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ABSTRACT

Cerebellar defects encompass a group of rare diseases affecting cerebellar functions. The prevalence of these
defects is estimated to be at 26/10000 children in Europe. These diseases lead to movement disorders (ataxia)
and are frequently associated with intellectual disability, life-threatening conditions that prevent patients from
coping with normal daily life. For most of these conditions, only supportive treatments are available. Besides
genetic diagnosis, which is essential for genetic counselling, an in-depth understanding of the physiopathology
underlying the disorder is necessary for future therapeutic development. Thus, the objectives of my thesis project
are to improve the genetic diagnosis of cerebellar defects and to explore the mechanism behind one of the most
frequent causes of cerebellar defects: disruption of protein N-glycosylation. Disruption of protein N-
glycosylation causes Congenital Disorders of Glycosylation (CDG), multisystemic disorders with severe
neurological impairment. Early-onset cerebellar atrophy and hypoplasia are frequently observed, especially in
CDG cases with SRD5A43 mutations.

To understand how a general N-glycosylation defect affects cerebellar development, we generated a cerebellum-
specific Srd5a3 conditional KO mouse model. This model recapitulates the human defects with abnormal N-
glycosylation, cerebellar hypoplasia and motor coordination impairment. Histological evaluation of the
cerebellum identified a subset of granule cells unable to initiate their final migration during cerebellar
development. By combining proteomic and glycoproteomic approaches, we showed that defect in N-
glycosylation has variable impact depending on the number of N-glycosylation sites on each protein. The more
N-glycosylation sites that a protein has, the more sensitive it is to hypoglycosylation and/or degradation. Our
data suggest that the heavily N-glycosylated cell adhesion molecules with immunoglobulin domains (IgSF-
CAMs) are highly sensitive to glycosylation defect.

Using in vitro live granule cell imaging, we identified an IgSF-CAM-dependant neurite extension defect. This
defect is linked to impaired glycosylation and function of LICAM and NrCAM. We next evaluated if the defect
was conserved in human neurons. To investigate that possibility, we generated SRD543” hiPSCs that were
further differentiated towards cortical neurons. Human neurons recapitulate the biochemical defect in mouse
(e.g. LICAM and NrCAM hypoglycosylation). This finding expands our conclusions to the whole human brain.
Finally, using electron microscopy, we could identify disrupted organization of the cerebellar parallel fibers in
the mouse mutant, consistent with the established role of numerous IgSF-CAMs in axon guidance.

Our results provide important evidence into the molecular mechanism underlying cerebellar sensitivity to N-
glycosylation impairment. Moreover, we show how defect in N-glycosylation primarily affects cell adhesion.
Finally, our work emphasizes the critical role of IgSF-CAM N-glycosylation for normal mammalian brain
development and function.



RESUME

Les anomalies cérébelleuses englobent un groupe de maladies rares affectant le fonctionnement du cervelet. La
prévalence de ces défauts est estimée a 26 sur 10000 enfants en Europe. Ces maladies entrainent des troubles du
mouvement (ataxie) et sont fréquemment associées a des déficiences intellectuelles, des défauts qui empéchent
les patients touchés d’avoir une vie normale et qui peuvent entrainer une mortalité précoce. Pour la plupart de
ces conditions, seul un traitement symptomatique est disponible. Outre le diagnostic génétique, indispensable
pour pouvoir proposer un conseil génétique, une compréhension profonde de la physiopathologie sous-jacente a
I’anomalie est nécessaire pour le développement potentiel des thérapies. Mon travail de thése avait pour but
I’amélioration du diagnostic génétique des défauts cérébelleux et la compréhension de la physiopathologie de
I’une des causes les plus fréquentes d’anomalies cérébelleuses: les anomalies de la N-glycosylation.

Les anomalies de N-glycosylation sont responsables des syndromes CDG (troubles congénitaux de la
glycosylation ou «congenital disorders of glycosylation»), maladies multisystémiques avec des troubles
neurologiques sévéres. Une atrophie et une hypoplasie cérébelleuses précoces sont fréquemment observées, en
particulier dans les cas des CDG avec des mutations au gene SRD5A3.

Pour mieux comprendre comment un défaut général de N-glycosylation affecte le développement cérébelleux,
nous avons généré une souris Srd5a3 KO conditionnelle au niveau du cervelet. Ce modele récapitule le défaut
humain avec une N-glycosylation anormale, une hypoplasie cérébelleuse et une altération de la coordination
motrice. L’évaluation histologique précise du cervelet des souris mutantes a montré que certaines cellules
granulaires étaient incapables d'initier leur migration finale lors du développement du cervelet. En combinant
une approche protéomique et une approche glycoprotéomique, nous avons montré qu'un défaut de N-
glycosylation a un impact variable en fonction du nombre de sites de N-glycosylation des protéines. Plus le
nombre de sites de N-glycosylation d'une protéine est élevé, plus elle est sensible a I'hypoglycosylation et/ou a la
dégradation dans un contexte de CDG. Nos données montrent en particulier que les protéines d'adhésion
cellulaire de la super famille des immunoglobulines (IgSF-CAMs) sont hautement sensibles au défaut de N-
glycosylation.

En utilisant de I’imagerie en temps réel de cellules granulaires en culture, nous avons identifi¢ un défaut
d'extension des neurites liée aux IgSF-CAMs. Ce défaut est li¢ a une altération de la glycosylation et du
fonctionnement de LICAM et NrCAM. Nous avons ensuite évalué si le défaut était conservé dans les neurones
humains. Pour étudier cette possibilité, nous avons généré des cellules humaines pluripotentes (hiPCS) SRD5A43"
a qui ont été différenciés vers des neurones corticaux. Ces neurones récapitulent le défaut biochimique trouvé
chez la souris (hypoglycosylation de NrCAM et LICAM). Cette découverte étend nos conclusions a l'ensemble
du cerveau humain. Enfin, en utilisant la microscopie électronique, nous avons pu identifier une organisation des
fibres paralleles cérébelleuses perturbée chez le mutant, en accord avec le role établi de nombreuses IgSF-CAM
dans le guidage axonal.

Nos résultats apportent des nouveaux ¢léments quant aux mécanismes responsables de la forte sensibilité du
cervelet aux défauts de N-glycosylation. De plus, nous montrons comment les défauts de la N-glycosylation
affectent principalement l'adhésion cellulaire. Notre travail fournit également de nouveaux arguments en faveur
du rdle critique de la N-glycosylation des IgSF-CAM pour leur stabilité et leur fonctionnalit¢ au cours du
développement du cerveau des mammiferes.
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INTRODUCTION

1 THE CEREBELLUM IN NORMAL AND PATHOLOGICAL CONDITIONS

1.1 Cerebellar generalities and structure

The human cerebellum (“little brain”, Latin) contains more than half of the neurons of
the brain (more than 10!! cells), even though it represents only 10% of total brain
volume. Due to its relatively simple cytoarchitecture and connectivity, the cerebellum is
widely used as a model to study neurodevelopment. Many discoveries arising from its
study can be extended to other parts of the brain that have more complex organization

such as the cerebral cortex.

Allometric studies show that, relative to other mammals and to the body weight, the
human cerebellum is one of the biggest. Interestingly, apes have a higher ratio of
cerebellum/neocortex than non-apes. These data is suggestive of an involvement of the
cerebellum in complex functions, such as technical intelligence, associated with apes
evolution?. The mammal cerebellum can be broadly subdivided into the anterior,
posterior and flocculonodular lobe or into vermis (central zone) and lateral

hemispheres (Figure 1).

