SMGI is a serine/threonine protein kinase and is one among the 6 members of the
Phosphatidylinositol 3-kinase-related kinase (PIKK) family (ATM, ATR, DNA-PKcs, mTOR,
TRRAP, and SMG1), all of which contain a HEAT domain followed by a C-terminal PI3K catalytic

domain. The most studied function of SMGI1 is its involvement as a critical component of the
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NMD machinery, being the kinase that drives phosphorylation of the ATP-dependent RNA helicase
UPF1, which is the rate-limiting step for NMD!33:167, Two other NMD factors, SMG8 and SMG9
form a stable heterodimer to complex tightly with SMGl, to regulate its kinase activity!68-170
(Figure 1.3.3b). SMG9Y binds to SMG1 directly and is necessary for the association of SMG1 with
SMG8'7, In isolation, SMGS8, which contains a C-terminal kinase inhibitory domain (KID),
suppresses the kinase activity of SMGI by steric hinderance of the catalytic kinase domain of
SMG1!"!, Formation of the DECID complex during NMD triggers restoration of the kinase activity
of SMG1 by providing accessibility to its catalytic domain. This is facilitated by a significant
conformational change of SMG8-SMGY heterodimer. Although the mechanism of activating
SMG1 is yet to be explored, structural studies predict that GTP hydrolysis of SMG9 can drive the

KID to shift out of the inhibitory position!7!:172,
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Figure 1.3.3b. Regulation of SMG1 kinase by SMG8-SMGY heterodimer.

Right schematic: SMG1 has a kinase domain, and SMGS has a kinase inhibitory domain. These
two domains create a physical steric hindrance that prevents UPF1 to be accessed by SMG1. GTP-
bound SMG9 facilitates this closed inactive confirmation.

Left schematic: A conformation switch, possibly through GTP hydrolysis of SMG9 facilitates the
catalytic pocket of SMGI to be exposed for UPF1 binding, and subsequent phosphorylation.
Kinase domain (KD); Kinase inhibitory domain (KID). Figure adapted from (Zhu L ez al, 2019)!"!
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In vitro mutational analyses revealed that SMG1 can phosphorylate multiple serine/threonine
residues such as LS1073QP, LS1078QD, LS1096QD and LS1116QY in the C-terminal SQ-rich
region of UPFI1*!7*, Among these, S1078 and S1096 are also verified as substrates for
phosphorylation by SMG1 in vivo'>?. SMG1-mediated phosphorylation of UPF1 on the faulty
mRNA represents strong commitment to NMD since it precludes additional rounds of translation
initiation. In addition, activated UPF1 creates an excellent platform for recruitment of crucial RNA
degradation enzymes such as SMG6, SMGS5/7 (described in section 1.6.4).

In addition to these, Yamashita et a/ showed that SMG1 can phosphorylate the oncogene p53 at
the serine 15 position in its SQ motif, a known substrate of other PIKKs, as predicted from the

sequence conservation of the PIKK domain!™3

. Trigger for p53-S15 specific phosphorylation was
found to be exposure to UV/IR-induced genotoxic stress, but the mechanism of SMG1 activation
in this context is unknown. In addition to its important role in NMD, SMG1 has been found to
participate in other distinct processes which include cell cycle regulation through p53-dependent

DNA damage response, maintaining telomere integrity and embryogenesis 174177,

Exon Junction complex (EJC) components

The EJC is a protein complex that assembles downstream of exon-exon junctions during
the process of splicing. It consists of four RNA-binding proteins, including elF4A3, Y14/
MAGOH, and Barentsz (also known as MLN51 or CASC3) associating with the mRNA and
ATP!78, The EJC marks the position of exon-exon junctions on the mRNA molecule. Being an
ATP-dependent RNA helicase, eIF4A3 binds and unwinds mRNA to allow recruitment of the other
EJC factors Y14/ MAGOH and MLN51!7°, A heterodimer is formed by the association of Y14 and

MAGOH to inhibit the eI[F4A3 ATPase activity, thus ensuring stable high affinity binding of
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elF4A3 with the RNA. In this conformation, eIF4A3 readily binds to MLNS51 and stably loads
other NMD-related proteins onto the mRNA. NMD factor UPF3B interacts with EJC-associated
proteins, forming a complex that bridges the connection between the EJC and the ribosome stalled
at the PTC. When a ribosome encounters a PTC within an mRNA, the presence of a stable
tetrameric EJC downstream of an exon-exon junction is critical for recognition of the PTC. This

renders the EJC to act as a signal that helps recruit the essential NMD machinery to the mRNA.

1.3.4. Degradation mechanisms of NMD target

Two crucial commitment steps occurring before the NMD-targeted mRNA is sent to the
degradation phase is SMG1-mediated phosphorylation of UPF1 and translational repression!47-180,
Continuous repression of translation initiation is achieved through the direct interaction of p-UPF1
with the translation initiation factor elF3, thus inhibiting the conversion of 40S-bound mRNA to
translationally active 80S-bound mRNA'#, The degradation phase begins with the binding of
NMD effectors SMG5, SMG6 and SMG7 to p-UPFI, which triggers recruitment of
endoribonucleolytic and exoribonucleolytic mechanisms!>*!3! (Figure 1.3.4).
Phosphorylation of UPF1 by SMG1 at position T28 in its amino-terminal unstructured region
results in the direct recruitment of the endoribonuclease SMG6!34133, In very close proximity to
the termination codon, SMG6 cleaves the target mRNA to yield free 5'-cleavage fragments and 3'-
cleavage fragments!3*. The unprotected 5'-cleavage fragment is potentially degraded from the 3°-
5’ direction mediated by either the RNA exosome or the exosome-free nuclease DIS3L.2!'8%184 The
3'-cleavage product that is still associated with UPF1 and NMD-related proteins are made
accessible to 5'-to-3" exoribonuclease XRN1 for degradation after clearing of the RNA fragment

from proteins by activated UPF1 helicase!>2.
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On the other hand, if phosphorylation of UPF1 by SMG1 occurs at positions S1073, S1078, S1096
or S1116 in the carboxy-terminal SQ domain of UPFI, it results in the direct recruitment of the
SMG5-SMG7 heterodimer, which facilitates deadenylation/decapping and degradation!>*!%3,
SMGT7 recruits the deadenylation machinery by direct interaction with the POP2 catalytic subunit
of the CCR4-NOT deadenylase complex, which eliminates the polyA tail'*>!86.187 Deadenylated
mRNA undergoes exosome-mediated 3'-to-5’ degradation!®®. On the other hand, decapped mRNA
is subjected to 5'-to-3" exoribonucleolytic cleavage!®®!88, The decapping enhancer PNRC2 can
elicit decapping by associating with SMGS5 and other components of the decapping complex such
as DCPIA and DCP2'8>189  Additionally, the deadenylase complex can also contribute to the
recruitment of DCP2 to the mRNA38,

Irrespective of the pathway utilized for the degradation of the target mRNA, it is followed by
dephosphorylation of UPFI1 facilitated by protein phosphatase 2A (PP2A), and SMGS5-

SMG7136,137,147,181
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Figure 1.3.4. SMG6, SMG5/7 mediated mRNA degradation mechanisms. NMD initiation
results in the formation of SURF complex, followed by DECID complex and UPFI
phosphorylation. SMGS5, SMG6 and SMG7 are phospho-binding proteins that bind to p-UPF1 at
specific sites. SMG6 being an endonuclease, it cleaves the mRNA in the vicinity of the PTC.
Whereas decapping (DCPC-DCPla and PNRC2) and deadenylation (CCR4-NOT) machineries
are first recruited by SMG5/SMG7. Both pathways generate decay intermediates, including
uridylated decay intermediates. These are preferably degraded 3'-to-5' by the exosome or the
exosome-free 3'-to-5' exonuclease DIS3-like exonuclease 2 (DIS3L2). Non-uridylated decay
intermediates undergo 5'-to-3' degradation by exonuclease XRN1. Figure from (Kurosaki T et al,
2019)!%3
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1.4. Regulators of NMD

In addition to serving as a quality control mechanism, NMD also functions as a master
regulator of normal gene expression. This necessitates robust and controlled regulation of the
process of NMD itself to ensure cellular protection from environmental and genetic insults.
Potential mechanisms that cells employ for NMD regulation include altering the abundance of
individual NMD factor availability, coordinated feedback loops with NMD autoregulating NMD
factors, modulating NMD activity through phosphorylation of NMD factors, microRNAs and even

alternative splicing.

1.4.1. Autoregulation of NMD

Depletion of NMD factors such as UPF1 and UPF3B resulted in upregulation of another
NMD factor SMGS5, suggesting an NMD feedback regulatory response!¢%!°0. Other lines of
evidence for NMD factors acting as NMD substrates themselves comes from Huang et al and
Yepiskoposyan et al, in which transcriptomic analysis of Hela cells depleted for UPF1, SMG6 or
SMG7 revealed upregulation of mRNAs encoding seven NMD factors UPF1, UPF2, UPF3B,
SMG1, SMG5, SMG6 and SMG7Y1192, Out of these, mRNAs encoding UPF1, UPF2, SMGI,
SMGS5, SMG6, and SMG7 had 3'UTR lengths >1200 nt!°"1°2, In addition, UPF2, SMG1, SMG5
and SMG7 also had an uORF in their 5’UTRY .12, UPF1 RNA immunoprecipitation
experiments!'®>1%4 RNA half-life studies'*!!> and NMD reporter assays using the NMD-eliciting
5’ and 3° UTR constructs!#®!192 altogether proved that NMD factors are direct NMD targets, and

are subject to autoregulation.
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In cases where UPF3B is downregulated or eliminated, UPF3A is dramatically upregulated. Under
normal conditions, UPF3A which is an NMD repressor, is typically unstable and has lower affinity
than its paralog UPF3B to bind to EJC and UPF2. Consequently, depleting cells of UPF3B
provides UPF3A the chance to steadily bind to UPF2 and EJC, and this binding makes UPF3A
protein stable. This is a well-defined example of NMD regulation based on the abundance of
individual NMD factors!®,

Here are some known examples of how post translational modifications including
phosphorylation of NMD factors are used to control their activity and hence regulate NMD. The
most well studied modification is the phosphorylation of the central NMD effector UPF1 by SMG1
kinase, which leads to a series of tightly regulated interactions with a downstream EJC, ultimately
causing a rapid decay of the NMD targets'®>. EJC factors such as Y14, RNPS1 and EIF4A3 are
known to undergo post translational phosphorylation, and this was reported to interfere with their

assembly onto EJC and interaction with NMD factors!?¢-1%8,

1.4.2. microRNA-mediated regulation of NMD

Modulation of NMD efficiency through microRNA (miR) expression is a direct regulatory
mechanism for buffering NMD in physiological contexts. Translational repression and/or rapid
mRNA decay of certain mRNAs occur when they undergo targeted binding of certain small (22-
nt) non-coding RNAs called microRNAs!®. MicroRNAs do not encode for proteins themselves
but are involved in controlling post-transcriptional gene expression regulation.
During brain development, a brain specific microRNA, miR-128 is transcriptionally upregulated
at the onset of neural differentiation®*’. In mouse and human cells, two key NMD effectors, UPF1

and MLNS5I1 are targets of miR128-repression, resulting in the potent downregulation of NMD
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activity?®’. Consequently, neural stem and progenitor cells are forced to exit their stemness phase
and enter the differentiation phase by repressing TGFP signalling through stabilization of mRNAs
promoting neural differentiation such as negative regulators of TGFp signalling (Smad7)*°!. Lou
et al also showed that another NMD activator UPF3B is repressed by miR128, and two other
miRNAs (miR-124 and miR-9)?°!. Other groups have shown that the miR-NMD circuit have roles

t200’202

beyond the brain, such as in T-cell developmen . These findings shed light on the influence

of temporal and spatial miRNA expression on the regulation of NMD activity.

1.4.3. PABP as a human NMD antagonizing factor

The recruitment of UPF1 to the terminating ribosome can be stimulated or inhibited by
specific 3' UTR-associated factors including poly(A)-binding protein (PABP). PABP is an RNA-
binding protein that is deposited on the poly(A) tail of mRNA, which can stimulate normal
translation termination and inhibit nonsense-mediated mRNA decay. The outcome exerted by
PABP on translation termination depends on its location relative to the termination codon. In an
mRNA undergoing normal eukaryotic translation termination, the canonical stop codon is
positioned in its last exon followed by a relatively short 3' UTR. Normal termination is ensured by
the interaction of PABPC1 with the ribosome-bound eRF3 as it promotes the release of the nascent
polypeptide?*3-2%4, Proper ribosome recycling is facilitated by a closed loop formation of the mRNA
via the interaction of PABPC1 with another important translation initiation factor eIF4G29-2%, [p
vitro and in vivo studies provide evidence that PABPC1 competes with the NMD core factor UPF1
for eRF3 binding, to ensure normal termination and repression of NMD!43:146207 T case of
mRNAs containing long 3°’UTRs, the distance between the terminating ribosome and the PABPC1

bound to the poly(A) tail is increased, and this has three consequences; (1) it leads to a failure in
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the PABC1-eRF3 interaction, (2) it stimulates UPF1-eRF3 interaction to trigger NMD and (3) it
impedes efficient ribosome recycling by elF4G!462%% (Figure 1.4.3). Fatscher et al provided
supporting evidence using NMD factor knockdown studies (SMG6, UPF1 and UPF2) by showing
PABPCI1 supresses NMD and stabilizes target substrates?®®. In addition to humans, PABP
antagonizing NMD is displayed in other organisms such as S. cerevisiae and D.

melanogasterl‘B’146’207’209’210.
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Figure 1.4.3. Interaction of cytoplasmic PABP with eIF4G suppresses NMD. (A) In case of a
normal mRNA with a short 3’UTR, efficient translation termination and ribosome recycling is
made possible through the interaction of PABPC1 with both eRF3a and elF4G. This ensures UPF1
cannot access the eRF1-eRF3a translation termination complex thus preventing NMD from
occurring. (B) With increased distance between PABPC1 and the PTC in case of a mRNA with
long 3’UTR, translation termination is inefficient as PABPCI1 cannot effectively recruit eRF1-
eRF3a termination complex. The consequence of it is also prevention of ribosome recycling by
elF4G. Instead of PABPC1, UPF1 can potentially bind to the termination complex to elicit NMD.
Figure from (Fatscher et al, 2014)>%8,
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1.5. NMD as a critical regulator of the transcriptome
NMD was originally thought to function only as a mRNA quality control mechanism that
rapidly degrades and eliminates transcripts harbouring PTCs arising due to errors in genomic

122,123211-213 '1p addition to

mutations, errors in transcription, incorrect RNA processing or splicing
this canonical role, NMD has also been implicated in regulating ~15-20% physiological gene
expression based on the nature of the mRNAs in context, thus shaping the transcriptome
globally?!4215 Specific features in physiological mRNAs can act as a signal to promote PTC
recognition and activate NMD, such as the presence of an upstream open reading frame (uORF)
with a termination codon that resides >50—55 nucleotides upstream of an exon—exon junction, one
or more intron/s in the 3" untranslated region (3' UTR) and/or 3°’UTRs of length >1000 nucleotides
(nt), thereby unraveling novel substrates of the NMD pathway 46216217 (Figure 1.5). Being a post-
transcriptional mechanism, NMD functions as a master regulator of many cellular processes,

particularly those involved in cell growth and differentiation, response to stress and

developmentm’ 160,200,201,218-224
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Figure 1.5. Dual roles of NMD. NMD functions as an RNA quality control pathway eliminating
PTC containing transcripts that maybe produced due to genetic mutations, aberrant splicing or
inaccurate transcription. NMD can also regulate naturally occurring mRNAs that contain specific
NMD-eliciting features such as the presence of an uORF, long 3/UTR (>1000nt), one or more
introns in their 3’UTR and even alternatively spliced isoforms that may produce PTC transcripts.
Red star: Genetic mutation; Red blob: Termination codon; Green boxes: Exons; Black lines:
Introns; Black arrow: Transcription start site; Blue connecting lines: Regular splicing; Purple
connecting lines: Alternative splicing. Figure from (Nickeless et al, 2017)*?
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1.5.1. Essentiality of NMD in mammalian viability and development