Midsaggital section of cerebellum Superior view of an “unrolled” cerebellum

Hemisphere Vermis




Figure 1. Regions of the human cerebellum. The anterior lobe is highlighted in purple, the posterior in
green and the flocculonodular in orange. Image by Phil Schatz.

The cerebellar cortex has a relatively simple and regular organization and has its surface
significantly increased by the high lobulation of the whole structure. Indeed, an un-
rolled adult human cerebellum measures more than 1m2. One of the first accurate
descriptions of the cerebellar cortex was given by Dr Santiago Ramoén y Cajal (1852-
1934), partially thanks to the advances in tissue staining by Dr Camillo Golgi (1843-
1926)3 (Figure 2a). Golgi developed a silver staining method that allows stochastic
neuronal stain, where only a portion of all neurons is randomly labelled. This technique
permits visualization of single neuron morphology by bypassing the excessive
background that a whole tissue staining would generate. Ramén y Cajal used this
technique to analyse, among others, the cerebellar Purkinje cells (PCs, discussed later
on). Indeed, this work allowed Ramén y Cajal to postulate the neuron doctrine. This
doctrine claims that the nervous system is composed of neurons, distinctive and
individual elements, as opposed to Golgi’s doctrine, where the nervous system was

defined as a continuous tissue with a diffuse reticular network®.

The cortex contains five main neuronal cell types, within three distinctive layers,
including the GABAergic PCs, the only output of the cerebellar cortex. PCs form an
intermediate monolayer from which they extend their tree-like dendrites to the upper
part (molecular layer, ML). Those dendrites will receive most of the inputs from the
other cell types present in the cerebellum and will integrate them. The PCs will then
contact through their axons to the deep cerebellar nuclei (DCN) cells, located at the
center of the cerebellum and that represent the actual output of the cerebellum towards
other regions of the brain. The most numerous cell type of the cerebellum, and even the
whole brain, is the glutamatergic granule cells (GCs). GCs form the lower layer of the
cortex, the granule cell layer (GCL). The GCs extend their axons up until the external ML,
where they bifurcate to form the excitatory parallel fibres (PFs) that will contact the PCs
ramifications. The other three major cell types are all GABAergic and directly or
indirectly modulate the PCs firing: basket, golgi and stellate cells®> (Figure 2b). The
cerebellar cortex receives also two different kinds of afferent neurons from outside the
cerebellum, the climbing fibres and the mossy fibres. The climbing fibres arise from the

inferior olive complex, located in the medulla, and directly contact with the PCs. Mossy



fibres arise from different places, such as the spinal cord and the vestibular nuclei, and
will indirectly affect PCs firing by modulating the GCs’ one. Each mossy fibre makes

contact with 400-600 GCs (for review see®).
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Figure 2. (a) Ramén y Cajal’s drawing of the mammalian cerebellum and (b) current vision of the
cerebellar cortex, from Chédotal et al, 2010. Abbreviations: Purkinje cell (PC), stellate cell (S), basket cell
(B), parallel fibre (PF), granule cell (GC), Golgi cell (Go).

Different functional modules of the cerebellar cortex can be delimitated depending on
the specific area in the DCN that the PCs contact. The DCN cells will spread their axons
outside the cerebellum and will communicate with the rest of the brain through the
cerebello-thalamo-cerebro-cortical circuits. Different DCN regions will be involved in
specific circuits. The cerebello-thalamo-cerebro-cortical circuits connect the human
cerebellum directly with different areas of the brain such as the thalamus, subcortical
areas and the cerebral cortex itself, including cortical areas of a motor, sensory or
associative nature’. Interestingly, this circuitry directly links the cerebellum to higher

cognitive function-related areas.

1.2 Functions of the cerebellum

The cerebellum plays an important role in movement control and in cognitive
processing. The first one has long been known whereas its involvement in higher

cognitive function has emerged less than 30 years ago.



Dr Luigi Luciani (1840-1919) provided one of the first solid proofs of an involvement of
the mammalian cerebellum in motor coordination. He performed a cerebellectomy to a
dog and described three associated symptoms: asthenia (general weakness), atony (lost
of strength in the muscles) and astasis (inability to stand)8. Nowadays the key role of the
cerebellum in those functions has not only been confirmed but its importance for a
broader range of motor-related functions has been described. One of the more widely
reported motor-related functions of the cerebellum is gait or coordinated walking.
Indeed, a gait disruption or ataxia is the more classic sign of cerebellar malfunction®. The
cerebellum also plays an important role in oculomotor control. Inhibition by the PCs is
necessary to reduce eye instability and to ensure a good fixation and calibration of the
eyes movement. Another function is related to motor speech. To develop a rapid,
coordinated and smooth bucco-labio-lingual movement, more than 80 muscles and
1,400 motor commands per second are needed, a process that partially relies on the
cerebellum. Sir Gordon Holmes (1876-1965) described it for the first time in a paper
about the cerebellar injuries’ associated symptoms following gunshots during World
War I: “Speech is abnormal in most cases in which the lesions are recent and severe; it is
usually slow, drawling and monotonous, but at the same time tends to be staccato and
scanning”10. Other important motor functions with a cerebellar involvement include

timing, sensorimotor synchronization and grip forces (for review seell).

Besides its role in movement control, at the end of the 20t century several evidences
pointed towards an involvement of the cerebellum in higher cognitive processing. The
doctors Janet C. Sherman and Jeremy D. Schmahmann gave one of the first solid proofs
when describing the behavioural abnormalities linked to a cerebellar defect and named
it the cerebellar cognitive affective syndrome (CCAS)'2. Their research started with a
female patient, 23 years old, who just had gone through excision of a cerebellar
ganglioglioma. The patient showed no consequent movement impairment. Nevertheless,
they observed a behavioural change in the patient, towards a more childhood-like
comportment. She was diagnosed as having altered executive function, spatial cognition
and language processing. This observation led them to study this phenomenon in a
larger cohort. Such cohort was composed of patients with isolated cerebellar injury,
mostly strokes. The previous findings were confirmed, leading them to the description

of the CCAS. The syndrome is characterized by disturbances in executive function, such



as working memory and verbal fluency, spatial cognition, altered behaviour and
language difficulties. Importantly, these observations were done in adult patients, where
the cerebellar development is complete and the renewal of neuronal connections is
limited. It has been documented that, when a cerebellar defect arises during
development, the brain plasticity can play a major role leading to a phenomena of
functional compensation!3. Therefore, congenital cerebellum disorders versus acute
cerebellar defect (stroke, tumour resection, trauma...) can be more challenging to

analyse in order to elucidate the physiological cerebellar function.

Recent work has divided functionally some regions of the cerebellum, depending on
whether they are dedicated to motor-related tasks or cognitive ones. Stoodley and
colleagues# studied a cohort of patients with isolated cerebellar stroke including
patients with cerebellar motor symptoms only or CCAS. Anterior cerebellar disturbances
were mostly associated with motor disturbance, while the posterior ones had a

cognitive component (Figure 3).
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Figure 3. Map of the cerebellar lesions after stroke subdivided by clinical diagnosis. The names indicate
the precise cerebellar regions affected by the cerebrovascular accident. Each colour represents a different
patient. Simplified image from Stoodley at al, 2016.