Wittkopp et al discovered that depletion of multiple NMD factors such as UPF1, UPF2,
SMGS, or SMG6 in zebrafish displayed debilitating phenotypes in early patterning, viability, and
embryonic development®?S, Following that, several groups have demonstrated that complete
knockout of core NMD factors in mice resulted in embryonic lethality, strongly suggesting that
NMD is an essential mechanism to maintain cell viability and development in mammals
also!74219:227228 Being the central factor involved in all branches of NMD, UPF1 knockout mice
displayed lethality at the earliest stage in embryonic development, i.e., shortly after
implantation®?’. In vitro maintenance of these preimplantation blastocysts was unsuccessful
because of severe apoptotic death??’. Similarly, complete loss of the NMD endonuclease SMG6
lead to embryonic death, as early as the blastocyst stage?!. On the other hand, inducible deletion
of SMG6 in embryonic stem cells (ESCs) in mice did not affect their proliferative capacity or
morphology?!®. However, they provided compelling evidence that NMD inactivation due to SMG6
depletion in mouse ESCs (1) prevented their ability to differentiate both in vitro and in vivo into
all three germ layers and (2) upregulated mRNAs encoding pluripotency genes such as c-Myc?*’.
Whole body knockout of pan NMD factor SMG1 and UPF2 also lead to in utero death around
E8.5 and E9.5 respectively, and both displayed severe developmental defects!”’-??%, Inducible
deletion of UPF2 in four different tissue types/systems have been studied thus far. Liver-specific
knockout of UPF2 at embryonic stage resulted in postnatal death due to the disruption of terminal
differentiation of liver cells, and in adult mice caused severe liver damage and hindered
regeneration?”. Similarly, conditional knockout of UPF2 in the hematopoietic system led to

postnatal (P10) death, due to the complete elimination of hematopoietic stem and progenitor
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cells??8

. On the contrary, myeloid-specific knockout of UPF2 was viable and displayed normal
phenotype??8. Ablating UPF2 in testes lead to male infertility and severe testicular atrophy?*. In

conclusion, the requirement of NMD factors vary depending on the tissue type and developmental

stage.

1.5.2. Alternative splicing coupled NMD in homeostatic regulation of splicing factors
Alternative splicing (AS) is greatly responsible for the proteomic diversity in cells,
however unproductive or erroneous splicing is one of the major reasons for the production and
accumulation of PTC-containing transcripts in mammalian cells?*!-2%, Crosstalk of AS with NMD
allows homeostatic maintenance of productive and unproductive mRNA isoform levels?*¢237. This
post-transcriptional mechanism is also utilized by splicing activators and repressors to autoregulate
their own levels**® (Figure 1.5.2). This is carried out by alternatively splicing their cognate pre-
mRNAs for elimination by NMD?*%-240, NMD-sensitive PTC-containing transcript is generated by
promoting the insertion of stop codon exons in case of splicing activators and preventing the
inclusion of a coding exon in case of splicing repressors?*!. AS-NMD circuit is involved in
regulating transcripts involved in other regulatory processes including mRNA metabolism,
chromatin modification and biogenesis of lysosome-related organelles?*>?*3. Lower organisms
such as zebrafish, plants, and even S. cerevisiae utilize AS-NMD as a gene expression
mechanism?#+246, This feedback loop in turn impacts the alternative splicing of all other pre-

mRNAs in the cell.
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Figure 1.5.2. Alternative splicing coupled NMD in homeostatic autoregulation of splicing
factor levels. To maintain physiological necessary levels of splicing factors in the cells, mRNAs
undergo alternative splicing to generate unproductive PTC containing isoforms that are degraded
by NMD. To generate PTC transcripts, splicing inhibitors avoid inclusion of a coding exon, while
splicing activators favour the inclusion of stop codon exons. Alternative splicing of other mRNAs

is dependent on this balance of splicing factor levels. Figure from (Karousis ED ef al, 2016)*47.
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1.5.3. Physiological response of NMD to stress

A variety of cellular stresses, including amino-acid deprivation, viral infection, and
oncogenic stressors such as oxygen deprivation (hypoxia) and reactive oxygen species (ROS) have
been reported to inhibit NMD!6%-24¥_ A shared mechanism that these stressors possess is the capacity
to activate kinases that phosphorylate the eukaryotic initiation factor 2a (elF2a), commonly
referred to as integrated stress response (ISR)*2*24-25! This is a critical step by which stress
couples to NMD and represses it?>»?¥,  Although the exact mechanism underlying elF2a
phosphorylation-mediated NMD inhibition is unknown, a potential explanation is that stress-
mediated e[F2a phosphorylation inhibits the translation of newly synthesised and older mRNAs,
and inhibiting translation represses NMD?32:233,
The stabilization and upregulation of important transcription factors of the stress-response
pathways, the integrated stress response (ISR) and the unfolded protein response (UPR) to alleviate
the stress is facilitated by NMD suppression (Figure 1.5.3). These mRNAs have characteristics
that can trigger NMD, such as an uORF in the case of ATF'4 (activating transcription factor 4) and
CHOP/DDIT3 (CCAAT-Enhancer-Binding Protein Homologous Protein/ DNA Damage Inducible
Transcript 3) and a premature termination codon introduced by alternative splicing (AS) in the
case of ATF3, making them classic NMD targets??>2342%,  Once homeostasis has been re-
established by ISR, NMD is reactivated to supress these NMD targets. Of interest, A7TF'4 has two

uORFs that contribute to A7F4 translation differentially: uORF1 is translated in response to stress,

and uORF2 subjects it to NMD during non-stress conditions?’.
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Figure 1.5.3. Role of NMD in Modulating the Stress Response. Various stressors including ER
stress and hypoxia triggers elF2a phosphorylation in the initial phase of the stress response to
activate the UPR pathway. NMD is repressed by elF2a phosphorylation resulting in the
accumulation of NMD targets like the UPR component IREla (due to the presence of a long
3’UTR), the transcriptional activator of the integrated stress response ATF4 (due to the presence
of an uORF). With an increase in the duration and intensity of the stress, cells switch from an
adaptive stress response to an apoptotic response, to ensure irreversible commitment of the highly
stressed cell to apoptosis. UPF1 undergoes caspase-derived proteolytic cleavage to further inhibit
NMD during this switch. Figure from (Karousis ED ez al, 2016)*'.
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Another physiological response to stresses such as early hypoxia and serum starvation is
translation repression through inhibition of the mammalian target of rapamycin complex 1
(mTORC1)>8. The consequence of translation inhibition is not only impaired NMD but also
cellular growth arrest>®. In cells with arrested growth, Smith et al observed an increase in
endogenous GAS5 mRNA, a classic NMD target due to the presence of a PTC in an early exon in
its very short ORF?*°, As supporting evidence, knockdown of NMD components such as UPF1,
SMG1, SMG8 and SMG9 lead to accumulation of GASS5 transcripts!’%26°, Altogether, through
NMD-mediated control of pro-apoptotic proteins such as GASS, mammalian cell viability is

maintained.

1.5.4. Role of NMD in neural development and function

In zebrafish, deficient NMD due to the knockdown of various NMD factors such as UPF1,
UPF2, SMGS5, or SMG6 rendered the embryos with CNS necrosis and defects in brain patterning,
abnormal development of the eye and overall growth.
In higher order model organisms such as mice, NMD is subject to regulation over the course of
neural development and dictates neural stem cell (NSC) fate decisions. Lou et a/ provided evidence
that during early brain development around E14.5, NSC maintain their “stemness” through
inherent upregulated levels of NMD factors/ NMD activity and neural stem cell differentiation is
triggered when NMD is downregulated by a brain enriched microRNA (miR-128)?°!, They also
complement this data using knockdown (KD) studies of the NMD factor UPF1 and show that
UPF1 promotes the decay of mRNAs encoding proliferation inhibitors such as p21 and p27 and

differentiation factors such as SMAD72%!,
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At later stages of neural development, Jolly et al showed that NMD exerts the exact opposite effect
on mouse neural progenitor cells originating from E18.5 cortex, i.e., depleting the NMD activator

UPF3B minimized their differentiating capacity?®!

. This indicates that the differentiation of already
committed neural progenitor cells can be promoted by NMD. According to another study by Huang
et al, NSCs from UPF3B-null mice differentiate poorly and instead exhibit increased self-renewal
potential when cultured under normal differentiation inducing conditions, providing more proof
that UPF3B promotes neuronal differentiation?2,

In the context of fully differentiated neurons, spatial and temporal regulation of NMD occurs in
physiological processes. For instance, locally active NMD in axons regulates translation of NMD-
sensitive mRNA isoform Robo 3.2, and thereby ROBO 3.2 protein synthesis during SLIT-ROBO3

mediated axon guidance*!. Another example is the decay of NMD-sensitive cytoskeletal-

associated Arc mRNA specifically in the dendrites following synaptic stimulation®?,
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Figure 1.5.4. NMD controls neural stem cell fate. Neuronally expressed miR-128 is
upregulated when a neural stem cell is ready to differentiate into a neuron. UPF1 is an miR-128
target, and drastically reduces UPF1 expression by binding to the long 3’UTR of UPF1, thereby
inhibiting NMD. UPF1/ NMD is essential to maintain the stemness and proliferative nature of a
neural stem cell, as it ensures degradation of mRNAs encoding differentiation factors such as
SMAD?7 and proliferation inhibitors. Degradation of SMAD factors ensure upregulated TGF-J3
signaling, which further contributes to maintain the stemness. Figure from (Karousis ED et al,
2016)%47.
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1.6. NMD in disease

It is important for the NMD pathway to eliminate PTC containing transcripts because they
can be problematic by resulting in production of truncated non-functional or/and dominant
negative proteins. However, these aberrant transcripts can accumulate and associate with various
diseases if 1) there are defects in the NMD pathway components, or 2) NMD factor levels and

NMD activity magnitude are altered.

1.6.1. NMD-associated neural diseases

In humans, defects in some NMD components have been reported to impact neural
development and cause neurological diseases. In mice, this is supported by increasing evidence
that targeted disruption of mammalian core NMD factors leads to embryonic lethality, as observed
for SMG1, UPF1, UPF2 and SMG6 77:219.227.228264 "~ Copy number variations in NMD genes such
as UPF3B, UPF2 and SMG6 have been shown to be significantly associated with
neurodevelopmental disorders, intellectual disabilities, and brain malformations, including
macrocephaly 2425, Another recent study showed that inhibition of UPF2 in the forebrain lead to
an elevated expression of immune genes and brain inflammation which resulted in behavioral and
neurophysiological abnormalities?®®. Hyperactivation of NMD due to a copy number loss in
UPF3A, which encodes a NMD repressor, was shown to be associated with neural dysfunction,
thus providing evidence that excessive NMD can also be detrimental for neural functioning!6.
Additionally, loss of function mutations in SMG9, an essential interacting component of the SURF
complex, that is required for SMG1 to phosphorylate UPF1, leads to cerebellar vermis hypoplasia

and causes multiple congenital anomaly syndrome in humans?%’.
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In conclusion, loss, or depletion of NMD factors in a variety of model organisms, including
zebrafish, drosophila melanogaster, and mice converges on the observation that it is associated
with specific defects in the developing nervous system including behavioural and
neurophysiological deficits. These findings suggest that NMD is important for brain development
and function?26-262.268,

A branch of NMD is dependent on EJC, and it is not surprising that mouse mutants of multiple
EJC components such as MAGOH, RMBS8A and EIF4A3, exhibit severe neurodevelopmental

defects such as microcephaly and several defects in the brain cortex?%%-27!

. Despite being
haploinsufficient for EJC factors, these mice exhibit more severe phenotypic defects compared to
those observed in mice deficient for NMD factor. There could be two possible explanations for
this observation. First, in addition to its role in the NMD pathway, EJC has important roles in pre-
mRNA splicing, proper export and localization of mRNAs to the cytoplasm and distinguishing
properly translated transcripts from newly produced transcripts, suggesting more impaired and
debilitating impact on the developing nervous system?’?273. Second, due to multiple non-NMD
roles of EJC, EJC factors are more limiting than core NMD factors such as UPF1 for executing
NMD in neural cells.

Impairment of EJC function in the mutants can disrupt NMD and non-NMD functions, either of
which could contribute to the severe phenotype. Mao et al provided causative evidence for
inefficient NMD activity being a direct implication of impaired EJC function, by documenting
very high levels of PTC-containing transcripts being generated in EJC factor-haploinsufficient
neural progenitors?’!. Similar to UPF3B-depleted cells and neural lineage committed UPF1-

depleted cells, EJC factor (RBMS8A) depletion also inhibited neural cell differentiation?!274,

Finally, microcephaly is observed as a common defining phenotype in patients with UPF3B
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mutations and EJC factor insufficiency?$>?7>, The above indirect pieces of evidence converge on

the observation that impaired EJC function is associated with perturbed NMD.

1.6.2. NMD and Cancer

SMGT1 has been linked to various types of cancer. One group showed that in HPV-positive
head and neck squamous cell carcinoma, SMG1 expression was diminished, and it was suggested
to contribute to the enhanced response to therapy 2. An important study showed that
haploinsufficiency in SMGI predisposes to a whole range of tumor formation, particularly lung
and hematopoietic malignancies and inflammation. But this seemed to be independent of its NMD
function, demonstrating that SMG1 can function as a tumor suppressor even without its
involvement in the NMD route 277

On the other hand, SMG1 knockout mice are embryonically lethal at E8.5. Deep
sequencing of RNA from SMGI-deficient embryos revealed a pronounced accumulation of
premature termination codon (PTC)-containing splice variant transcripts with NMD eliciting
events. This list included genes involved in the splicing process itself, as well as genes not
previously known to be subject to alternative splicing coupled NMD, including several involved
in transcription, membrane dynamics, metabolism, and cell death '”7. Yahui et al showed that
SMGT1 acts as a novel potential tumor suppressor in acute myeloid leukemia owing to the effect of
epigenetic regulation of SMG1 expression 278, All these studies indicate that SMGI is crucial both
in an NMD-dependent and independent manner to maintain homeostasis at mRNA level and play
a role in tumorigenesis. However, more work is required to fully understand the role of SMGI in

cancer.
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In the case of cancers, the role of NMD is complex and not always unidirectional, depending
on tumor type and location, cell/tissue of origin of tumors, evolutionary history of the tumors,
developmental stage at which the tumors develop, etc. Thus, each tumor type needs to be viewed
as a unique disease with varying levels of NMD attenuation. Some tumors select for mutations to
inactivate tumor suppressors and downregulate gene expression by exploiting NMD 27°-283, In other
cases, tumors adjust NMD activity to adapt to their microenvironment rendering it advantageous
for tumor progression?+*-284285 Mutations in the NMD apparatus have also been described in a few
cancers in literature. Somatic UPF1 mutations that either disrupt UPF1 pre-mRNA splicing or
cause exon skipping leads to a loss of function of UPF1 and were found to be frequently detected
in adenosquamous carcinoma (ASC) pancreatic tumors and lung inflammatory myofibroblastic
tumors, respectively 289287 Stresses such as hypoxia (which is prevalent in some cancers) is
another parameter in tumor that inhibits NMD, which results in stabilization of NMD-sensitive
targets such as ATF4, ATF3 and DDIT3 (CHOP) which are all components of the integrated stress
response pathways. Understanding how particular tumors exploit NMD for their benefit may help

the development of new therapeutic interventions.
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Chapter 2

Rationale and contribution to original knowledge
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In our lab, we used the Ptchl™-mouse model of MB to establish the “three” step model of
MB formation and progression, with the first step being Ptchl heterozygosity in GCPs, followed
by Ptchl LOH resulting in the formation of preneoplastic MB lesions, and finally requiring
additional genetic mutations collaborating with Ptchl LOH. With the aim to identify and
characterize other co-driver mutations of Shh-MB, we performed deep RNA sequencing (RNA
Seq) on the spontaneous tumors that developed from the Ptchl*- mouse MB model. It was a
serendipitous discovery than one of the spontaneous tumors harboured a somatic missense
substitution S3220F mutation in SMG/ and another spontaneous tumor harboured a somatic
missense substitution L178P mutation in SMG5. The SMG1 somatic tumor variant had a high
allelic frequency of 0.543 and was indicative of a potential cancer functionality. Although, the
SMGS5 somatic tumor variant had a very low allelic frequency of 0.055, it is still interesting that
two distinct, critical NMD effectors were found to be mutated in spontaneous Shh-MB mouse
tumors. This finding also raised the possibility of NMD as a pathway collaborating with Ptchl
LOH to drive MB tumorigenesis.
Mutations in other components of the NMD apparatus have also been described in a few cancers,
such as somatic inactivating mutations in UPF] in ASC, pancreatic tumors, and lung inflammatory
myofibroblast tumors. However, we did not detect any spontaneous mutations in other NMD
factors (UPF1, SMG6 or SMG7) from our RNA Seq data.
Since SMGI is a very large gene (16062 bp), it would be technically very challenging to
successfully generate point mutant SMG1 cDNA constructs to perform in vivo functional assays
using these large SMGI constructs. Of note, several groups have demonstrated that SMG/
haploinsufficiency/complete inactivation, or epigenetic regulation of SMG/ facilitates SMGI to

function as tumor suppressor in different types of cancers. Furthermore, COSMIC mutational
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distribution in SMG1 gene is suggestive that a missense substitution mutation in SMG/ is probably
an Inactivating mutation. Keeping all these considerations in mind, rather than studying the
specific effect of the spontaneous mutations that we identified, in my thesis I have focused on the
effect of NMD inactivation on GCPs and MB in vitro (using siRNA against SMG1 or UPFI, or
NMD pharmacological inhibitor) and in vivo (using CRISPR-Cas9).

Impairment of NMD machinery can have a wide range of effects on key regulatory mechanisms
in cells including proliferation, differentiation, apoptosis, and stress response. This can be through
generation of transcripts that encode for truncated oncogenic proteins, destruction of key tumor
suppressor mRNAs and/or dynamic regulation of physiological genes critical for driving
tumorigenesis. Thus, many cancers can adopt NMD inhibition as a pro-oncogenic mechanism.
Therefore, we hypothesized that NMD acts as a novel tumor suppressor mechanism in MB
formation, and we aim to elucidate the underlying molecular mechanisms. To this date, NMD has
not been studied in MB, and this additionally propelled us to explore our hypothesis.

In Chapter 3 of this thesis, my initial focus was to understand the role of NMD in GCPs (which
are the cell of origin of Shh-MB) both in vitro and in vivo. We used primary cultures of P5 GCPs
from developing cerebellum as a model system to demonstrate that NMD inactivation upregulates
Shh signaling effectors, its transcriptional targets which are essential for driving GCP proliferation,
and consequently GCP proliferation.

Having established a functional role of NMD in GCPs, we investigated the mechanism by which
Shh signalling is being regulated by NMD. To address this, we utilised a combination of the
following techniques: (1) a 3-globin NMD reporter assay to test the contribution of these identified
putative NMD-inducing features in their NMD-mediated degradation, and (3) p-UPF1 RNA

immunoprecipitation to identify if mRNAs of the Shh effectors are bound to the central NMD
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marker p-UPF1, followed by quantitative RT-PCR to estimate their fold enrichment in p-UPF1
bound lysates. We identified and confirmed that the 3’UTRs of Smo and G/i2 mRNA were NMD-
sensitive and were marked for degradation by p-UPF1.

Our in vivo studies were achieved as follows: (1) NMD inactivation achieved through CRISPR-
Cas9 mediated inactivation of NMD components: SMG1, UPF1, SMG6, SMG7 individually in
the Ptchl™ mouse model of MB and (2) NMD activation via lentivirus-mediated overexpression
of UPF1 in an aggressive Math1-Cre driven overactivated SmoM2 mouse MB model.

We demonstrate that inactivation of NMD components cooperate with Ptchl inactivation to
accelerate MB progression and aggressiveness in vivo. Conversely, NMD activation causes a delay

in MB tumor latency and improves survival in mice.
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Chapter 3

Methodology
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3.1. Mouse lines

All animal work in this study was performed according to the Canadian Council on Animal Care
guidelines. The animal protocol 2020-02-FC was approved by the Montreal Clinical Research
Institute Animal Care Committee and all mice were maintained in the IRCM specific pathogen-
free animal facility. All mice were maintained on a C57BL/6 (The Jackson Laboratory RRID
:IMSR_JAX:000664) background. Ptchl*"*? (referred to as Ptchl*") mice** were backcrossed
with C57BL/6 mice. The R26SmoM2'1%2%8 and the Mathl-Cre*® mouse strains obtained from

Jackson Laboratory were crossed to generate the Mathl-Cre; SmoM?2 mouse line.

3.2. GCPisolation and culture

P5 GCPs were isolated as previously described®®. Briefly, cerebella were isolated from P5 mice
and chopped into small pieces. The tissue was washed with HBSS and treated with 0.25% trypsin
for 20 minutes at 37°C. Single cell suspensions obtained by trituration were centrifuged through a

30% to 65% Percoll step gradient, and cells were collected at the 30% interphase.

For most of the experiments, GCPs were grown in serum-free Neurobasal media supplemented
with 2% B27, 1X GlutaMAX (Gibco 35050-61), 1X sodium pyruvate (Gibco 11360-070) and
0.25% Pen/Strep and were cultured in plates precoated with 100 pg/ml poly-D-lysine (Sigma
P0899), for the duration as indicated in different assays. Cells were cultured in the presence of 5
nM Shh (R&D Systems; 1845-SH). When indicated, siSMGI, siUPF1, or siControl were
transfected, and pmCMV-GFP or pLenti-UPF1-cMyc-DDK-P2A-Puro were transduced by
lentivirus into freshly isolated GCPs. Lentiviral transduction of GCPs were performed as

previously described!?’,

87



3.3. Cell culture

NIH 3T3, Gli luciferase reporter-NIH 3T3, MEF, and HEK 293T cells were maintained in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in a 5% CO»
humidified incubator. Cells were seeded one day before transfection with plasmid DNA or siRNA
using Lipofectamine 3000 (Invitrogen). After incubation for 24-48 hours, the cells were lysed with
hypotonic lysis buffer for western blotting/ IP or RLT Plus buffer from the RNeasy kit (Qiagen)
for RT-qPCR. When indicated, pmCMV-GI-Norm, pmCMV-GI-39Ter, phCMV-MUP, pmCM V-
GI-mSmo3°UTR, pmCMV-GI-mGli2-3’UTR, pmCMV-GFP or pLenti-UPF1-cMyc-DDK-P2A-
Puro were transfected into NIH 3T3 cells. For silencing the expression of specific endogenous
genes, the siRNAs were transfected for 48-72 hours, as indicated. All the sequences of siRNAs are
listed in Table 3.16.5 (Integrated DNA Technologies, USA). As a control, cells were transfected

with non-targeting siControl for siRNA-mediated knockdown.

3.4. siRNA transfection

For transfection of GCP culture, 2x10° cells were freshly isolated, plated on PDL coated plates and
incubated for 1 hour to allow adherence to the plate. The siRNA oligonucleotides were prepared
by mixing with Lipofectamine 3000 (Invitrogen) in Opti-MEM reduced serum medium and
incubated for 20 minutes before addition to the cells. The cells were incubated at 37°C for 4-6
hours. The transfection mixture was replaced with fresh serum-free Neurobasal media
supplemented with 2% B27, 1X GlutaMAX (Gibco 35050-61), 1X sodium pyruvate (Gibco
11360-070) and 0.25% Pen/Strep. The cells were incubated for an additional 48-72 hours to allow

for efficient gene knockdown. The cells were then harvested for further downstream analysis, such
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as western blotting to assess the efficiency of siRNA-mediated knockdown, immunofluorescence,

or quantitative RT-PCR for assessing gene expression.

3.5. Lentivirus preparation

Lentiviruses were prepared as previously described!?. Briefly, highly proliferating 293T cells
(2x107/150 mm plate) cultured in DMEM supplemented with 10% FBS and 1% P/S were used for
lentivirus generation when they reached 80% confluency. Prior to transfection, cells were switched
to a virus production medium (DMEM supplemented with 0.5% FBS, 1% P/S and 2mM cafteine).
Lentiviruses were generated by co-transfecting 15 pug of lentiviral vector, 15 pg of pLpl, 7 nug of
pLp2 and 10 pug of pVSVG packaging vector into the cells using Lipofectamine 2000 (Sigma).
Supernatants were collected 48 hours and 72 hours after transfection, centrifuged for 5 min to
remove cell debris and then filtered through a 0.45 pm membrane. 10 ml of PEG6000-NaCl
solution was added to the supernatant in a 1:4 ratio (PEG6000-NaCl: virus supernatant) and the
mix was incubated overnight at 4 °C with rotation. The PEG6000/virus mixture was further
centrifuged at 3750 rpm to precipitate the virus. After removal of the PEG solution, precipitates
were resuspended in Neurobasal medium. This was followed by another 5 minutes of

centrifugation at 12000 rpm before the virus was ready to use.

3.6. Western blotting

Cells lysis was performed using 140 mM KCl, 1.5 mM MgCl,, 20 mM Tris-HCL at PH 7.4, 0.5%
NP-40, 0.5 mM dithiothreitol, protease inhibitors (Roche 11873580001), and PhosSTOP
phosphatase inhibitors (Roche 4906837001) and boiled in SDS sample buffer at 95°C for 10

minutes. Protein samples were separated by SDS-PAGE and transferred to PVDF membrane. The
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membranes were blocked with 5% BSA (Wisent, 800-095-EG) in TBST (0.01 M Tris-HCl pH 7.5,
150 mM NaCl, 0.1% Tween20), followed by overnight incubation of primary antibody in 5% BSA
at 4°C in TBST and 1 hour incubation of secondary antibody at room temperature. The western

blots were then visualized with chemiluminescence.

3.7. Immunostainings

3.7.1. Dissociated GCP IF

To fix the cells, an equal volume of 8% PFA in PBS was added to the cell culture media, and the
plates were then incubated at 4°C for 15 minutes. This was followed by washing the coverslips in
PBS. Permeabilization of cells was performed in 0.3% triton for 15 minutes, followed by washes
in PBS. Cells were then incubated in blocking solution made of 10% serum (goat/donkey), 0.1%
triton in PBS for 1 hour at RT. This was followed by an overnight incubation at 4°C with primary
antibody(s) diluted in 1% serum, 0.1% triton. This was followed by washes in 1% serum, 0.1%
triton solution. The cells were incubated in diluted fluorophore-conjugated secondary antibody(s)
for 1 hour at RT and then washed again in 1% serum, 0.1% triton solution. Finally, cells were
counterstained with DAPI, and coverslips were mounted onto slides with mowiol. For all cell-

based visualizations, the Leica DM6 microscope was used to acquire fluorescence.

3.7.2. Mouse MB tissue section IF

Animals were anesthetized using ketamine/xylazine (IP) and perfused with saline (0.9% NaCl).
Whole cerebella (including intact tumor tissue) were dissected, postfixed with 4%
paraformaldehyde (PFA) for 24 hours, and cryoprotected with 30% sucrose for at least 48 hours at

4°C. Cerebellar hemispheres were frozen in OCT and sliced into 12 uM sagittal sections using a
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cryostat. Only for tissue sections stained with the UPF1 antibody, antigen retrieval was performed
on cryosections at 98°C for 1 hour using sodium citrate buffer (10mM sodium citrate, 0.05% tween
20 in water, pH 6.0). Following a PBS wash, tissue was permeabilized in 0.3% triton for 15 minutes
at RT. To reduce autofluorescence, slides were washed in PBS first and then with 0.3M glycine.
The tissue was again washed in PBS before being blocked in 10% goat/donkey serum and 0.1%
triton in PBS for an hour at RT. This was followed by an overnight incubation with diluted primary
antibody (1% goat/donkey serum and 0.1% triton in PBS). After PBS washes to remove any
unbound primary antibody, tissues were incubated for 1 hour at RT with a diluted Alexa fluor-
conjugated secondary antibody, then washed once more and counterstained with DAPI. Slides had
coverslips affixed to them with mowiol. The tissues were visualized cells using the Zeiss LSM 710

confocal microscope.

3.8. Luciferase assays

For NMD activation, expression vectors for UPF1 and GFP were transfected into Gli luciferase
reporter NIH 3T3 cells using Lipofectamine 3000 (Invitrogen) at 90% confluency. Transfected
cells were cultured for 24 hours, followed by 24 hours of serum starvation. Cells were stimulated
with different concentrations of Shh (R&D Systems; 1845-SH) for 24 hours. Cells were lysed and
assayed using a luciferase reporter assay system consisting of the substrate BD Monolight D-

Luciferin (BD Biosciences 556888) in GloMax® Navigator Microplate Luminometer (Promega).

For NMD inactivation experiments, cells were plated to attain 90% confluency, followed by 24
hours of serum starvation. Cells were concomitantly treated with different concentrations of
NMDi14 drug (5 nM, 25 nM, 50 nM and 500 nM) and Shh (5 nM, 10 nM and 25 nM) for 24 hours,

followed by luciferase assay.
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As a control, cells were transfected with an RSV-luciferase plasmid (luciferase under a Rous
sarcoma virus promoter) along with GFP or UPF1 expression plasmids in NIH 3T3 cells for NMD
activation, and with NMDil4 drug for NMD inactivation. Transfected/drug treated cells were

cultured for 24 hours, followed by the luciferase assay as described above.

3.9. NMD efficiency measurement

NMD activity was measured using the beta-globin reporter system?°. For assessing the impact of
NMD activation on various constructs, NIH 3T3 cells were plated to attain 90% confluency and
the cells were co-transfected 24 hr later with 0.5 pg of phCMV-MUP plasmid (transfection control)
and 1 pg of either B-globin full length plasmid (normal termination codon), -globin-39Ter
plasmid (premature termination codon), 3-globin-Smo 3’UTR plasmid (3’UTR length=1080 nt)
or -globin-Gli2 3’UTR plasmid (3’UTR length=1724 nt) and 1 pg of UPF1 or GFP expression
vectors using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocol. After 24
hr, media was changed and 48 hr later, the cells were harvested for qRT-PCR analysis. The levels
of pmCMV-B-globin-39Ter, B-globin-Smo 3’UTR and B-globin-Gli2 3’UTR plasmids were

plotted relative to levels of B-globin full length plasmid.