All of those evidences lead to a division of the cerebellar functions into two main groups:
motor-related and cognitive-related ones. Moreover, those functions can be delimitated
to precise cerebellar regions, further proving that, even though the cerebellar cortex is

relatively uniform, each module’s connectivity will implicate a concrete function.

Even though the cerebellar role in human cognition is no longer questioned, many
aspects about its precise contribution remain unknown?. In addition to that, the precise
mechanisms that trigger the formation of functionally different cerebellar cortex
modules, a process at the basis of the differential function, remain elusive.
Understanding how the cerebellum develops and generates its complex connectivity can

shed light on these questions.
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1.3 Development of the cerebellum

The human cerebellum starts to develop during early stages, around embryonic day 32,
and goes on until the second year of life, being one of the last structures to accomplish
development!®-19. Consistently, the cerebellum is one of the few places were
neurogenesis if highly active after birth. It has been estimated that around 85% of the
cerebellar GCs are generated during postnatal stages?0. Interestingly, this trait seems to
favour both, a high plasticity of the cerebellar tissue during early postnatal stages and a

major sensitivity of the tissue to early postnatal stress?1.22,

The central nervous system (CNS) as a whole arises from the neural plate, an epithelial
sheet developed from the dorsal embryonic ectoderm. The sheet will fold with itself
giving rise to the neural tube, with marked anterior-posterior (AP) and dorsal-ventral
(DV) axes. The anterior part of the neural tube will be further divided intro three
different vesicles/regions that will generate the adult brain: the forebrain, the midbrain
and the hindbrain (or rhombencephalon), from anterior to posterior. The posterior part
of the neural tube will keep the cylindrical shape and give raise to the spinal cord. The
hindbrain can be further subdivided into seven rhombomeres, being rO0 the more
anterior one (Figure 4a). Each rhombomere is defined at first by the expression of

specific markers and later on by forming a distinguishable morphologic segment?3.

The boundary between the midbrain and the hindbrain is delimitated by molecular
signals orchestrated by the isthmic organizer (r0), the earliest segmentation event of the
developing CNS. The cerebellar vermis develops from the r0 and the r1 roof plate (the
dorsal part), while the hemispheres arise from the alar r1, the area contiguous to the
roof plate (Figure 4b). The homeobox genes of the engrailed family, En1 and EnZ, are
expressed early during development and are crucial for the development of the
cerebellar neuroepithelium’ boundaries. Lack of En1 in mouse leads to almost complete
absence of cerebellum and early-postnatal lethality?+. The cerebellar identity acquisition
also relies on the expression of certain genes by the r0, such as Fgf8, Wntl and the
homeobox gene Gbx22>. Gbx2 is expressed at the posterior part of the r0 while the
transcription factor Otx2 is active in the anterior part. Gbx2 delimitates the anterior
hindbrain, the future cerebellum, and Otx2 marks the future posterior midbrain. Indeed,

it has been shown that ectopic expression of Otx2 in the future anterior hindbrain (by

12



using a knock-in strategy into the Enl promoter) will lead to an almost complete loss of

the cerebellar vermis and enlarged midbrain structures?°.

Cerebellar neurons are generated in two major regions within the rhombomeres, the
rhombic lip (RL) and the ventricular zone (VZ, Figure 4c). The rhombic lip is
characterized by early expression of the Atoh1 marker and gives rise to glutamatergic
neurons, including the GCs. GABAergic cerebellar neurons, PCs and interneurons, are
generated in the VZ and migrate radially towards a more dorsal location, beneath the
future location of the GC progenitors. The GC progenitors exit the RL and position
themselves above the GABAergic neurons, forming the external granule cell layer

(EGL)?".

B Forebrain

150 (r0) Midbrain
_y Cerebellum
B Hindbrain
Cbh
B Spinal cord Coy Jr0

VZ: Ptfla+
(GABAt)

/RL: Atohl+
(Glut+)

P

Figure 4. Early embryonic cerebellar development. (a) Modified images from Chizhikov et al, 2003, (b)
Martinez et al, 2013 and (c) Aldinger et al, 2009. Tel = telencephalon; Di = diencephalon; Cbv = cerebellar
vermis; Cbh = cerebellar hemispheres.

1.3.1 Migration, differentiation and proliferation of granule cells

GC progenitors go through two rounds of proliferation during their development before
final maturation, the first round being at the RL itself and the second at the EGL. After
proliferation, in the mouse, GCs precursors migrate towards the EGL around embryonic
day 13 (E13). They acquire a unipolar morphology, with a leading growth cone, and
migrate tangentially over the surface of the cerebellar primordium. The migratory
process is mostly forward, with almost none medio-lateral dispersion of GCs
precursors?8. This fact goes in agreement with the early separation in the cerebellar
primordium between the hemisphere cells that arise mostly from the lateral parts of the
r0-r1, and the vermis, mostly medial. Several molecules have been characterized as

playing a major role in the tangential migration of the GC precursors, including
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attracting and repulsive guidance cues. For example, the upper meninges (a mesoderm
derivative) secrete attractive cues, such as SDF-12. At the same time, the RL will express
Slit2, which through its receptor in GC precursors, Robo2, leads to a Ca?* wave within
the GC precursors that promotes the extension of the growth cone in the opposite
direction to the signal source3%31. This repulsive signal contributes to the exit of the GC
precursors from the RL to the EGL.

Once the neuronal precursors arrive to the EGL they lose the axonal projections used
during migration and start differentiation towards mature neurons. Before
differentiation, a second round of proliferation takes place at the EGL. Every single GC
progenitor divides approximately every 20h, and can give up to 250 cells before stop
dividing 32. One of the signals that induce a high proliferative ratio of GCs comes from
the underlying layer of PCs, the Purkinje cell layer (PCL). PCs will secrete sonic
hedgehog (Shh) that will act as a strong mitogenic signal33. Little is known about how
GCs stop diving and become post-mitotic. It has been proposed that Bmp2 could act as
antagonist of the Shh signalling, supressing proliferation and leading to GCs

maturation34.

After becoming post-mitotic, the GCs will initiate their migration towards the inner part
of the cerebellum, beneath the PCs and above the DCN, forming the inner granule cell
layer (IGL, Figure 5c). The final migration of GCs takes place during post-natal stages in
both human and mouse. Ramoén y Cajal provided the first accurate description of this
process (Figure 5a). As the image shows, when leaving the EGL, the GCs first extend
parallel axons (the future PFs) in the ML and migrate tangentially. Once the PFs are
extended, they initiate a radial migration process, going through the PCL, until the IGL,
leaving behind a T-shaped fibre, the PF, key for its connectivity with PCs. All of these
processes do not only rely on PC-GC communication, but also the GC-autonomous

interactions act as a pacemaker to ensure correct synchrony3>36,

After extension of the parallel fibres, the GCs will initiate radial migration until the IGL.
Interestingly, isolated GC explants, extracted by the time that they are going through
tangential migration, will spontaneously start a radial-like migration. These results
suggest that the radial migration is part of an intrinsic GCs program that does not

require signals from other cell types, such as the PCs or the glial cells of the cerebellum,
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the Bergmann glia (BG)37. BG cells are located in the PCL and extend their processes
trough the ML, until the external pial surface. These processes are used by the GCs to
migrate inwards and are necessary for the them to reach their final position38. BG cells
do not only act as a scaffold for migration but also express several factors that will
induce GCs migration. It has been shown that BG cells-specific expression of Bicaudal-D2
is necessary for generation of a pertinent extra-cellular matrix environment for the GCs
to migrate3?. Other key factors are mostly involved in the generation of the glial
processes per se. Alpha-dystroglycan expression from the BG is necessary for them to

properly anchor their processes in the pial surface thus allowing migration initiation*?.

In summary, GCs development includes two rounds of cell proliferation (at the RL and at
the EGL) and two different migration processes and a tight interaction with the other
cerebellar cell types. Although many years of research have allowed a better
understanding of this process, many aspects, such as how do GCs interact between
themselves to synchronize their development and what kind of signals make them
escape one phase to start the next one, remain unknown.
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Figure 5. Ramoén y Cajal drawing of GCs migration stages (a-k, A). P21 mid-sagittal cerebellum slice
stained by hematoxylin-eosin (B). Detail of the three layers of the cerebellar cortex, note that by P21 all of
the GCs are within the dense IGL, only the cerebellar interneurons remain in the ML (C).
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In mouse, most of the GCs are located in the IGL by the third postnatal week. The ending
of this process will mark the end of migration and cell differentiation in the cerebellum.
After this, the cerebellum will keep on growing in size, but the organization will not
further change (Figure 5b,c). One of the main triggers of the post-developmental
cerebellar size increase is PCs myelination, important for action potential

propagation#142,
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Disruption of any of the steps necessaries to accomplish full cerebellar development

may lead to a cerebellar malformation and consequent impairment of its function.

1.4 Cerebellar defects

Recent advances in brain neuroimaging have allowed a more precise classification of the
different cerebellar defects arising in pediatric patients. These defects can be broadly
subdivided into cerebellar hypoplasia (CBH, incomplete development with normal
structure), atrophy (cellular degeneration) and dysgenesis (abnormal growth or
development)43. These defects may affect specifically the cerebellum or be associated
with other abnormalities, inside or outside the CNS, which can also contribute to the
patient phenotype (Figure 6)**. In addition to cerebellar ataxia, intellectual disability
(ID) is frequently associated with such defects, in agreement with the recognised roles

of the cerebellum in cognitive processing*3.

The more precise epidemiological studies are based on the patients’ ataxia as sign of
cerebellar dysfunction. In children, ataxia has a prevalence of 26/100,000 births, most
of them having a genetic component*>. Dandy-Walker malformation (DWM) is one of the
most prevalent forms of cerebellar defects associated with ataxia, with a prevalence of
1/3,000 to 1/30,000 depending on the cohort*¢. DWM-associated malformations include
severe hypoplasia of the cerebellar vermis and an enlarged fourth ventricle, located
beneath the cerebellum (Figure 6b)*’. The cerebellar defects can be present alone or

accompanied by other cerebral defects such as hydrocephaly.

A classical CBH does not imply an enlargement of the fourth ventricle. The hypoplasia
can be generalised or more severe in the vermis/hemispheres. CBH usually leads to
both, a cognitive and a motor impairment. As most of the cerebellar defects, it is
commonly associated with other CNS malformations such as microcephaly and grey
matter heterotopia, a defective migration and proliferation of neurons*t. Mutations in
the reelin (RELN) gene are one of the better-characterized causes of CBH associated with
lissencephaly (Figure 6c¢)*8. RELN codes for an extracellular protein with a crucial role

during neuronal migration. Decrease or lack of Reelin, secreted by the cerebellar GCs,
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will lead to defective migration of the PCs and other abnormalities in the cerebral cortex

development, leading to aberrant neuron stratification*°.

PC death is at the basis of most forms of cerebellar atrophy, progressive conditions
leading to cerebellar ataxia. It has been hypothesized that, due to the large PC length,
starting from the dendritic trees at the ML until the contact with the DCNs through their
axons, an altered energy supply (ex. mitochondrial dysfunction) will affect more

severely the PCs than the rest of cerebellar populations (for review see 59).

1.4.1 Genetic causes of cerebellar defects

Cerebellar defects may arise from an environmental factor such as an infection
(cerebellitis) or mercury intoxication (Minamata disease) but most of them have a
genetic component>152, An accurate magnetic resonance imaging (MRI) together with a

careful clinical evaluation is key to allow further genetic screening.

In a recent retrospective study of 300 patients with cerebellar ataxia Al-Maawali and
collaborators diagnosed almost half of them (48%)%3. In agreement with previous
studies, they found a mitochondrial disorder as the most prevalent cause of cerebellar
malformation within their cohort*3. Other frequent diagnosis included neuronal ceroid
lipofuscinoses (storage disorder), neuroaxonal dystrophy and congenital disorders of

glycosylation (CDG) type I (Figure 6j, discussed in chapters 2 and 3).

Adequate genetic diagnosis is crucial for patients management, genetic counseling and
potential treatment. Development of the next-generation sequencing (NGS) techniques,
mostly whole-exome sequencing (WES), has allowed to accelerate the molecular
diagnosis of the patients, overcoming the clinical heterogeneity of cerebellar
malformations>*. Recently, and in order to increase the speed of the genetic diagnosis,

while diminishing its cost, specific gene panel approaches have also been developed.
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1.4.1.1 Whole-exome sequencing (WES) and gene panel as a diagnostic tool

Before the NGS revolution in 2006-2009, the most widely used sequencing technique
was the Sanger method. Through Sanger sequencing, a single genomic region is inquired
at the time, making technically impossible whole sequencing of a patient by a single
sequencing center. Actually, it was not until 2001 that a first, and incomplete, version of
the human genome was published in a collaborative multicentre effort>>. Prior to WES
implantation, patients’ genetic diagnosis was based on sequencing of known disease
genes. Search for new genes was performed in consanguineous families using a
combination of homozygosity mapping and Sanger sequencing of candidate genes.
Homozygosity mapping is only useful when the affected individuals are likely to share
the same identical-by-descendent allele in the homozygous state (recessive mutations).
The regions in common between the affected individuals, and not present in the
homozygous state in the healthy ones, would then be sequenced by Sanger sequencing>®.
Nevertheless, discovery of the disease-causing mutation was challenging for de novo

mutations or in not inbreed populations.

WES allows sequencing of most of the exons (protein coding regions) of the human
genome that, even though representing only 1% of the whole genome, are estimated to
harbour around 85% of the disease-causing mutations®’. Ever since the first report in
2009 using WES to decipher the genetic cause of a Mendelian disorder®8, the use of this
technique has increased exponentially. This increase has been accompanied by an
exponential decrease in its price®®. In some scenarios, WES may even correct an
inaccurate clinical diagnosis. Koenekoop and colleagues®® reported a case of two
patients primary diagnosed with Leber congenital amaurosis (LCA), an eye disorder, as
carrying homozygous mutations in the PEX1 gene. PEX1 is well known for playing a role
in peroxisomes biogenesis. Such finding allowed to re-evaluate the clinical diagnosis and
confirmed those patients as suffering of a peroxisome biogenesis disorder (PBD) that

was secondarily leading to a visual impairment.

On the other hand, WES requires an important amount of work after the sequences are
obtained. Such sequences need to be first aligned to the reference human genome and
the single-nucleotide variants (SNVs) present in the patient need to be filtered. Filtering

of the SNVs comprises, to analyse their prevalence in the general population and which

18



are their predicted consequences (for a more detailed description, see materials and
methods). In addition to that, some exons might be poorly covered (low number of
reads), complicating any interpretation, and insertions or deletions (indels) larger than
5 base pairs cannot be accurately recognised. Owing to this, and to the fact that it does
not cover the non-coding regions, WES may not be a universal solution for patients’
genetic diagnosis. To solve the coverage defect, whole-genome sequencing (WGS) may
be used, even though the interpretation of variants in non-coding regions can be
extremely challenging. Regarding the time consuming and relatively low coverage of
some exons associated to WES, a more targeted approach has been developed: the gene

panels.