3.10. p-UPF1 RNA Immunoprecipitation -qPCR

p-UPF1 RNA Immunoprecipitation protocol was adapted from the protocol described
previosuly!#-#!, Briefly, HEK293T cells (8 x 10° in each 10 cm dish) were incubated for 3 hours
with 200 nM okadaic acid. Cell pellets were harvested, washed with ice cold PBS, and lysed using

hypotonic gentle lysis buffer (containing RNaseOUT) for 10 min in ice. 3 pl of DNase was added

to the collected supernatant, and the mix was incubated for 10 minutes in a 37°C water bath. To
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minimize background and non-specific binding, lysates were pre-cleared before the
immunoprecipitation step. Cellular RNAs bound by p-UPF1 were immunoprecipitated using 5 pg
of anti-p-UPF1(S1116) [Millipore, anti-phospho-Upf1(Ser1127)] or rabbit IgG as control, and
Dynabeads protein A magnetic beads (Life Technologies). The RNA in bead-bound RNA-p-
UPF1(S1116) complexes was eluted using 2X SDS-PAGE sample elution buffer by incubating at
95°C for 5 minutes after thorough washing with ice-cold NET-2 buffer (0.1% NP40), ice-cold
NET-2 buffer (0.5% NP40), and high salt wash buffer. TRIZOL was used for RNA extraction and
purification in accordance with the manufacturer's instructions. Following this, RNA was
converted to cDNA, and qRT-PCR was performed as described below, with primers specific to the

common backbone of all the constructs used.

3.11. qRT-PCR

gqRT-PCR on genes of interest was performed as described®!. Briefly, RNA was purified using the
RNeasy Mini Plus kit (QIAGEN). cDNA was synthesized using the Transcriptor first strand cDNA
synthesis kit (Roche) using total RNA. Real-time PCR mixes were prepared using SYBR Green
qPCR mastermix (Applied Biosystems). Results were analyzed using the Comparative Ct method.

Primer sequences used are listen in Table 3.16.6.

3.12. 1In utero electroporation

The anaesthetic, Isoflurane (2%) was used to sedate the pregnant mice. To gain access to the uterus
and find the embryos, a minor incision was made. The uterine horn was gently pulled out to access
the embryos from one side of the midline and visualize using a light source. The surgical region

was periodically moistened with PBS, as needed. The embryos were positioned such that the dorsal
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side of the head was facing upwards and near the uterine wall. The target plasmid DNAs were
injected laterally into the rhombic lip of the 4th ventricle using a microinjection equipment (sterile
7mm capillary needles). To aid the entry of the plasmid DNA into the site of interest, electrical
pulses were applied via electrodes connected to an electroporation device (35mV, 5 pulses, 950ms
in Pico spritzer injector (Science Products, GmbH). After carefully reintroducing the embryos into
the body, the incision was sutured. To prevent any infection, polysporine was topically

administered.

3.13. Orthotopic transplantation

Cerebella of post-natal day 5 wildtype C57BL6 pups were used for orthotopic transplantation of
virally transduced GCPs'?’. The recipient pups were anaesthetized by hypothermia for 3-4
minutes. This was immediately followed by an injection of 1x10° previously transduced Math-
Cre*; Smo*™? GCPs (with GFP or UPF1 lentivirus) into the cerebellum of each recipient pup using
a Pico spritzer injector (Science Products, GmbH). A volume of 2 ul was injected. The pups were
allowed to recover from the procedure for 20 minutes after injections, and their health condition

was monitored weekly until symptoms of MB were evident.

3.14. Statistical Methods

Unless otherwise indicated, all data are expressed as mean + SEM. The statistical tests used to
measure differences are indicated in the appropriate legends. Statistical significances are indicated
as follows: *p < 0.05; **p <0.01; ***p <0.001; n.s., not significant, and the p values are indicated

in the appropriate legends.
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3.15. Bioinformatics
3.15.1. NMD feature prediction
The Ensembl gene annotation for Mus musculus. GRCm38.85 was used to identify transcripts with

the below NMD-inducing features:

(1) A3’UTR at least 1000kb in length
(2) One or more introns in the 3’UTR

(3) AuORF in the 5’UTR defined by an ATG start site that encodes at least 10 amino acids

3.15.2. NMD target signature generation and human MB data analysis

All the analysis pertaining to this section was performed on R2 Genomics Analysis and
Visualization Platform. Using published lists of NMD targets generated by the Burge laboratory
(CLIP-seq used to identify direct UPF1 binding targets) and the Maquat laboratory (p-UPF1 RIP-
seq), we generated two NMD target gene signatures (288 genes for the Burge signature and 104
genes for the Maquat signature). These signatures were used to perform expression analysis on a
published cohort of human MB samples (Cavalli dataset) and stratify the samples into high and
low NMD target expression. Kaplan-Meier overall survival probability analysis was performed on

these high and low groups.

3.16. Supplemental information

3.16.1. Reagents

Shh was purchased from R&D Systems (1845-SH) and was used at following concentrations: 5
nM, 10 nM, 25 nM, 50 nM, 100 nM or 200 nM, as indicated. NMDil4 (NMD inhibitor) was
purchased from MedChemExpress (HY-111374), and was used at following concentrations: 5 nM,

25 nM, 50 nM, 500 nM or 5 uM, as indicated.
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3.16.2. Plasmids

pmCMV-GI-Norm, pmCMV-GI-39Ter and phCMV-MUP were gifts from Dr. Lynne Maquat®°.
pmCMV-GI-mSmo3’UTR and pmCMV-GI-mGli2-3’UTR were derived from pmCMV-GI-Norm
using the In-Fusion kit (Clontech 639648) by replacing the 3’UTR of 3-globin with the 3’UTR of
mSmo (3’UTR length=1080 nt) and mGli2 (3’UTR length=1724 nt) respectively. pLenti-UPF1-
cMyc-DDK-P2A-Puro was purchased from Origene (MR216969L3V). pmCMV-GFP was
obtained from Addgene (Plasmid #11657). For CRSIPR-Cas9 mediated genetic engineering, a
cloning backbone for sgRNA targeting specific genes was obtained from Genscript (pSpCas9 BB-

2A-GFP (PX458). The specific sgRNAs sequences are listed in Table 3.16.4.

3.16.3. Antibodies

Antibodies against the following targets were used: SMG1 (Anti-Smgl antibody
(ab30916), 1:1000 for WB), UPF1 (Recombinant Anti-RENT1/hUPF1 ab109363, 1:1000 for WB,
1:500 for IF), phospho-UPFI1 (Anti-phospho-UPF1 Serll16 antibody- antiphospho-UPFI
(Ser1127), EMD Millipore, Sug for IP); Pan-actin (Cell Signaling (NEB) 4968S, 1:1000 for WB),
GAPDH (Millipore/Sigma MAB374 clone 6C5, 1:1000 for WB), 3-Tubulin ( Recombinant Anti-
beta Tubulin antibody (ab179513), 1:1000 for WB), GFP (Invitrogen A11122, 1:1000 for IF), Ki67
(Recombinant Anti-Ki67 antibody [SP6] ab16667, 1:1000 for IF on cells, 1:1000 for IF on tissues).
Secondary antibodies that were used: Goat anti-mouse IgG-HRP (Jackson ImmunoResearch, 115-
035-003, 1:10000 for WB), Goat anti-rabbit [gG-HRP (Jackson ImmunoResearch, 111-035-003,
1:10000 for WB), Donkey anti-Rabbit IgG-Cy3 (Jackson ImmunoResearch, 111-165-144, 1:1000

for IF), Isotype Control rabbit IgG polyclonal (Abcam, ab37415, 5ug as control for IP)
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Table 3.16.4: sgRNA sequences:

Gene sgRNA sequence

Smgl-1 ATTCCAGCTCCGCGGGTACTTGG

Smgl-2 ATTCAGCTGTGGTGTCTCGGCAAAGGCAC
Smg6 CCTATTATCTTTGCGCTGTCTGG

Smg7 TACCTGTCATTTCAGCCTTCAGG

Upfl CGCCGGGGGGCGTCTGCGTCTGG

Table 3.16.5: siRNA duplex sequences:

siRNA against: Duplex sequence

Scrambled siRNA | 5’-rCrUrUrCrCrUrCrUrCrUrUrUrCrUrCrUrCrCrCrUrUrGrUGA-3°
5’-rUrCrArCrArArGrGrGrArGrArGrArArArGrArGrArGrGrArArGrGrA-3°

siSmgl B 5-rGrGrCrUrUrArUrUrArGrUrUrGrArGrArArGrCrUrArArACA-3’
5’-rUrGrUrUrUrArGrCrUrUrCrUrCrArArCrUrArArUrArArGrCrCrArA-3°

siSmgl C 5’-rArCrArGrCrArArArArUrUrGrUrArGrArUrArArArCrUrUTC-3’
5’-rGrArArArGrUrUrUrArUrCrUrArCrArArUrUrUrUrGrCrUrGrUrArG-3°

siUpfl Y 5’-rGrUrCrArUrCrArArGrGrUrUrCrCrUrGrArUrArArUrUrATG-3°
5-rCrArUrArArUrUrArUrCrArGrGrArArCrCrUrUrGrArUrGrArCrGrU-3°

siUpfl Z 5°-rGrGrUrGrArUrGrArGrUrUrUrArArArUrCrArCrArGrArUTG-3’
5’-rCrArArUrCrUrGrUrGrArUrUrUrArArArCrUrCrArUrCrArCrCrGrA-3°

Table 3.16.6: Primer sequences used for quantitative RT-PCR

Gene Primer sequence
mGusb: Forward primer 5’ CTGCCACGGCGATGGA 3’
mGusb: Reverse primer 5’ ACTGCATAATAATGGGCACTGTTG 3’
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mAtf4: Forward primer
mAtf4: Reverse primer

5" CACAACATGACCGAGATGAG 3’
5" CGAAGTCAAACTCTTTCAGATCC 3’

mDdit3: Forward primer

mDdit3: Reverse primer

5’ CTGGAAGCCTGGTATGAGGAT 3’
5’ CAGGGTCAAGAGTAGTGAAGGT 3’

mGas5: Forward primer

mGas5: Reverse primer

S’TTTCCGGTCCTTCATTCTGA 3’
5’ TCTTCTATTTGAGCCTCCATCCA 3’

mSnord22: Forward primer

mSnord22: Reverse primer

5" GCCAGGCCTGTTCAATTTITA 3
5’ TGCCTGAGATTTGTCACCAG 3’

mGli2: Forward primer.

mGli2: Reverse primer

5’ AGCACTACCTCCGGTCTGTG 3°
5’ CATGAGGGTCATCTGGTGGT 3°

mSmo: Forward primer

mSmo: Reverse primer

5 GCTGTGGGATTCAGTGTCAG 3’
5" CAGGGTAGCGATTGGAGTTC 3’

mGlil: Forward primer

mGlil: Reverse primer

5" GCAGTGGGTAACATGAGTGTCT 3°
5’ AGGCACTAGAGTTGAGGAATTGT 3’

mHk2: Forward primer
mHk2: Reverse primer

5" GGACTAAGGGGTTCAAGTCCA 3°
5" GACCAATCTCGCAGTTCTGA 3’

mCcnd1: Forward primer

mCcndl: Reverse primer

5’ TTGACTGCCGAGAAGTTGTG 3’
5’ CTGGCATTTTGGAGAGGAAG 3’

mUpfl: Forward primer

mUpfl: Reverse primer

5’ CTGCCTGCGTGGTTTACTGT 3°
5" GTAGCACTCCAGCACGGTCT 3

hp-globin: Forward primer

mf3-globin: Reverse primer

5’ GCTCGGTGCCTTTAGTGATG 3°
5" CCCAGCACAATCACGATCATA 3°

hGli2: Forward primer

hGli2: Reverse primer

5" CGAGGGTCATCTGGTGGTAA 3’
5" GAGCACTACCTCCTGTCTGT 3°

hHprt: Forward primer
hHprt: Reverse primer

5’ TTCGTGGGGTCCTTTTCACC 3°
5’ TGACCAGTCAACAGGGGACA 3’

hSmo: Forward primer

hSmo: Reverse primer

5" GGACATGCACAGCTACATCG 3’
5" CCAATGCTGCCCACAAAGAA 3’

hAtf4: Forward primer
hAtf4: Reverse primer

5’ TCGTCCTGGTGGGATCTAGG 3’
5’ TCTGGCATGGTTTCCAGGTC 3°

hGlil: Forward primer

hGlil: Reverse primer

5’ CTTCTGCCACCAAGCTAACC ¥’
5" CGACAGAGGTGAGATGGACA 3
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Chapter 4

Results
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4.1. The NMD pathway is functional in cerebellar granule cell precursors (GCPs).

NMD is a translation-dependent mechanism involving degradation of faulty transcripts
through a highly orchestrated sequence of protein-protein interactions involving core NMD factors
such as UPF1, UPF2, UPF3B, SMG1, SMG35, SMG6 and SMG7'% (Figure 4.1A). To test whether
NMD is functional in cerebellar GCPs, we performed siRNA-mediated knockdown of two key
NMD components: SMG1 (siSMG1; Figure 4.1B-C) and UPF1 (siUPF1; Figure 4.1D-E). 72 hr
after SMG1 or UPF1 siRNA transfection, we assessed the levels of well-established, direct NMD
targets harboring various NMD-inducing features (4¢/4, Ddit3, Gas5, and Snord22) 160,214,223,228,292-
2% (Figure 4.1F for the list of NMD features present in these NMD target genes). We found that
knockdown of either SMG1 or UPF1 gave similar results and led to an increase in the mRNA
levels of Atf4, Ddit3, Gas5, and Snord22, while not affecting the housekeeping gene Gusb, used
as an internal control (Figure 4.1G-H). The fact that knockdown of two NMD signaling
components give similar results supports that the observed effect is due to inhibition of NMD,
rather than inhibition of another signaling mechanism. Thus, inhibition of the NMD pathway leads
to the upregulation of NMD target mRNAs in GCPs, indicating that the NMD pathway is
functional in GCPs.

We next tested the opposite and assessed whether NMD activity can be upregulated in GCPs.
Increased expression of UPF1 has been shown to activate NMD in many cell types and cause a
decrease in NMD target levels!5%-223.284.297 "We first confirmed that we could achieve elevated levels
of UPF1 protein and mRNA expression by lentivirus transduction of GCPs (Figure 4.11-J). As
anticipated, this led to the downregulation of the NMD target A#/4 (Figure 4.1K), consistent with

NMD being activated in GCPs upon increased expression of UPF1. Together, these experiments

100



demonstrate for the first time that the NMD pathway is functional in GCPs and that it can regulate

its targets positively or negatively, depending on whether NMD is down- or up-regulated.