Gene panels or targeted gene screening consist in a similar NGS technology as WES but
instead of sequencing the entire exome, only genes associated with a certain
pathology/malformation are captured and sequenced. Targeted sequencing leads to an
increase in the coverage of the targeted genes of around 4-fold®!. The increased number
of reads leads to more reliable results and to a higher probability to detect small
deletions or duplications and potential mosaicism. In 2015 Ortiz Briichle and
colleagues®? published their results when using a gene panel approach for Joubert
syndrome (]S), a ciliopathy that leads to a specific and unique cerebellar malformation
(Figure 6k). Out of 35 patients, a genetic diagnosis was achieved for the 62%, proving
the efficiency of the technique for a fast and precise genetic diagnosis. Nevertheless,
WES allows the discovery of new causative mutations in new genes, something

impossible by gene panel.
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Figure 6. MRI images of cerebellar defects with known genetic etiology. (A) Control. (B) Dandy-Walker
malformation. Note the huge enlargement of the 4t ventricle, beneath the cerebellum. (C) Patient with
homozygous deleterious mutations in the RELN gene with CBH and a severe lissencephaly. (D) CBH in a
patient with mutation in the TUBA1A gene, coding for an isoform of tubulin. (E) Mild CBH by LAMA1
mutations. (F) Pontocerebellar hypoplasia (PCH), a combination of hypoplasia in both the cerebellum and
the pons. (G) Mutations in the PTF1A gene lead, at least in mouse, to a defect of specification of the
cerebellar VZ progenitors’ identity, which die or do not properly migrate. In humans, it can lead to a
complete absence of the cerebellum. (H) CASK mutations also lead to PCH. (I) Dysgenesis or agenesis of
the cerebellum and the midbrain associated with a hypoplasia of the pons in a patient carrying WNT1
homozygous mutations. (J) Patient carrying homozygous mutations in the PMMZ2 gene, what leads to a
defect in protein N-glycosylation/CDG type I. (K) JS patient. (L) CBH, abnormal tectum and hydrocephaly
in a patient suffering of muscle-eye-brain disease (MEB) due to POMGNTI1 mutations. Image from Aldinger
etal, 2016.

1.4.1.2 Diagnosis of cerebellar defects at the Necker hospital

Within the Necker hospital, a new paradigm for patients genetic diagnosis has been
settled based on these two novel technologies. Gene panels have been generated for a
variety of syndromes such as ID, inflammatory diseases, renal abnormalities and
cerebellar atrophy®364. The cerebellar atrophy panel contains 72 genes in which
mutations have been previously proven to drive such malformation or CBH, since both
phenotypes can overlap. Patients with cerebellar defects (proved by MRI and following

physicians’ advice) are examined by targeted gene screening. In a recent report®s, a
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likely diagnosis was identified for 28% of the families (out of 25), which included
heterozygous indels undetectable by WES. Families without genetic diagnosis by gene
panel are then sequenced by WES. WES allowed further identification of 6 new variants

likely causative of the defect (further details are discussed in the results section).

This study shows the pertinence of gene panel as a first choice for genetic screening, for
fast and reliable results, followed by WES in the unresolved cases. However, these
techniques do not cover most of the non-coding regions, thus masking the potential
implication in the disease etiology of a variant within that region. It is likely that in the
next years, with the improvement in WGS technologies, WES will be replaced by WGS,

even though the interpretation of non-coding variants is still challenging®®.

In most of the cases, the identification of a likely pathogenic variant is not enough for
correct patient management. Generation of an in vivo/in vitro model of a certain gene
variant is first necessary for variant pathogenicity validation itself. The same models can
be further used to understand the physiopathological mechanisms underlying the
phenotype and as a last goal, for therapy testing. In the case of cerebellar defects, mouse
models are a precious tool, due to the resemblance between mouse and human
cerebellar development and cytoarchitecture. Nevertheless, to extrapolate the results to
human pathology, an intermediate step of validation in a pertinent human cell model is
necessary. This step is even more challenging when referring to brain-related disorders
due to the impossibility to obtain human samples. In this aspect, development of human-
induced pluripotent stem cells (hiPSCs) that can be further differentiated into human
progenitor neurons, together with the implementation of accurate genome editing
techniques, has open a whole new path of possibilities to model human brain diseases

“in a dish”.

1.5 In vitro human models of brain defects - hiPSCs

The main step to generate hiPSCs from differentiated cells, such as human fibroblasts, is
the re-induction of pluripotency in order to restore their capacity to give rise to all of the
cells that form the human body. Many years of research were required to demonstrate

the capacity of the cells to be re-converted, and even more challenging, to learn how to
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do it in vitro. The Nobel laureate, Dr John B. Gurdon, gave the first solid evidence in the
60s. He injected the nucleus of a differentiated epithelial cell into a Xenopus laevis egg,
whose nucleus had previously been destroyed by UV light. These eggs survived and
developed into tadpoles®’. These experiments showed that during cell differentiation,
the genetic material remained unchanged, broadly speaking, and that epigenetic events
could most likely trigger the cells final fate acquisition. The next challenge was to re-
induce cells pluripotency in vitro. In vivo, cell fate determination is orchestrated by
transcription factors that drive a change in the transcriptional program of the cell,
leading to the cells final identity acquisition. In agreement with this, it has been widely
shown that ectopic expression of transcription factors will alter cell differentiation and
may lead to a change in cell fate. In 2010 Dr. Marius Werning’s lab infected mouse
fibroblasts with lentiviruses containing various combinations of 19 neural tissue-
specific transcriptional factors. They proved that three of them (A4scl1, Brn2 and Myt1I)
were sufficient to induce mesoderm-derived cells’ (fibroblasts) conversion into
ectoderm-derived cells (induced neuronal cells)%8. Nevertheless, these induced neurons,
in comparison to hiPSCs, are postmitotic neurons, do not proliferate and cannot model
the development of the nervous system since a number of neurodevelopmental stages

are skipped.

Diverse protocols are used to generate hiPSCs out of a wide range of human cell types,
mostly by viral transfection of the so-called Yamanaka factors (Oct4, Sox2, KIf4 and c-
Myc) to induce cell pluripotency®®70. Early protocols included integration of the viral
genome into the host chromosome, leading to a broad spectrum of associated
consequences, such as insertional mutagenesis, residual expression of the
reprogramming factors and immunogenicity. Those consequences would eliminate any
potential therapeutic hope for hiPSCs. To overcome this issue, nowadays most of the
hiPSCs are generated through Sendai virus vectors that do not integrate in the genome
and whose presence diminishes by serial passaging of the cells, therefore eliminating
any trace of the virus’172, The resulting hiPSCs have been shown to mimic the
expression and epigenetic profiles of human embryonic stem cells (hESCs), proving its
research utility’3. An important aspect to take into account when referring to the
potential of the hiPSCs for cell transplantation is the associated genomic abnormalities

that may occur during its derivation and culturing. The differentiation process can be
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mutagenic and induce de novo events in the cells. The same events may also occur
during serial passaging, which could potentially lead to some spontaneous single-cell
variations increasing cell proliferation that could overcome the whole population’4. To
this concern, for tissues outside the nervous system, such as the liver, some authors
defend the use of hESCs from the patient himself combined with genome editing

technologies as a source for transplantation?’>.

1.5.1 Induction of hiPSCs-derived neuronal cells

Pluripotent cells cultured in vitro spontaneously differentiate into neuronal cells in
absence of growth factors in the media’¢. As a consequence, neural induction is based in
the inhibition of other possible derivations of the cells rather than in the enhancement
of a specific pathway. Indeed, most widely used protocols include inhibition of BMP and
TGF- pathways, which may lead to other cell lineages or maintain the stem cell state, by
dual SMAD inhibition (Figure 7)77. This protocol will generate neural pluripotent cells
(NPCs) that will retain the self-renewal capacity and can be further derived into specific
mature neuronal cell types (for review see 78). High hiPSCs concentration during dual
SMAD inhibition will lead to anterior CNS-like neurons, also called late cortical
progenitors - LCPs - or cortical neuronal precursors. Lower concentration of cells will
generate neural crest-like progenitor cells, suitable for generation of the peripheral

nervous system-like cells.
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Figure 7. Double SMAD inhibition of hiPSCs induces differentiation into NPCs. Two different SMAD
inhibitors, Noggin and SB431542 are used to block self-renewal of the cells and derivation into other cell
fates than the neuronal one. Simplified image from Chambers et al, 2009.
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The utility of patient-derived NPCs or LCPs for investigating disease physiopathology
and drug screening has been widely reported. In 2011 Briistle and colleagues”? used
such protocol to generate neuronal and glial cells from patients fibroblasts with
spinocerebellar ataxia 3 (SCA3) due to pathogenic CAG expansions in the MJ/D1 gene.
They recapitulated the toxic protein aggregation found in human brains only in the
neuronal cells, and not in the glial, hiPSCs or fibroblasts, what could explain the human
brain-specific phenotype. Moreover, they show that the aggregates formation depends
on the Ca?*-dependent activation of calpain, since they were able to rescue the
phenotype by calpain inhibitors. Interestingly, NPCs can also be used to study multigenic
neurological diseases such as Parkinson’s disease or Alzheimer’s disease, even when the

genetic cause remains unknown?80.

Two different kinds of cells source can be used as a starting material to generate hiPSCs-
derived NPCs. On one hand, patient cells (blood cells, fibroblasts) can be used and
compared to control donor cells. Another possible approach is to perform mutagenesis
for the gene of interest by genome editing and compare the obtained cell line with its
isogenic control. The last one will remove the genetic background bias found in
patient/control cells and will allow the use of the same iPSCs line to model different

diseases/mutations without having to come back to fibroblasts’ transformation.

1.5.2 Gene editing by CRISPR/Cas9: origins and applications

Different genome editing technologies have arisen in the past two decades, such as
TALENs (transcription activator-like effector nucleases), zinc-finger nucleases and
CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR-
associated protein 9). CRISPR/Cas9 is the more widely used genomic editing technique
nowadays (almost 10-fold more papers found in PubMed - 2016 - when searching for
“CRISPR Cas9” compared to the other two methodologies) probably due to its versatility

and low cost81.82,

The CRISPR-Cas system was first described by Dr Francisco Mojica in bacteria and
archaea as part of the adaptive immune system to protect against foreign nucleic acids
(viruses and plasmids)®384. This system consists of the insertion of foreign DNA into the

bacterial genome (in the CRISPR locus) for its future expression. The expressed non-
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coding RNA will attach to the DNA/RNA from the pathogen. After binding, Cas proteins
will recognise the resulting complex and will splice the foreign genomic material leading
to immunity against the invader?>. This system has been replicated in vitro to
accomplish accurate gene edition. Out of the many different CRIPR/Cas systems, which
mostly differ in the Cas endonuclease properties, the most frequently used is the

CRISPR/Cas9.

Currently used CRIPSR/Cas9 system consists basically of the Cas9 protein-coding
sequence and a single-guide RNA (sgRNA), which includes the targeting RNA sequence
and an auxiliary trans-activating RNA that facilitates processing. The major limiting step
when designing the sgRNA is that the target DNA sequence needs to be next to a PAM
(protospacer adjacent motif, 5’-NGG) sequence so Cas9 can slice. All of the three
components can be assembled into the plasmid with which the cells will be transfected.
Once transfected, the expressed sgRNA will bind to the target DNA sequence and the
Cas9 protein will provoke a double strand break (DSB). DSBs lead to the activation of
one of the two major pathways for DNA damage repair: non-homologous end joining
(NHE]) or homology directed repair (HDR), being the first one the most frequent. NHE]
can take place at any cell-cycle phase and is template-independent, what leads to a fast
but imprecise DSBs repair. This mechanism will tend to lead to indels in the sgRNA-

targeted region that will likely drive the apparition of an early stop codon, knocking-out
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Figure 8. CRISPR/Cas9 plasmid mode of action. Modified image from Ran et al, 2013.

The major concern when using CRISPR/Cas9 is sgRNA design, to avoid any off-target
binding®’. This issue can be partially solved by careful design of the sgRNA using
different software such as Crispor (http://crispor.tefor.net/) that calculates the off-

target probabilities of a given sgRNA.
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Many technique variations have been developed further beyond simple gene knockout
(KO). For example, specific base substitutions (to study non-synonymous mutations),
generation of in-frame proteins and correction of gene mutations can be achieved by

CRISPR/Cas9-mediated DSB followed by DNA template-mediated HDR®8.

In conclusion, recent advances in genetic engineering (CRISPR/Cas9) and in vitro re-
induction of cells pluripotency, together with differentiation into NPCs, have provided
an extremely powerful tool to study neurodevelopmental and any brain-related
disorder. They cannot only be used to gain insights into the disease physiopathology but

also provide a unique model for drug testing.

2 PROTEIN N-GLYCOSYLATION

2.1 The N-glycosylation pathway

Protein N-glycosylation takes place in all three domains of life (archaeans, bacteria and
eukaryotes) and consists in the attachment of sugar chains (oligosaccharides/glycans)
to asparagine residues of the nascent proteins. More precisely, glycan attachment takes
place mostly in N-X-S/T amino acid sequences - the canonical N-glycosylation sequence
or sequon — where X can be any amino acid but proline. Some other sequons have been
described such as NXC, but they represent only a small percentage of all N-glycosylation
sites8. The glycan is attached predominantly while the proteins are being synthesized in
the lumen of the endoplasmic reticulum (ER) and plays important roles in protein
folding, assembly, trafficking and function. N-glycosylation is one of the most common
protein post-translational modifications with a high incidence in secreted and
membrane-anchored proteins®%91. According to some studies, up to 90% of the post-

translationally modified proteins are indeed N-glycoproteins?2.

Some N-glycosylation sites are not always glycosylated (glycosylation macro
heterogeneity) and the final glycan chain composition can differ between sequons/cell
type/tissue/time®3. These aspects add a new layer of complexity to the DNA-RNA-
protein paradigm, where protein function can be further modulated by its N-glycan

charge?4.