101



A B S NF NP F
& @& & ¢
DECID complex — (SMG1 & P £ P
0 UPF1 phosphorylation "
P s ~SMG1
upr2 ((UPF1 ] ‘
? s D [
a N
;@ (o — O
START PIC sTOP c

iSMG1-C
Recruitment of mMRNA < c st :l'
. A
degradation factors E % siSMG1-B—:'—| .
[ 3]
2 G siSMG1-A-] *
5 @ ? 3 d M :
: X  siControH |
START PTC
T T T T 1
RN SN SN R S
F
D Gene NMD inducing feature
c . :I described in literature
N " S ¢ siUPF1-Z
®) - - o L.
0&‘ \)q“\ \\;z"‘\ E ] Atf4 Presence of an uORF in its 5'UTR
LS 3 9 8 SiUPF1-Y —:’—| 1
|e — | ~upr1 £ u% : Ddit3 | Presence of an uORF in its 5UTR
K siControl - |
‘ | a— -‘ —Pan actin Gas5 Presence of an intron in its 3'UTR
T T T T 1
S ¥ oF o P NS Snord22 | Presence of an intron in its 3'UTR
G

*
*

*k

2.5 * 2.0

S % * 5 3.0 * 5 25 T E—
S 2.0 c s 2.5 . — 5 2.0
w O S 15 3 2 2
n 7 n 2.0 o N
By 15 g Eo 5% 15
o =R a0 o
x sx 1.0 X8 15 g5
3< 10 X3 L) S 490
[ 2Q o 1.0 on I+
3 g 05 2 2
5 03 £ E 05 £ 05
[ L] T &,
@ 0.0 T T & 0.0 T T T © 0.0 T T T 0.0 T T T
AN
ORI N ORI N O N S ® L
& ) ) & ©) < & O O & © )
&L & RO &L & & N
D & > & & e & % ® & &
H
5 25 - 5 20 - 5 25 " 5 20
s s 5 5 *
X)) 5 S 20 . k]
@ § . 1.5 2 . 2oy 1.5
§_§ 1.5 &%- 10 ‘5_“@ 15 ‘D'_E 0
o oQ 30 X G
1.0 1.0 o<
g g 9 o0
£ £ 05 2 2 05
& 0.5 % E 0.5 E
o Q
€ 0 CAY) X 00 g 00
> N A 4 3
‘60 Q\:\ \:" .éo Q\:\ Q\‘ Q,éo Q\' Q" ‘éo Q\:\ Q\:b
F S F &8 & & £ & & 8
| J K .
& . 16, —— 10
X [5) B S i
& 5 c
Q7 & 2 1.2 S
SR o "
[N 8 2
~ ===  —~UPF1 g 508 & X05
_ — 3> X<
’—ﬁ - Pan actin Q 0.4 g
% 0.0 % 0.0
A
& © & 3 \,}o\ &
o N & N
£ & & &
K9 P

102



Figure 4.1. ' The NMD pathway is functional in cerebellar granule cell precursors (GCPs).

(A) Schematic of the NMD pathway. Detection of a transcript containing a premature termination
codon leads to interaction of UPF1 with the UPF2-UPF3 bound to EJC, triggering the
phosphorylation of UPF1 by SMG1 kinase, to form the DECID complex. NMD-mediated
exonucleolytic degradation of the transcript occurs through interaction of UPF1 with the final
effectors of NMD- SMG5 and SMG7, and/or through endonucleolytic cleavage by SMG6.

(B) Freshly isolated PS5 C56BL6 GCPs were transfected with three different siRNAs against SMG1
targeting three different exons, or a control non-targeting siRNA, as indicated. The total cell
lysates were analyzed by western blotting with the indicated antibodies; -tubulin was used as
the loading control.

(C) Densitometric quantification of SMG1 in siSMG1 GCPs; n=3. Data are normalized such that
the siControl treatment is 1.

(D) Freshly isolated cerebellar GCPs were transfected with two different siRNAs against UPF1 or
a control non-targeting siRNA, as indicated. The total cell lysates were analyzed by western
blotting with the indicated antibodies; Pan-actin was used as the loading control.

(E) Densitometric quantification of UPF1 in siUPF1 GCPs; n=3. Data are normalized such that the
siControl treatment is 1.

(F) NMD-inducing features described in literature for four classic NMD targets: Atf4, Ddit3, Gas5
and Snord2?2.

(G)Relative endogenous mRNA levels of well-established NMD targets; Atf4, Ddit3, Gas5 and
Snord2?2 in siSMG1 GCPs, as measured by qRT-PCR; n>3.

(H)Relative endogenous mRNA levels of well-established NMD targets; Atf4, Ddit3, Gas5 and
Snord2?2 in siUPF1 GCPs, as measured by qRT-PCR; n>3.

(I) P5 C56BL6 GCPs were infected with UPF1 lentivirus to activate NMD, or GFP lentivirus as
control. The total cell lysates were analyzed by western blotting with the indicated antibodies;
Pan-actin was used as the loading control.

(J) Relative mRNA levels of UpfI in UPF1 OE GCPs, as measured by qRT-PCR; n=3.

(K)Relative endogenous mRNA levels of well-established NMD target - A4#/4 in UPF1 OE GCPs,
as measured by qRT-PCR; n=3.

Transcript levels were normalized to Gusb in (G, H, J, K). One- way ANOVA with Dunnett’s

multiple comparison post-test was performed in (G, H, J, K). Error bars represent SEM.
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4.2. NMD regulates Shh pathway activity, expression of proliferation-regulating genes,
and GCP proliferation.

While in some cell types NMD was shown to regulate proliferation?01:220-228.261 " ywhether NMD
regulates the proliferation of GCPs remains unknown. Thus, we next investigated the
consequences of inactivating NMD on GCP proliferation. In GCPs with knockdown of SMG1 or
UPF1, we observed a ~2-fold increase in the percentage of cells positive for the proliferation
marker Ki67" (Figure 4.2A-D). While in some contexts NMD regulates proliferation, in other

201,220.228.261 Tq evaluate whether

cellular contexts, NMD has been shown to regulate differentiation
NMD also plays a role in GCP differentiation, we assessed if inhibition of NMD affects GCP
differentiation into granule neurons. Knockdown of SMGI1 did not affect the expression of early
or late granule neuron differentiation markers such as Cntn2 (Tagl), Rbfox3 (NeuN), or Tubb3

(neuronal B-tubulin) (Figure 4.2E). Thus, our data indicate that NMD regulates proliferation of

GCPs but does not regulate their differentiation.

As the Shh signaling pathway is an important regulator of GCP proliferation!”-!¥, we explored
whether Shh pathway activity is regulated by NMD. We first looked at G/il mRNA, a
transcriptional target of the Shh pathway which reflects the activity of the pathway (Figure 4.2F).
When SMGI or UPF1 was knocked-down in GCPs, we found that G/i/ levels were upregulated
(Figure 4.2G-H), suggesting an upregulation of Shh pathway activity. To confirm this, we looked
at two additional Shh pathway targets, CyclinD1 (Ccndl) and Hexokinase2 (Hk2) 334298300 e
found that, similarly to Glil, Ccndl and Hk2 mRNA levels were also upregulated in SMG1- and
UPF1-knocked-down GCPs (Figure 4.2G-H). Together, these results indicate that Shh pathway

activity is upregulated when NMD is inactivated.
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We next explored the mechanism underlying this effect. We hypothesized that modulation of Shh
pathway activity by NMD might be due to an effect of NMD on the mRNA(s) of Shh pathway
components. In support to this, we found that Smo and G/i2, two key mediators of Shh signaling
(Figure 4.2F), each contain three NMD features in their mRNA (Figure 4.3E), thus making them
prime candidates for regulation by NMD. Consistent with our hypothesis, we found that the mRNA
levels of Smo and G/i2 were upregulated in SMG1- and UPF1-knockdown GCPs (Figure 4.21-J).
For these mRNA changes to result in an increase in Shh pathway activity, they need to also result
in changes in proteins levels. Immunoblot analysis showed that the amounts of Smo and Gli2
proteins were increased in SMG1- and UPF1-knockdown GCPs (Figure 4.2K-L), consistent with
the Smo and G/i2 mRNA increases that we observed. Thus, NMD inhibition increases Shh pathway

activity, expression of proliferation-regulating genes, and GCP proliferation.

We next assessed whether upregulation of NMD activity would lead to the downregulation Shh
pathway transcriptional targets and Shh signaling pathway components. We achieved upregulation
of NMD activity by increasing expression of UPF1 in GCPs (as in Figure 4.11-J) and found that
the Shh pathway targets Glil, Ccndl, and Hk2 were downregulated (Figure 4.2M). In addition,
we found that increased expression of UPF1 in GCPs led to a decrease in protein levels of Smo
and Gli2 (Figure 4.2N). In summary, our data show that NMD can modulate key Shh signaling
pathway components (Smo and Gli2) and their Shh pathway targets (Glil, Ccndl, and Hk2) in

either activating or inactivating direction, depending on the status of NMD activity.
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Figure 4.2. NMD regulates Shh pathway activity, expression of proliferation-regulating
genes, and GCP proliferation.

(A) Immunofluorescence of siSMG1 GCPs with an antibody against Ki67 to assess proliferation.

(B) IF quantification of Ki67 positive staining of siSMG1 GCPs; n=3.

(C) Immunofluorescence of siUPF1 GCPs with an antibody against Ki67 to assess proliferation.

(D)IF quantification of Ki67 positive staining of siUPF1 GCPs; n=3.

(E) Relative endogenous mRNA levels of GCP differentiation genes; Cntn2, Rbfox3 and Tubb3
upon SMG1 KD, as measured by qRT-PCR; n=3.

(F) Schematic of canonical Shh signaling pathway. In the absence of Shh ligand, Ptchl inhibits
the constitutive activation of the pathway. In presence of Shh, it binds to Ptchl, thus relieving
Ptchl inhibition on Smoothened (Smo), leading to activation of GI/i transcription factors and
its downstream targets.

(G)Relative endogenous mRNA levels of G/i2 transcriptional targets that are known to regulate
GCP proliferation (Glil, Ccndl, Hk2) upon SMGI1 KD, as measured by qRT-PCR; n>3.

(H)Relative endogenous mRNA levels of G/i2 transcriptional targets that are known to regulate
GCP proliferation (Glil, Ccndl, Hk2) upon UPF1 KD, as measured by qRT-PCR; n=3.

(D) Relative endogenous mRNA levels of Shh pathway activators; G/i2 and Smo upon SMG1 KD,
as measured by qRT-PCR; n>3.

(J) Relative endogenous mRNA levels of Shh pathway activators; G/i2 and Smo upon UPF1 KD,
as measured by qRT-PCR; n>3.

(K)Endogenous protein levels of Shh pathway effectors; Gli2 full length and Smo in siSMG1
GCPs, as measured by immunoblotting with the indicated antibodies. Gli2 and Smo levels
measured in KD conditions are relative to siControl.

(L) Endogenous protein levels of Shh pathway effectors; Gli2 full length and Smo in siUPF1
GCPs, as measured by immunoblotting with the indicated antibodies. Gli2 and Smo levels
measured in KD conditions are relative to siControl.

(M) Relative endogenous mRNA levels of Shh pathway activators; G/i2, Glil and Smo upon

UPF1 OE, as measured by qRT-PCR; n=3.

(N) Endogenous protein levels of Shh pathway effectors; Gli2 full length and Smo upon UPF1

OE, as measured by immunoblotting with the indicated antibodies. Gli2 and Smo levels was

measured in OE conditions and normalised to GFP control.
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In (A-D), GCP proliferation was measured as a percentage of number of cells positively
stained for Ki67 relative to total number of DAPI stained cells per condition.

Scale bar represents 10 um in (A, C). In (E, G, H, I J, M), transcript levels were normalized
to Gusb and One-way ANOVA with Dunnett's multiple comparisons post-test was performed;

Error bars represent SEM. Pan-actin was used as the loading control in (K, L, M).
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4.3. NMD regulates Shh signaling by modulating Gli transcriptional activity.

To show that the transcriptional output of the Shh pathway is modulated by NMD in a direct
manner, we used a Gli-dependent reporter assay. In this assay, a heterologous cell line (NIH 3T3)
harbors a stably integrated construct composed of Gli DNA binding sites upstream of a luciferase
reporter gene. Shh pathway activation is achieved by Shh stimulation. To investigate the impact of
NMD modulation on the transcriptional activity of the Shh pathway, we inhibited NMD using
varying concentrations (5, 25, 50, and 500 nM) of NMDi14, an NMD inhibitor that disrupts the
interaction between SMG7 and UPF1 by targeting a pocket in the SMG7 protein®®!. As expected,
we observed a dose-dependent increase in Shh activity with Shh treatments of 5, 10, and 25 nM.
Concomitant NMD inhibition with Shh stimulation showed enhancement of Gli-mediated
transcription by ~1.5-2 fold (Figure 4.3A). To ensure that the changes observed in the Gli-reporter
response were not caused by a non-specific effect on the reporter, we also used a luciferase reporter
driven by a Rous sarcoma virus (RSV) promoter. We did not detect any effect of NMDi14 on the
RSV-luciferase reporter, even when we used a much higher dose of 5 uM NMD1i14 (Figure 4.3B).
Conversely, to look at the effect of increasing NMD on Gli activity, we used lentivirus mediated
UPF1 overexpression. Increased NMD activity led to a decrease in Gli-driven luciferase
transcription (Figure 4.3C). This was supported by a change in the ECso of Shh from 16.32 nM in
control condition to 28.55 nM in the UPF1 overexpression condition. Again, the changes observed
in the Gli-reporter response were not caused by a non-specific effect on the reporter as we did not
detect any effect on the RSV-luciferase reporter upon NMD activation (Figure 4.3D). Together,
these data show that NMD modulates Gli-dependent transcriptional activity, but it does not affect

a non-Gli-driven transcriptional reporter.
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Figure 4.3 NMD regulates Shh signaling by direct modulation of G/i transcriptional

activity.

(A) Stimulation of Gli2-promoter driven luciferase reporter activity in NIH3T3 cells subjected to

simultaneous NMD inactivation using NMDi14 and Shh stimulations for 24 hours; n=3. The
different concentrations of NMDi14 used: 5nM, 25nM, 50nM, 500nM and the different
concentrations of Shh used: 5nM, 10nM, 25nM.

(B) Stimulation of luciferase activity in NIH3T3 cells that were transfected with RSV-luciferase,

were subjected to NMD inactivation using different concentrations of NMDi14; n=3.

(C) Stimulation of Gli2-promoter driven luciferase reporter activity in NIH3T3 cells subjected to

NMD activation by transfecting an UPF1 overexpression plasmid or a control GFP plasmid

for 48 hours, followed by Shh stimulation at doses: 5nM, 10nM, 25nM, 50nM and 100nM for

24 hours; n=3.

(D) Stimulation of luciferase activity in NIH3T3 cells that were transfected with RSV-luciferase,

were subjected to NMD activation by transfecting an UPF1 overexpression plasmid or a

control GFP plasmid for 48 hours; n=3.

(E) NMD-inducing features predicted from the Ensemble database for G/i2 and Smo.
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4.4. The 3’UTRs of Smo and Gli2 are targets of NMD-mediated degradation.

Since Smo and G/i2 mRNA levels are modulated by NMD (Figure 4.21-J) and their mRNA each
contain three predicted NMD features (long 3’UTR, presence of an intron in 3’'UTR, and uORF;
Figure 4.3E), we hypothesized that they might be direct targets of NMD. To test this, we used the
[-globin mini-gene reporter system where the impact of an exogenous RNA sequence can be tested
on B-globin mRNA stability?*’. This reporter system has been used to identify and characterize
novel NMD targets?®-2%4, As a negative control, we used a construct containing full length B-globin
(with its normal termination codon) and its 3’UTR (referred to as -globin full length). This

construct does not have NMD features and is not targeted by NMD?0:-2%4

. As a positive control, we
used the same construct but harboring a premature termination codon (PTC) at the 39" position of
the -globin ORF (39 Ter -globin). Since this construct has an NMD feature (PTC), it is targeted
by NMD?%0-294.302-305 Ty addition, we generated two chimeric constructs, both containing the full
length B-globin ORF followed by replacing the 3’UTR of [-globin with either the intron-
containing 1080 nt-long 3’UTR of Smo mRNA (B-globin-Smo 3’UTR) or intron-containing 1724
nt-long 3’UTR of G/i2 mRNA (B-globin-Gli2 3°UTR) (Figure 4.4A).

We transfected these reporters into NIH 3T3 cells and assessed their +globin mRNA levels by
qRT-PCR. First, we observed that in DMSO control conditions, transcripts from our 3-globin-Smo
and -globin-Gli2 3’UTR chimeric constructs were downregulated two-fold compared to 3-globin
full length (Figure 4.4B). This downregulation was similar to the decrease observed for the NMD-
targeted 39 Ter PB-globin mRNA. To show that the downregulation of Smo and Gli2 3’UTR
chimeric constructs are due to targeting by NMD, we assessed the effect of NMD inhibition on the
stability of these mRNAs. We observed that transcript levels of Smo and G/i2 3’UTR chimeric

constructs progressively increased with treatment of NMDi14, ultimately reaching levels similar
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to the NMD-insensitive fglobin full length transcript (Figure 4.4B). These results show that the
Smo and G/i2 3’°UTR are NMD targets.

We next sought to determine whether elevating NMD activity would lead to an enhanced
degradation of Smo and G/i2 3’UTR chimeric constructs. Indeed, upon increased expression of
UPF1, we observed more than two-fold decrease in chimeric transcript levels compared to the
control GFP condition (Figure 4.4C). Thus, NMD activation leads to increased degradation of
Smo and G/i2 3’°UTR chimeric constructs, further supporting that Smo and G/i2 are novel NMD

targets.
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Figure 4.4. The 3°’UTRs of Smo and Gli2 are targets of NMD-mediated degradation.

(A)Schematic of different NMD reporter constructs used: (1) B-globin full length reporter
construct (used as a negative control for NMD degradation): encoding the B-globin opening
reading frame followed by B-globin 3’ UTR or (2) 39 Ter B-globin NMD reporter construct
(used as a positive control for NMD degradation): encoding premature termination codon-
containing at 39" amino acid position in the B-globin opening reading frame followed by B-
globin 3 UTR or (3) B-globin Smo 3’UTR chimeric construct: encoding the B-globin opening
reading frame followed by the Smo 3’ UTR of length 1080 nt or (4) B-globin Gli2 3’'UTR
chimeric construct: encoding the B-globin opening reading frame followed by the Gli2 3° UTR
of length 1742 nt. Green boxes are exons (open reading frames), black lines are introns, red is
a termination codon and blue is a 3’UTR.

(B) Relative levels of transcripts from the -globin full length, 39 Ter -globin and pB-globin Smo
3’UTR and B-globin Gli2 3’UTR constructs following NMD inactivation using different doses
of NMDi14 as indicated in figure; n=3. Data are normalized such that the B-globin full length
treated with DMSO is set to 1.

(C) Relative levels of transcripts from the -globin full length, 39 Ter -globin and pB-globin Smo
3’UTR and B-globin Gli2 3’UTR constructs following NMD activation by UPF1 OE or GFP
as control in NIH3T3 cells; n=3. Data are normalized such that the B-globin full length
transfected with GFP control is set to 1.

All error bars are SEM.
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4.5. p-UPF1 binds to the 3’UTRs of Smo and G/i2 to mark and target their mRNAs for
NMD.

Phosphorylation of UPF1 (p-UFP1) by SMGI kinase is crucial for triggering NMD-mediated
degradation of its targets'?”!3°, Phosphorylated steady state UPF1 binds, gets stabilized and
enriched on the 3’UTR of NMD targets'*’. Kurosaki et al. developed a p-UPF1 RNA
immunoprecipitation (RIP) method for the identification of direct NMD targets'4’2°!. This
approach involves treating cells with okadaic acid (OA), an inhibitor of protein phosphatase 2A
(PP2A), which not only increases the steady-state fraction of p-UPF1 in the bulk of cellular UPF1
to allow easier detection of p-UPF1 marking NMD targets, but also inhibits immediate degradation
of the targets, thus enabling an increase in their transcript levels for more sensitive detection by
qRT-PCR!47:133.180.306 \While our findings thus far show that Smo and G/i2 mRNAs are subject to
NMD degradation (Figure 4.2) and that their 3’UTR are targeted by NMD (Figure 4.4), we further
confirmed that they are direct NMD targets by assessing whether p-UPF1 marks Smo and G/i2
transcripts for NMD-mediated degradation. For this, we used OA to enhance p-UPF1 levels in
HEK293T cells and performed p-UPF1 RIP using an antibody against p-UPF1 (p-S1116) or rabbit
IgG (rIgG) as a control, followed by a qRT-PCR (Figure 4.5A). 10% of the cell lysate that was
used as input before IP confirmed a large increase in cellular p-UPF1 levels upon OA treatment
(Figure 4.5B). We also verified by western that our IP using an antibody against p-UPF1 efficiently
enriched p-UPF1 protein, as seen by a considerable increase in p-UPF1 levels with OA treatment
compared to the rIgG controls (Figure 4.5B). Assessing p-UPF1 mRNA transcript levels relative
to the rIgG background upon OA treatment by qRT-PCR revealed a very high fold enrichment in
Smo of ~40-fold and in G/i2 of ~200-fold, similar to what we observed with the well-established

NMD target Atf4 (~70-fold; Figure 4.5C). Notably, we detected enrichment of Smo and G/i2 even
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in absence of OA treatment, on the order of ~25 and ~70-fold, respectively. This key finding that
p-UPF1 marks Smo and Gli2 transcripts for NMD-mediated degradation demonstrate that these
positive effectors of the Shh pathway are directly targeted by NMD. Together, our results

demonstrate that Smo and G/i2 mRNAs are novel NMD targets.

116



HEK293T cells treated N
with Okadaic acid/DMSO o Lo
! Input Qp & &
Cell lysis - + Okadaic acid S Okadaic acid
| =
anti p-UPF1 S1116 el ]| <p-upFi(sitie) | T wes | —p-UPF1(S1116)
or rI?G 1P g IB: p-UPF1(S1116) @ IB: p-UPF1(S1116)
= [T
= o
Sample elution 3 —= GAPDH =] ‘- ---‘<rabbit IgG
Voo IB: GAPDH & IB: rigG
RNA extraction o
|
cDNA conversion
RT-qPCR
C
100 _ = 45 —=* xx 350, *
oy o
¥ 8o E 40- 1 $ 300
o ©0 4 &S 35 et
o ‘s o 250
£ 60 £ 304 £
g b g 25 g 200
:E 40 _| % 20 "S 150
£ £ 15 € 100-
5 20 | 3 10- 3
= z 2 50
w c 5 °
w ('8
0 T T T T 0 i DR e S 0 T T T T
Okadaic acid C-a - a + Okadaic acid (-9 - "(" + Okadaic acid é, - 2'-9 +
RO AIRCIR N RO RO ARCIR N
SOMIRN AR R SOMRN AR R SR\ A DR
& Q,\) & Qp & Q.O S Q,O & Q,O & Q,\)
€ € 34 134 ® ®

Figure 4.5. p-UPF1 binds to the 3’UTRs of Smo and G/i2 to mark and target their mRNAs
for NMD.

(A) Schematic for p-UPF1 RIP-Seq (details in Methodology Chapter 3.10).

(B) Immunoprecipitation of HEK293T cell lysates was performed using anti-p-UPF1(S1116) or,
as a control, rabbit IgG. Immunoblot (left) represents the input sample, which contain the total
cellular proteins before IP, using indicated antibodies; GAPDH was used as a loading control.
Right blot represents immunoblot after p-UPF1 immunoprecipitation using indicated
antibodies.

(C) RT-gPCR on samples analyzed in (B), for the assessment of fold enrichment of endogenous
Atf4, Gli2 and Smo bound to p-UPF1.

All error bars are SEM.
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4.6. NMD inactivation cooperates with Ptchl inactivation to enhance medulloblastoma
tumorigenesis.

Having established that NMD regulates the Shh signaling pathway and GCP proliferation, we next
aimed to determine if this could play a role in Shh pathway-induced pathologies. GCPs are the cell
of origin of Shh-medulloblastoma*-*%; we thus sought whether NMD regulation of Shh signaling
might play a role in medulloblastoma tumorigenesis. PTCH1 is one of the most commonly mutated
gene in Shh-medulloblastoma®®. As a Shh-medulloblastoma mouse model, we used in utero
electroporation of the rhombic lip (the zone where GCPs are generated) to perform CRISPR-Cas9-
mediated inactivation of Ptchl, alone or jointly with SMGI inactivation (Figure 4.6.1A; gRNA
details in Table 3.16.4). We first investigated whether NMD impacts formation of early
medulloblastoma tumors (preneoplasia) at postnatal day 21 (P21), a time when preneoplastic
lesions can be distinctly observed!?. Histological assessment revealed that inactivation of Ptchl
alone led to an incidence of preneoplasia of 9.5% at P21 (Figure 4.6.1B). Remarkably, double
inactivation of Smgl and Ptchl led to a drastic increase in preneoplasia incidence from 9.5% to
60%, while single Smgl/ inactivation alone did not have tumorigenic effect on its own (0%
incidence). In addition to increased incidence, we also observed that Smg/ inactivation
considerably increased (~5-fold) the area of preneoplastic lesions, from ~20 mm? in Ptchl-
inactivated preneoplasia to ~100 mm? in Ptchl+Smgl-inactivated preneoplasia (Figure 4.6.1C-
D). These results indicate that SMG1 modulates Ptchl-tumorigenesis, and this impacts the
incidence and the size of early medulloblastoma.

We next examined if this effect on early tumors would result in differences in medulloblastoma
aggressiveness at later stages. We performed in utero electroporation as described above and, after

their birth, monitored the animals over time for the appearance of behavioral phenotypes related
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to medulloblastoma, such as severe ataxia and coordination defects. Upon detection of these
phenotypes, the animals were euthanized and autopsied to confirm the presence of a
medulloblastoma. In all cases, a medulloblastoma tumor was confirmed. We observed that
Ptch1+Smgl inactivation increases the incidence of advanced medulloblastoma by ~9-fold, from
3.6% in Ptchl-inactivated tumors to 30.6% Ptchl+Smgl-inactivated tumors (Figure 4.6.1E). This
data was used to perform a Kaplan-Meier survival analysis. We found that Ptchl+Smgl
inactivation significantly decreases survival, compared to Ptchl inactivation alone (Figure
4.6.1F). Thus, Smg! inactivation cooperates with Ptchl inactivation to enhance tumorigenesis by
increasing the incidence and growth of early medulloblastoma, resulting in an increased incidence
of late stage medulloblastoma and a decreased survival.

We next confirmed that inactivating Smg/ was resulting in a decrease in NMD activity in these
tumors. First, we validated that the protein level of SMG1 was highly decreased in Ptchi+Smgl-
inactivated tumors compared to Ptchl-inactivated tumors (Figure 4.6.2A-B). Consistent with
NMD being inactivated, we observed an increase in the classic NMD targets (A4#f4, Ddit3, Gas),
and Snord22) in Ptchl+Smgl-inactivated tumors compared to Ptchl-inactivated tumors (Figure
4.6.2C). Similar to what we described in GCPs, we observed that Smg/ inactivation in Ptchl
tumors increases the NMD-sensitive Shh pathway effectors G/i2 and Smo (Figure 4.6.2D).
Consistent with an increase in Shh pathway activity, we also observed an increase in the Shh
pathway transcriptional targets Glil, Hk2, and Ccndl (Figure 4.6.2E). Together, these results
indicate that Shh pathway activity is upregulated in medulloblastoma tumors when Smg/ is
inactivated.

To further confirm that the effect of inactivating Smg/ on medulloblastoma aggressiveness reflects

arole of SMG1 in NMD, we also used the CRISPR-Cas9 approach to inactivate Upf1, another key
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NMD component. Combined inactivation of Ptchi+UpfI increased medulloblastoma incidence
~6-fold, from 3.6% (Ptchl alone) to 22% (PtchI+Upf1; Figure 4.6.1E). In addition, Ptchl+Upf1
inactivation decreased survival compared to Ptchl inactivation alone (Figure 4.6.1G). Thus, NMD

inactivation cooperates with Ptchl inactivation to increase medulloblastoma tumorigenesis.
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Figure 4.6.1. NMD inactivation cooperates with Ptchl inactivation to enhance

medulloblastoma tumorigenesis.

(A) Schematic of in-utero electroporation of CRISPR-Cas9 gRNA-mediated inactivation of NMD

components in combination with Ptchl inactivation to study the impact on Ptchl MB

formation and progression.
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(B) Summary table indicating percentage of preneoplasia incidence and the ratio of no. of mice
positive for preneoplastic lesions to total no. of animals in each group, CRISPR (Smgl +
Control), CRISPR (Ptchl + Control), and CRISPR (Ptchl + Smgl).

(C) MB lesions at postnatal 21 (P21) days in mice with inactivation of Ptchl + Control (n=2/21)
compared to mice with combined inactivation of Ptchl + Smgl (n=3/5) and mice inactivated
for Smgl only (n=0/9). Yellow dotted lines represent the area of tumor growth.

(D) Quantification of the total lesion area in mm? per group in (C).

(E) Summary table indicating percentage of tumor incidence and the ratio of no. of mice positive
for MB to total no. of animals in each group; CRISPR (Ptchl + Control), CRISPR (Ptchl +
Smgl) and CRISPR (Ptchl + Upfl).

(F) Kaplan-Meier survival curves comparing mice with combined inactivation of Ptchl+Control
(n=2/56) (vs) Ptchl+Smgl (n=11/36).

(G) Kaplan-Meier survival curves comparing mice with combined inactivation of Ptchl+Control
(n=2/56) (vs) Ptchl+Upfl (n=11/50).

Scale bar represents 200um in (C). One- way ANOVA with Tukey’s multiple comparison post-
test was performed for (D). Error bars represent SEM. Log-rank (Mantel-Cox) test was

performed in (F-G).
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Figure 4.6.2. Shh pathway activity is upregulated in medulloblastoma tumors when Smgl

is inactivated in vivo

(A) Representative Immunoblot of total cell lysates from tumor tissue obtained by CRISPR-Cas9
mediated combined inactivation of (Ptchl + Control) and (Ptchl + Smgl). MB1 and MB2
represent two individual tumors. The total cell lysates were analyzed by western blotting with
the indicated antibodies; Pan-actin was used as the loading control.

(B) Densitometric quantification of (A). Data are normalized such that the CRISPR (Ptchl +
Control) tumor group is set to 1.

(C) Relative endogenous mRNA levels of well-established NMD targets; A#f4, Ddit3, Gas5 and
Snord22 in CRISPR (Ptchl + Control) vs CRISPR (Ptchl + Smgl) tumors, as measured by
qRT-PCR.

(D) Relative endogenous mRNA levels of Shh pathway activators; G/i2 and Smo CRISPR (Ptchl
+ Control) vs CRISPR (Ptchl + Smgl) tumors, as measured by qRT-PCR.

(E) Relative endogenous mRNA levels of GI/i transcriptional targets that are known to regulate
GCP proliferation (Glil, Ccndl, Hk2) in CRISPR (Ptchl + Control) vs CRISPR (Ptchl +
Smgl) tumors, as measured by qRT-PCR.