26



2.1.1 Early steps of protein N-glycosylation: synthesis of the lipid-linked oligosaccharide
(LLO) and glycan transfer

The first step for N-glycosylation consists in the synthesis of a glycan chain that will be
afterwards transferred to nascent proteins (Figure 9). The oligosaccharide is built on
top of a polyisoprenoid lipid-carrier called dolichol (Dol), which together with the glycan
chain form the lipid-linked oligosaccharide (LLO), the core unit for protein N-
glycosylation. The core glycan is composed of three different types of sugars, N-
acetylglucosamine (GIcNAc), mannose (Man) and glucose (Glc). Those sugars need to be
previously converted into nucleotide-activated sugar when used in the cytoplasmic side
or attached to another Dol molecule when used in the ER lumen (ex. GDP-Man in the
cytoplasm, Dol-P-Man in the lumen). Since Dol is not only used as the anchor of the final
glycan chain but also as a carrier of single monosaccharide units, to form a complete
LLO, 8 Dol molecules are needed. Interestingly, the Dol-P-monosaccharide structures are
not used in the ER lumen not because of a lack of the nucleotide-activated forms (they
are indeed transported into the ER for a variety of processes) but it is rather
hypothesized that it is reflective of the pathway origin in prokaryotes®. The transfer of
the monosaccharides to Dol is triggered by several glycosyltransferases, starting with
two GlcNAc and five Man units in the cytoplasm (nucleotide-activated form). The Dol-
PP-(GlcNAc2Mans) form will be afterwards translocated/flipped into the luminal face of
the ER. Once in the ER, four Man and three Glc from Dol-P-Man and Dol-P-Glc will be
added, generating the full LLO: Dol-PP-(GlcNAc2ManoGlcs)?®.

After, the oligosaccharyltransferase (OST) complex will transfer the glycan from the Dol
carrier to the nascent protein. In mammals there are two different OST subunits (STT3A
and STT3B) that will define two partially complementary OST protein complexes. Both
complexes can transfer the glycan chain while the protein is still being synthesized by
the ribosome (co-translational modification), the most common way of transfer, with a
predominant role of STT3A. STT3B will mostly transfer the glycans to sequons that have
been skipped by the STT3A complex, to ensure adequate protein N-glycosylation. In
addition to that, STT3B can also transfer the glycans from the LLO post-translationally,

once the full protein is located in the ER%7.
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Once the glycan is transferred to the amide nitrogen (N, N-linked glycan) of the
asparagine residues, it can still be further processed/modified both, in the ER and in the
Golgi, leading to the wide range of different N-linked glycan chains present in

eukaryotes.

2.1.2 Glycan processing in the ER and the Golgi apparatus

Right after the N-glycan is assembled on the protein, the top glucose will be removed by
the enzyme glucosidase I, releasing the glycan from the OST complex. After, and
consistent with the role of N-linked glycans in protein folding and stability,
carbohydrate-binding/lectin chaperones (e.g. calnexin and calreticulin) will attach to
the glycan while further oligosaccharide processing by glucosidase II takes place and the

overall protein tertiary structure is achieved?s.

Once the Glc residues, and potentially one extra Man, are removed, the protein will leave
the ER to enter the Golgi compartment. Once there, the glycan can be further processed
in many possible ways, leading to the high diversity of glycan structures present in
mammalian cells®?. During its pass through the Golgi cisterns, the glycans can be further
completed with different sugar residues such as fucose, galactose and sialic acid, leading
to the three main kinds of N-linked glycan structures: high mannose (no extra residues
are added), hybrid (only one of the two branches of the glycan is modified) or complex
(both branches are modified)0. The type of N-glycan chain attached to the protein will
change its intrinsic properties and potential interactions, thus playing an important role

in protein function.

Disruption of any step of the N-glycosylation pathway in humans can lead to aberrant

protein N-glycosylation, also called congenital disorders of glycosylation (CDG).
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2.2 CDG: Classification and genetic etiology

CDG include different inborn metabolic disorders with aberrant glycan processing. In
addition to N-linked glycosylation some other forms of glycosylation, such as protein O-
glycosylation and glycosylphosphatidylinositol (GPI) anchored proteins synthesis, may
also lead, when impaired, to CDG. CDG are rare multisystemic disorders with more than
2,500 patients diagnosed worldwidel?1. The discovery of CDG-associated mutations has
experimented a significant amelioration with the implementation of NGS methodologies.
Whereas before 2006 less than 50 genes had been associated with these disorders, more
than 125 different genes are known nowadays (Dr. Hudson Freeze’ webpage). Most CDG
are caused by autosomal recessive mutations with some cases of X-linked inheritancel92.
In North America, it has been estimated that 20-26% of the population is carrier of a

CDG-causing allele in the heterozygous statel03.

Regarding the defects in N-glycan processing, the most prevalent ones, they can be
further subdivided into CDG type I, arising from defective oligosaccharide synthesis
and/or transfer (Figure 9), or CDG type II, defects in N-glycan processing, once attached
to the protein. In a recent report on 1450 clinically confirmed CDG patients, genetic
diagnosis was achieved for 1350, an extremely high diagnosis rate when compared to
other disorders. Out of the 1350 diagnosed CDG patients, 94% of them where diagnosed
as type I, partially due to the high prevalence of PMM2-CDG, present in 62% of the
patients10l, PMM2-CDG is a CDG-Type I caused by mutations in the
phosphomannosemutase-2 gene, involved in mannose activation prior its use in the LLO

synthesis, and some reports estimate its prevalence in 1/20,000103.

The primary consequence of defective synthesis and/or transfer of the glycan will be a
stochastic loss of N-glycan chains in the nascent proteins (hypoglycosylation, CDG type
[). When the defects concern the cropping and modification of the oligosaccharide, the
proteins will not miss full chains but will contain incomplete N-linked glycans (CDG type

I0).
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Figure 9. Early steps of the N-glycosylation pathway and known CDG type I-associated genes. When
mutations in an enzyme-coding gene have been found as a cause of CDG, a cross is added on top. Image
from Freeze et al, 2014.

2.2.1 Diagnosis of a CDG

CDG clinical diagnosis is based on the consequent aberrant glycan structures present in
the patient proteins. The most widely used test in case of suspicious CDG is transferrin
isoelectric focusing (TIEF), a technique developed by Dr Jaeken in 1984104 Transferrin is
a plasma N-glycoprotein that contains two N-glycan chains and up till five branches
ending in a sialic acid molecule. The sialic acids of the transferrin will add extra negative
charges to the protein and its migration towards an electric field can shed light on the
precise number of sialic acid molecules that the protein contains. This information is
directly related not only to the number of sialic acid units itself but to the number of N-
glycan chains that the protein has, allowing to discern between a type I and a type I CDG
(Figure 10)105.106,
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Figure 10. Examples of TIEF in control, CDG type I and type Il patient samples. Each band represents a
different isoform or glycoform of transferrin. In type I, there is a higher frequency of the disialo (only one
N-glycan) and asialo (no N-glycan) form of the protein. Defects in the N-glycan processing (type II) lead,
among others, to the appearance of the monosialo glycoform and a decrease in the physiological tetrasialo
form. Images from Supraha-Goreta et al, 2011 and Denecke et al, 2009.