In (C,E), each bar represents the value of one tumor and transcript levels were normalized to

Gusb.
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4.7.  NMD upregulation decreases tumor cell proliferation and aggressiveness of
medulloblastoma tumors.

Since we showed that increased expression of UPF1 activates NMD in GCPs, thereby causing a
reduction in Shh signaling and a decrease in GCP proliferation, we wondered whether increased
expression of UPF1 could also have a similar effect in tumorigenic GCPs, where the Shh pathway
is driven by SmoM2, a constitutively active form of Smo. For this, we generated Mathi-Cre*;
Smo*™? mice, where SmoM2 is driven in GCPs by the Math1-Cre promoter. This is a very
aggressive medulloblastoma mouse model with 100% incidence and 0% survival. We isolated
tumorigenic GCPs from P5 MathI-Cre®; Smo™™? cerebella and infected them with a lentivirus
expressing UPF1. This resulted in an increase in UPF1 protein levels (Figure 4.7.1A). Consistent
with an increase in NMD activity, we observed a decrease in the expression level of NMD targets
(Atf4, Ddit3, Gas5, and Snord22) and a decrease in the NMD-sensitive Shh pathway effectors G/i2
and Smo (Figure 4.7.1B-C). Consistent with a decrease in Shh pathway activity, we also observed
a decrease in the Shh pathway transcriptional targets Glil, Hk2, and Ccndl (Figure 4.7.1D). In
line with these targets being important drivers of tumorigenic GCP proliferation, increased NMD
activity also led to a reduction in tumorigenic GCP proliferation (Figure 4.7.1E-F). Together, these
results indicate that, even in highly tumorigenic GCPs, NMD activation downregulates Shh

pathway activity and proliferation.
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Figure 4.7.1 NMD upregulation decreases tumor cell proliferation in vitro.

(A) P5 Mathl-Cre*; Smo™™? tumorigenic GCPs were infected with UPF1 to upregulate NMD or
GFP as a control. The total cell lysates were analyzed by western blotting with the indicated
antibodies; Pan-actin was used as the loading control.

(B) Relative endogenous mRNA levels of known NMD targets; Atf4, Ddit3, Gas5 and Snord22
upon NMD upregulation in MathI-Cre*; Smo™™? tumorigenic GCPs, as measured by qRT-
PCR; n=3.

(C) Relative endogenous mRNA levels of Shh pathway activators; G/i2 and Smo upon NMD
upregulation in MathI-Cre*; Smo™™? tumorigenic GCPs, as measured by qRT-PCR; n=3.
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(D) Relative endogenous mRNA levels of Gli2 transcriptional targets that are known to regulate
GCP proliferation (Glil, Ccndl and Hk2) upon NMD upregulation in Math1-Cre*; Smo™™?2
tumorigenic GCPs, as measured by qRT-PCR; n=3.

(E) P5 Mathl-Cre*; Smo™™? tumorigenic GCPs infected with UPF1 or GFP control followed by
immunofluorescence with an antibody against Ki67. Proliferation of infected GCPs was
measured as a percentage of number of cells positively stained for Ki67 relative to total number
of DAPI stained cells per condition.

(F) IF quantification of Ki67 positive staining in (E); n=3.

Transcript levels were normalized to Gusb in (B-D). In (E-F), Unpaired t-test was performed, and

error bars represent SEM.
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We next wanted to determine whether NMD upregulation could decrease tumor cell proliferation
and the aggressiveness of medulloblastoma tumors in vivo. To test this, we performed orthotopic
transplantation of tumorigenic MathlI-Cre*; Smo™™? GCPs that were isolated from P5 cerebella
and then transduced for one hour with either a UPF1 or GFP control lentivirus, and then
immediately transplanted into the cerebella of P5 wildtype recipient mice (Figure 4.7.2A).
Animals were monitored frequently and when symptoms of medulloblastoma were apparent the
animals were euthanized and the presence of a medulloblastoma was confirmed by autopsy. Tumor
tissue was collected for further analyses. Increased expression of UPF1 was confirmed in the tumor
tissue by immunoblotting and immunostaining (Figure 4.7.2B-D). Consistent with NMD
upregulation, 1) classic NMD targets, i1) the NMD-sensitive Shh pathway effectors G/i2 and Smo,
and iii) the Shh pathway transcriptional targets Glil/, Hk2, and Ccndl were all downregulated in
UPF1 overexpressing tumors compared to GFP control tumors (Figure 4.7.2E-G). In line with the
Shh pathway and its targets being important drivers of tumorigenic GCP proliferation, increased
NMD activity led to a reduction in GCP proliferation (Figure 4.7.2H-I). Together, these results
indicate that, even in highly aggressive Smo-M2 tumors, NMD activation downregulates Shh
pathway activity and proliferation.

Lastly, we assessed if this would impact survival. Kaplan-Meier analysis showed that NMD
activation causes a delay in medulloblastoma tumor latency and extends survival time by 31%
(p=0.0018; Figure 4.7.2J). Thus, NMD upregulation decreases tumor cell proliferation and

decreases the aggressiveness of mouse medulloblastoma tumors.
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Figure 4.7.2. NMD upregulation leads to a delay in MB tumor latency and significantly

improved survival in vivo.

(A) Schematic depicting the orthotopic transplantation approach where tumorigenic Mathl-Cre™;

Smo*™2 GCPs were transduced by spin-inoculation with either a GFP or a UPF1 lentivirus

before transplantation into P5 C56BL6 wildtype recipient mice.
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(B) Representative immunoblot of total cell lysates from tumor tissue obtained from mice with
UPF1 OE or GFP as control as depicted in (A); Pan-actin was used as the loading control.

(C) Sections of MB tumors from C56BL6 mice that received cerebellar transplants of Math1-Cre™;
Smo ™2 tumorigenic GCPs infected with UPF1 or GFP were stained with UPF1 antibody to
confirm UPF1 OE.

(D) Quantification of mean UPF1 fluorescence intensity in (C).

(E) Relative endogenous mRNA levels of known NMD targets; Atf4, Ddit3, Gas5 and Snord22
upon NMD upregulation in tumors, as measured by qRT-PCR; n=3.

(F) Relative endogenous mRNA levels of Shh pathway activators; G/i2 and Smo upon NMD
upregulation in Mathl-Cre*; Smo™? tumorigenic GCPs, as measured by qRT-PCR; n=3.

(G) Relative endogenous mRNA levels of Gli2 transcriptional targets that are known to regulate
GCP proliferation (Glil, Ccndl and Hk2) upon NMD upregulation in Math1-Cre™; Smo*™?
tumorigenic GCPs, as measured by qRT-PCR; n=3.

(H) P5 Mathl1-Cre*; Smo™™? tumorigenic GCPs infected with UPF1 or GFP control followed by
immunofluorescence with an antibody against Ki67. Proliferation of infected GCPs was
measured as a percentage of number of cells positively stained for Ki67 relative to total
number of DAPI stained cells per condition.

(D IF quantification of Ki67 positive staining in (H); n=3.

(J) Kaplan-Meier survival analysis of C56BL6 mice that received cerebellar transplants of Math1-

Cre*; Smo™? tumorigenic GCPs infected with UPF1 (red) or GFP (green).
Scale bar represents 35 um in (C, H). Transcript levels were normalized to Gusb in (E-G). Unpaired

t-test was performed, and error bars represent SEM in (E-G, I).
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4.8. NMD activity level is a determinant of prognosis in specific subgroups of human
medulloblastoma.

All data presented thus far were obtained in MB mouse model; thus, we next used bioinformatics
analyses to assess whether NMD might also play a role in human MB. For this, we analyzed human
MB cohorts from published datasets (Pecan, cBioportal, Medullo500) for the presence of
mutations in genes involved in the NMD machinery. We found that less than 1% of MB have
mutations and/or copy number loss in NMD components (data not shown). This indicates that
mutations/deletions of NMD components is not a main event in MB tumorigenesis. However, other
molecular mechanisms could lead to inactivation of NMD in MB: For example, mutations could
occur in the regulatory sequences of genes involved in the NMD process (such as promoters and
enhancers), in transcription factors controlling the expression of NMD genes, at the epigenetic
level (and affect the expression of NMD components), or could occur in signalling pathways
controlling NMD component activity?0!-307 192.308-310,

Regardless of the cause, events leading to a downregulation/inactivation of NMD activity would
lead to an upregulation of mRNAs that are NMD targets. Thus, in addition to looking for mutations
in NMD components, we also looked to see whether the NMD activity status of human MB tumors
are affected in some MB tumors. For this, we used a published list of NMD targets (UPF1 binding
targets identified using crosslinking/immunoprecipitation-sequencing (CLIP-seq; which we refer
to as the Burge signature)’'!. As expected, this list contains many of the classic NMD targets, such
as ATF4, DDIT3, etc. We used this list to generate an NMD target gene signature of ~200 genes.
We then analyzed gene expression in a published cohort of 763 MB samples (Cavalli) for this
signature. Of interest, some MB exhibit low levels of NMD targets, while others exhibit high levels

of NMD targets. This suggests that some MB samples have an inactivation or a severe decrease in
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their NMD process, while other samples do not. Next, we looked at the overall survival of
individuals with tumors exhibiting high NMD targets, for each of the four MB subgroups (Figure
4.8A). Interestingly, we found that NMD-deficient tumors (thus exhibiting high NMD targets)
have a worse survival prognosis compared to tumors having low NMD targets. This effect was
significant for SHH-MB, Group3-MB and Group4-MB, but not for WNT-medulloblastoma
(Figure 4.8B-E) We also performed this analysis using an independent NMD target signature, this
time identified by the immunoprecipitation of phospho-UPF1, followed by the sequencing of the
bound mRNAs (Magquat signature)'*’ and we observed similar results (Figure 4.8F). Overall,
these human data are consistent with our results indicating that when NMD is inactivated in the
Ptchl Shh-MB mouse model (through Smgl or UpfI inactivation), the survival of these mice is
significantly decreased. Together, these results suggest that NMD inactivation makes MB tumors

more aggressive.
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Figure 4.8. NMD activity level is a determinant of prognosis in specific subgroups of
human medulloblastoma.

Using published lists of NMD targets generated by the Burge laboratory (CLIP-seq used to identify
direct UPF1 binding targets) and the Maquat laboratory (p-UPF1 RIP-seq), we generated two
NMD target gene signatures (288 genes for the Burge signature and 104 genes for the Maquat
signature). Using the R2 Genomics platform, these signatures were used to perform expression
analysis on a published cohort of human MB samples (Cavalli dataset) and stratify the samples in
high (blue) and low (red) NMD target expression. Kaplan-Meier overall survival probability
analysis was performed on these high and low groups. The overall survival probability for MB
patients having high vs low NMD target expression of the Burge signature is plotted in (A-E) and
for Maquat signature in (F):

(A) All four MB subgroups combined; (B) SHH-MB subgroup; (C) WNT-MB;

(D) Group 3-MB; (E) Group 4-MB; (F) SHH-MB.

The raw p-values, Bonferroni corrected p-values, and the samples sizes for high vs low groups are

indicated in the respective graphs.
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Chapter 5

General Discussion
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In the present study, we have identified that suppression of a post-transcriptional gene
expression modulator such as NMD increased Shh pathway activity in cerebellar GCPs and
delineated the mechanism of NMD-mediated regulation of the Shh pathway. We identified the
presence of one or more “NMD-inducing” features in the transcripts of positive regulators of the
Shh pathway (Smo and Gli2) using a genome-wide bioinformatic approach for NMD feature
prediction. Several reports have shown that presence of long 3> UTRs or 3’UTR introns in
endogenous mRNAs can be a potential trigger of NMD! 42194311313 G5 and Gli2 mRNAs
possessed (1) 3’UTRs of length greater than 1000 nt, and (2) one intron within this long 3’UTR.
Their expression levels of were observed to be regulated by NMD, as proven using an NMD
translational reporter assay. Furthermore, using p-UPF1 RIP-qRT-PCR assay, we demonstrate that
the NMD pathway activator p-UPF1, which acts as a marker of NMD targets directly interacts
with NMD sensitive Shh signaling components (Smo and G/i2) on their 3'UTRs to propel them for
subsequent degradation. To date, this is the first study to identify Smo and G/i2 as novel and direct
NMD targets due to the NMD-sensitive nature of their 3’UTRs. Future studies will have to be
performed to assess if and how the other NMD-triggering feature in Smo and G/i2, such as uORF
also contribute to their NMD-mediated degradation.

We observed hyperactivated Shh signaling in GCPs upon NMD inhibition led to their excessive
proliferation through the upregulation of genes important for cell proliferation. Overactivation of
Shh pathway leads to MB, and thus NMD can have serious implications in MB. Combined
inactivation of NMD and Ptchl increased tumor incidence, size, and decreased survival. Increased
transcriptional activity of the Shh pathway was reflected in these NMD inactivated tumors.
Conversely, NMD activation delayed tumor latency, improved survival and displayed reduced Shh

signaling activity. This is supported by our bioinformatic analyses on publicly available human
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MB datasets, wherein we discovered human MB with low NMD activity having worse survival
than tumors with normal/high NMD activity. In summary, NMD senses the nature of 3’UTR, such
as the length of 3'and presence of intron in 3’UTR, to function as a direct regulator of Shh signaling

components, and subsequently also functions as a novel tumor suppressor in Shh-MB.
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NMD modulates Shh signaling in cerebellar progenitors, and functions as a novel tumor

suppressor in MB progression.

(A) Low NMD activity results in hyperactivation of Shh signaling in GCPs, as positive effectors
of the pathway Smo and G/i2, which we identified as de novo NMD targets were upregulated,
facilitating increased GCP proliferation. This reflected in worse survival in mice with Shh-
MB.

(B) High NMD activity diminishes Shh signaling in GCPs resulting in decreased GCP
proliferation due to the p-UPF1 mediated NMD degradation of Smo and G/i2. This reflected

in delaying the tumor latency and improving time of survival in vivo.
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5.1. Interdependency of NMD regulation and Shh signaling in MB

Here, we report that a subset of human MB with hyperactivated Shh signaling have reduced
activity of the post transcriptional surveillance process of NMD owing to their enriched NMD
target signature and display poor survival when compared to SHH-MBs with proper functional
NMD activity. Complementary to our findings, analysis of genome wide CHIP-Seq analysis of
Glil binding sites performed in embryonic stem cell (ESC)-derived neural progenitors revealed
Upf3a, a potent NMD inhibitor as a putative gene bound to G1i1!%43!4 Furthermore, another study
identified Upf3a was co-activated to higher levels by STAT3 and GLI via mining of Glil and
STAT3 ChIP-seq datasets®!>. They also show that high expression of Upf3a gene is associated in
breast cancers with worse survival, an effect similarly observed by us in NMD deficient SHH-MB.
Of note, a study by Yuan et al revealed Smo-mediated Shh signaling in Shh MB cells is dependent
on STAT3 and STAT3 is required for Shh-MB cell proliferation and survival®'®. Based on these
observations, it is indicative that either GLI1 on its own and/or GLI1 and STAT3 together work to
control NMD activity via UPF3A. Together with our experiments showing that NMD inhibition in
GCPs stimulates Shh signaling and stimulates GCP proliferation in a Smo-Shh signaling-
dependent manner, these results suggest a possible mechanism that NMD participates in a feedback
loop with Shh pathway, wherein elevated Shh signaling stimulates UPF3 A expression which leads
to an intrinsic inhibition of NMD, that further aids to maintain hyperactivated Shh signaling in MB

tumorigenesis.
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5.2. Role of NMD in maintaining the equilibrium between proliferation and
differentiation

We demonstrate that inhibition of NMD in GCPs led to their increased proliferation. NMD
plays a role in regulating proliferation and maintaining cellular homeostasis by controlling the
expression of key genes involved in cell cycle regulation, differentiation, and tissue development.
Although high magnitude of NMD promotes the neural stem cell (NSC) state, i.e. proliferation of
NSCs at early stages of neural development (E14.5) to ensure availability of high pool of NSCs,
NMD has the opposite role at later stages of neural development close to birth (E18.5) where it
promotes neural differentiation?’!-2!, In this study, NMD inhibition via UPF3B depletion in E18.5
neural progenitor cells (NPCs) increases their proliferation and impairs neurite formation,
suggesting that NMD promotes the differentiation of already committed neural progenitor cells.
In contrast, other groups have reported that hematopoietic stem cells and embryonic stem cells
depend on NMD for their proliferation, and on NMD suppression for their differentiation?0!-220228,

In the developing cerebellum, the role of NMD specifically in post-mitotic GN remains to
be explored. Ccndl is an important gene that is downregulated in GCPs to initiate their cell cycle

exit and differentiation?%®.

We show that NMD activation downregulates Ccndl. This raises a
possibility that NMD is required for normal GCPs to differentiate to GN by downregulating Ccnd 1.
Cheng et al demonstrated that tumor cell differentiation suppresses MB growth®!7. Of note, we
observe that NMD activation in tumorigenic GCPs, lead to a delayed MB onset, and improved
time of survival.

Our model shows that NMD inhibition increases the proliferation of postnatal GCPs, which are

defined as committed precursor cells destined to differentiate into granule neurons, however we

do not observe any impact on P5 GCP differentiation in vitro.
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Such diverse roles of NMD in maintaining proliferation vs differentiation can be attributed to
several reasons. First and foremost, it is crucial to keep in mind that different cell types can control
and uphold the equilibrium between proliferation and differentiation depending on the spatial
(location of NMD action) and temporal (embryonic/postnatal date) NMD regulation during every
developmental stage, as the examples discussed above. Second, the culture conditions employed
in the different studies may necessitate distinct proliferation and differentiation programs, thereby
yielding diverse responses and biological outcomes when NMD is modulated in vitro. Third, gene
manipulation strategies employed in these studies vary, reflecting in their diverse efficiencies to
generate NMD magnitude-based responses. Fourth, different NMD factors have been investigated
by these groups, and the NMD-independent functions of these factors might contribute to these
biological variations/discrepancies.

The role of NMD in cancer can be seen as a "double-edged sword". In the context of various
cancers such as colorectal cancer, gastric cancer, fibrosarcoma, colorectal adenocarcinoma,
lymphoma, papillary adenocarcinoma, acute myeloid leukemia, NMD acts a suppressor of tumor
proliferation, similar to Shh-MB277:278:297.308.318.319 “Whereas in others such as colorectal cancers
with microsatellite instability and MDM2-overexpressed TP53 wild-type cancers, NMD promotes
tumor proliferation®?® 32!, Altogether, the differential effect of NMD can be due to a complex
interplay of intrinsic and extrinsic factors that can vary depending on the cell type, developmental
stage, environmental cues, mRNA features, genetic and epigenetic factors, alternative splicing,
core NMD factor/regulator levels and even crosstalk with stress pathways or other RNA

degradation pathways such as miRNA-mediated degradation.
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5.3. NMD, genomic instability and MB: the sisterhood

Genomic stressors including DNA lesions, secondary DNA structures, R-loops and
oncogenes can induce replication stress and DNA damage. Of note, SHH-MB is associated with
the loss of genes involved in homologous recombination or non-homologous end joining (NHEJ)
processes, suggesting strongly that the cell of origin of these tumors, GCPs are highly responsive
to DNA repair mechanisms. In addition, GCPs proliferating in the EGL in vivo exhibit higher y-
H2AX levels (a readout for DNA damage levels), and DNA breaks in vitro’’*2, Shh signalling in
GCPs is a mitogenic pathway, but hyperactivation of the pathway causes MB. The underlying
mechanism for this neoplastic transformation is the induction of replication stress by Shh,
specifically increased replication origin firing and fork speed. In the Ptchl™ mice, this causes
DNA damage, and an increase in somatic recombination events such as LOH of Ptch 1, which leads
to ligand-independent constitutive signalling, associated with the development of
preneoplasia®>!?°, Additional oncogenic drivers like p53 mutations promote advanced tumor
development!?®, This study from our lab established the link between genomic instability in GCPs
and SHH-MB initiation>2,

My experiments demonstrated that NMD inhibition in Ptchl™- mice hyperactivated Shh
signaling and resulted in advanced MB formation. Hence, it will be interesting to determine
whether NMD directly plays a role in DNA damage and replication stress, specifically in response
to Shh in GCPs.

An interesting study showed that UPF1 is essential to maintain genomic stability. In
addition to NMD inhibition, depletion of UPF1 also resulted in (1) early S-phase arrest in Hela
cells, (2) more y-H2AX-positive cells and (3) increase in chromosomal aberrations due to the arrest

of replication forks*?2. This DNA-damage response induced by UPF1 depletion occurs in an ATR
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dependent manner, which is a PIKK primarily involved in regulating the cellular response to
replication block??2. In support, a very recent study by Nie et al demonstrated that DNA replication
was impaired with AS-NMD inhibition*?*. They revealed that UPF1 knockdown had a significant
impact on replication fork speed and symmetry*?*. Furthermore, in human tumor cell lines,
depletion of SMG1 results in constitutive phosphorylation/activation of CHK?2 and p53, increase
in H2AX foci and number of chromosomal abnormalities'’#. Thus, these studies reveal important
roles for NMD factors in DNA replication and DNA repair to maintain genomic integrity.

Another putative link between NMD-genomic instability-MB is described below. A subset
of patients with SHH-MB were found to harbor BRCA2 mutations®®. In mice with complete loss
of BRCA?2 driven by a Nestin-Cre promoter, rapid development of MB was reported. Although,
BRCA?2 is a well-known tumor-suppressor gene, it is also an essential protein for repairing DNA
strand breaks, specifically those high frequency, naturally occurring breaks in neurons during
neurogenesis®?4326, Intriguingly, BRCA2 is a UPF3B-dependent NMD target®®>. This raises the
possibility that NMD can target BRCA2 mRNA for degradation and thus influence the repair of
these DNA breaks in neurons, and potentially lead to suppression of MB tumorigenesis. Nickless
et al demonstrated that persistent DNA damage diminishes NMD activity in a p38a MAPK
dependent manner, causing an increase in the NMD-sensitive stress inducible transcription factor,
ATF3 and transcriptional regulation of its downstream targets involved in stress*’.

In conclusion, our study together with other published data described above points to a
potential feedback loop in Shh-MB which involves (1) Shh-induced oncogenic transformation of
GCPs, (2) replication stress and DNA damage, (3) genomic instability in turn inhibits NMD and

(4) NMD inhibition results in subsequent hyperactivation of Shh signaling. Further research is
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required in the context of Shh-MB to understand if and how SHH-replication stress and DNA

damage can regulate NMD, and if NMD is involved in mediating genomic instability in GCPs.

5.4. NMD activation as potential therapy for SHH-MB

Existing treatments for MB comprise of surgery followed by chemotherapy and/or
radiotherapy, which are non-specific to the tumor subtype, aggressive and renders patients with
severe neurological deficits. Therefore, it is necessary to improve our knowledge of the molecular
mechanisms underlying MB in order to increase treatment specificity. Our data not only shows
that NMD activation in a very aggressive Shh-MB mouse model decreases tumor cell proliferation
through negative regulation of Shh signalling, but also an improvement in survival of mice in vivo.
This is the first report to identify NMD as a novel tumor suppression mechanism in MB formation,
in addition to identifying Smo and Gli2 as de novo NMD targets and elucidating that 3’UTR length
recognition is the mechanistic trigger of their NMD. Our study provides a proof of concept for the
design of NMD activation as a novel MB therapeutic approach. To my knowledge, proper NMD
activators have not yet been definitively identified. Below, I describe some of the ways NMD
activation could be achieved.

1) We can identify potential NMD-activating small molecules by performing a high
throughput screen of compounds and testing their NMD efficiency using the well-established beta-
globin NMD reporter system, as described in Chapter 4.4. Nickless ef al utilised this approach to
successfully identify NMD inhibitors, but also identify four putative compounds that were

t328, Tranilast, potentially through NMD activation

suggested to activate NMD, including Tranilas
has been shown to protect against the neurotoxicity caused by arginine-rich dipeptide repeats-

mediated NMD inhibition in human neuroblastoma cell line and Drosophila. Although the exact
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mechanism of action of Tranilast is unknown, this oral drug is traditionally used to treat bronchial
asthma, so it is well-tolerated, has low toxicity and is known to cross the blood-brain barrier, thus
making it a potential treatment choice®%.

Given UPF1 phosphorylation is a central and essential function in NMD, it is logical that
agents that promote this process will activate NMD. The kinase SMG1 is responsible for UPF1
phosphorylation, thus screening for small molecules that would trigger SMG1 kinase activity, for
instance, could be a prime approach to activate NMD. In line with this suggestion, Huang et al and
other groups have shown that SMG1 overexpression triggers NMD!33:191 Alternatively, inhibitors
of phosphatases that target UPF1 would be expected to activate NMD by allowing phosphorylation
of UPF1. For example, Durand et al showed NMD is activated when UPFI is
hyperphosphorylated!'”®. Screening for compounds that stimulate UPF1 to associate with UPF1-
binding partners necessary for NMD, is an alternative method to finding compounds that enhance
UPF1 phosphorylation. This idea arises from work by Sanchez et a/, who observed degradation of
subsets of NMD targets due to NMD activation aided by the high expression of Coactivator-
Associated Methyltransferase-1 (CARMI) in the motor neuron disease Spinal muscular
dystrophy*°. This is through direct UPF1 association with CARMI in an RNA-dependent
manner’3°, As a result, NMD could potentially be activated by agents that increase CARMI
expression or activity.

Studies from Shum et al demonstrate UPF3A competes with its paralog UPF3B for EJC
binding to inhibit NMD'!%*, Thus, NMD can be activated by inhibiting UPF3A, or its binding. Small
molecule screening for NMD activators should include (1) inhibitors specific to UPF3A, but not
UPF3B or any other UPF factors and/or (2) drugs that can result in transcriptional repression of

UPF3A and/or (3) agents that prevent binding of UPF3A to EJC or UPF2.
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2) Another approach is to use a recent antisense approach to modulation of gene expression.
Antisense oligonucleotides (ASO) have the capacity to promote NMD-mediated degradation of
specific oncogenic transcripts. The NMD-inducing oligonucleotides don’t exert a global effect on
activating the NMD pathway but rather specifically bind and block the translation initiation of
NMD substrates. For instance, Tano ef a/ used an NMD-inducing morpholino against STAT3 in
human breast cancer cells to decrease oncogenic STAT3 expression®*'. Another successful
example is from Liang et al, where they observe ASO triggering NMD pathway even in NMD
impaired conditions to reduce mRNA levels of alternatively spliced NMD-sensitive NCL3%2,

3) To date, NMD induction as gene therapy for cancer has not been tested, but there is
growing literature for promising results in neurodegenerative diseases. Increasing expression of
human UPF1 in a rat paralysis model for amyotrophic lateral sclerosis abrogated the devastating
motor paralysis phenotype®*. Additional evidence provided by another group shows
overexpression of UPF1 in human gastric cancer cells decreased tumor cell proliferation, cell cycle
progression, cell migration and invasion and increased apoptosis®’. Future studies are pertinent to
test the success of the UPF1 induction approach in more cancer models.

A serious implication of chemotherapy is excessive NMD inhibition through UPF1 and
UPF2 cleavage, the consequence of which is upregulation of apoptosis related NMD targets®3433.
Therefore, NMD activation therapy could potentially be used in combination with chemotherapy
to protect normal cells from apoptosis, by reversing the NMD inhibition caused by
chemotherapeutics®3®. Proving NMD activation therapy can protect or improve normal cell
survival during chemotherapy is crucial, which may allow for higher doses of chemotherapy to be

administered, thereby facilitating better recovery post chemotherapy**°. UPF1 OE has also been
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shown to improve the sensitivity of cancer cells to the chemotherapeutic drug doxorubicin,
opening the possibility of this approach to enhance efficiency of chemotherapy?®’.

In conclusion, our work identifies NMD as a critical regulator of the Shh pathway, through
3’UTR length recognition of activators of this crucial neurodevelopmental pathway, both in the
developing cerebellum and in MB. Furthermore, it provides strong evidence that NMD activation

has a great potential to be used as a targeted therapy for MB.
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Chapter 6

Conclusion
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With the broad goal to discover novel druggable targets to aid in precision medicine
treatment approaches for MB, my PhD dissertation research primarily sought to advance our
understanding of medulloblastoma progression by identifying potential collaborators of Ptchl
LOH. With the discovery of more than one NMD factor being mutated in the spontaneous Ptchl ™
mouse MB model, my research expanded to addressing more questions:

(1) Can NMD regulate Shh signaling in cerebellar GCPs?
(2) Can NMD accelerate neoplastic transformation of cerebellar GCPs? and
(3) What is the mechanism mediating regulation of Shh signaling by NMD?

I have utilized three key tools to answer these questions: mouse cerebellar GCPs, Ptchl ™"

mouse MB model, and Math1-Cre driven overactivated SmoM2 mouse MB model.
The developing cerebellum is a highly dynamic environment; hence it is logical that the cerebellar
progenitors rely heavily on a tightly regulated post-transcriptional control of gene expression for
the temporal localisation of only the essential mRNAs and elimination of the redundant or
unproductive transcripts postnatally. RNA-binding proteins including NMD factors (UPF, SMG
and EJC protein families) and their corresponding protein and RNA interactomes play a major role
in this mRNA regulation. This can modulate key cellular processes such a proliferation and
differentiation.

In this thesis, I identify a hitherto unknown role for NMD as a molecular pathway that is
involved in regulating the proliferation of cerebellar progenitors. My experiments not only shows
that NMD inhibits GCP proliferation, but it does so by acting directly on GCP proliferation
regulators, which we identify as novel NMD targets. Our results support the idea that inactivation

of NMD may promote the progenitor cell state by stimulating GCP proliferation, which is the
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perfect driver for tumor progression. This is further strengthened by our observation that NMD
inhibition in the Ptchl*- mouse MB model results in more aggressive MB tumors.

This thesis identifies physiological Smo and G/i2 mRNAs which are positive effectors of
the Shh pathway as de novo NMD targets, due to the presence of NMD triggering features. We
also show that phosphorylation occurs on UPF1 bound to these targets to eventually induce mRNA
decay. In silico genome-wide prediction of NMD features revealed Ccndl and Hk2 were also found
to have NMD triggering features, how these features may contribute to MB tumorigenesis is yet
to be explored. Finally, with our UPF1 over expression experiments in vivo, we also provide strong
evidence for the design of NMD activation as a potential MB therapeutic approach.

Our research aims to produce clinically impactful discoveries in neuroscience that
will improve the survival and quality of life of patients with brain diseases. While this approach
of precision medicine ultimately strives for a cure, insights from our work is a small step taken
towards the aim of lengthening patient survival by reducing the neurological and cytotoxic side
effects of radio-chemotherapy on patients. On a broader level, it also contributes to better patient

stratification, identification of prognostic markers and ultimately improved clinical trial designs.
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