Nevertheless, TIEF may not always be accurate enough. It is known that the
glycosylation profile in humans changes with age and a defect may not be detectable at
all ages and neither not in all tissues/cells107.108, Consistent with this fact, current
research strategy to diagnosis a suspicious CDG case does not only rely on TIEF. When
there is a negative TIEF result but the symptomatology resembles to other CDG cases,

NGS technologies (WES, WGS or gene panel) are applied before ruling-out CDG as the

causel0l,

2.2.2 Clinical spectrum of CDG type |

CDG are multisystemic disorders, but display a specific associated-symptomatology that
helps to the clinical diagnosis. They can appear at any age, but most cases arise during
early infancy. Clinical features include skin abnormalities, liver dysfunction, bone and
heart defects, endocrine de-regulations, coagulation abnormalities, ocular problems and
neurological defects%°. The overlap of several different defects such as abnormal fat
distribution, liver cirrhosis and thrombosis is highly frequent in CDG type I, leading to

the clinical suspicion!10.
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Defective immunological system is also frequently observed: defects in coagulation,
aberrant number of B an T cells, altered amounts of interleukins in blood,
leucocytosis...111 Indeed, the most frequent cause of death in CDG type I patients within
the first year of life is the recurrent infections!12. It has been hypothesized that this is
caused by a lack of adequate immune system response after vaccination together with

poor clearance mechanisms and the aberrant skin integrity.

2.2.2.1 Neurological abnormalities in CDG type |

Neurological impairment is the most common trait in CDG. Neurological presentations
have even been found as the only clinical trait in some patients carrying homozygous
mutations in the DOLK gene (DOLK-CDG), necessary for Dol biosynthesis, in PMM2-CDG
and in TUSC3-CDG, which arises from defective OST function, among others!13-115, Most
of CDG patients present ID and psychomotor retardation. CBH and/or atrophy are also
frequently observed, together with ataxia, abnormal eye movements, microcephaly,
epilepsy and stroke episodes!1®117. Indeed, in a recent report, out of 60 patients with

major global cerebellar atrophy, 21 were diagnosed as PMM2-CDG#*3.

Cerebellar defects are more frequent in CDG than any other brain malformation18119,
These defects are at the basis of the patients’ ataxia and are likely to play a major role in
patients ID (chapter 1). A recent medical report sustains that the cerebellar dysfunction
is indeed “the main daily functional limitation” in CDG patients!20. CBH is commonly
detected in PMM2-CDG. Indeed, patients’ cerebellum is usually small in newborns!1°. In
contrast, when present, the cerebellar atrophy is progressive: it might not be easily
detectable during the first months of life, but it becomes more obvious with aging!21.122,
There is only one clinicopathological study performed on a post-mortem PMM2-CDG
brain. Histological evaluation showed a loss of both, PCs and GCs, and aberrant PCs
arborization, consistent with a cerebellar atrophy!23. Interestingly, a recent study in
PMM2-CDG patients showed that through the course of live, even if there is a
progressive reduction in the cerebellum size, the cerebellar-associated deficits actually
stabilize or even improvel?4. As mentioned in the first chapter of the introduction, the
large time developmental window of the cerebellum opens the possibility of high

postnatal plasticity that could partially explain this finding.
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All of these evidences point towards a major involvement of protein N-glycan charge
during brain development and function, especially in the cerebellum. Nevertheless, little
is know about how N-glycoproteins modulate central nervous system (CNS)
development and how a defect in those can lead to the neurological findings in CDG type

L.

2.3 Biological functions of protein N-glycosylation

2.3.1 N-glycosylation and protein folding

The primary and most widely studied role of protein glycosylation is to help the protein
to achieve its native conformation both, while being synthetized and once it is released
in the ER lumen. Addition of the glycan chain will increase protein stability, and together
with the luminal chaperones, will induce correct protein folding!2>. As mention in
chapter 2.1.2, the lectin-like chaperones calnexin and calreticulin will recognise the
glycan chain after removal of two of the three terminal glucose residues. The chaperones
will interact with the protein as long as the last glucose residue is not removed,
providing a window of time to achieve correct protein folding. If the protein is yet not
folded after chaperone release, the UDP-glucose glycoprotein:glucosyltransferase
(UGGT) enzyme will add once again a glucose residue to the glycan chain, promoting a
new chaperone interaction and further protein folding. If this situation persists, the ER-
associated degradation (ERAD) pathway will be activated to induce protein

degradation?26.

2.3.2 ER-associated degradation (ERAD) pathway and unfolded protein response (UPR)

To degrade a misfolded glycoprotein, it first needs to escape the cycles of re-
glucosylation, then exist the ER through a dislocon towards the cytoplasm, a complete
removal of the glycan chains and finally be degraded by the proteasome. To avoid
further recognition by the lectin-like chaperones, several EDEM proteins, for ER
degradation-enhancing a-mannosidase-like protein, will trim the terminal mannose
residues, avoiding any further UGGT action!?’. The final Man7GlcNAc; glycan moiety will

be recognised by the protein 0S-9 and transported to the HRD1 complex, which through
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autoubiquitination allows the bypass of the unfolded protein to the cytosol and its

further processing into small peptides!?8.

Different situations, such as an accumulation of unfolded proteins, will affect the ER
homeostasis and lead to an ER stress. The cell will react to such stress by activation of
the unfolded protein response (UPR) pathway. The activation of the UPR pathway
includes an increase in the chaperones synthesis (ex. BiP), a slow-down of protein
synthesis, an increase in the ER size by increasing the lipid synthesis and an over
activation of the ERAD. One of the key steps of UPR activation is IRE1 oligomerization
and consequent activation. BiP usually sequesters IRE1 molecules, avoiding an excessive
activation of the UPR pathway, physiologically active at low levels. When BiP is targeted
to the unfolded proteins, IRE1 gets released, oligomerizes and induces an increase in the
UPR response. This mechanism can modulate itself, since once the pathological
accumulation of unfolded proteins is bypassed; BiP will bind once again IRE1 and will

return the UPR to its basal levels129.130,

If the UPR fails to restore normal ER function, and the protein accumulation persists, cell
death-related mechanisms will be activated. For example, IRE1 constant activation will
induce a kinase cascade through ASK1/JNK leading to an activation of the pro-apoptotic
protein Bax, which will then activate Bim and inhibit anti-apoptotic members of the Bcl-
2 family131. Indeed, a fully blocked N-glycosylation pathway, such as the one triggered by
the drug tunicamycin (that inhibits the initial transfer of GIcNAc to Dol), will lead to
IRE1 oligomerization and, if continued across time, cell death132. Nevertheless, in normal
conditions, the correctly folded glycoprotein will scape the action of UGGT and will be

transported to the Golgi apparatus.

2.3.3 N-glycan role in protein trafficking and function

Some glycan chains are also important for correct protein targeting, mostly to the
plasma membrane or to the extracellular space. Many reports show how the lack of a
specific glycan chain (empty N-glycosylation site) can lead to protein retention within
the cell, without reaching the plasma membrane!33134, Interestingly, some other N-

glycosylation sites do not play a major role in protein folding or trafficking3>136 but
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directly influence, between others, protein interaction (ex. adhesion molecules) or ion

channels properties.

Most of the knowledge about the glycan-specific functions arises from protein N-
glycosylation site-specific studies (e.g. directed mutagenesis against the N-glycosylated
residue) and thus represent a small portion of all glycoproteins and N-glycosylation
sites. Moreover, use of N-glycosylation blocking drugs such as tunicamycin will lead to a
pathologic UPR activation that will mask the molecular consequences at the
glycoprotein level. In this context, there is a lack of understanding about how a global N-

glycosylation defect will affect the whole glyco/proteome.

In a recent report, Mann and colleagues performed an in-depth glycoproteome analysis
in different mouse tissues (plasma, heart, kidney, liver and brain)!37. The highest
number of N-glycosylation sites (3162 sites within 1296 glycoproteins) was observed in
the brain, with about 1/3 of them being brain-specific. Together with the major
neurological disruption in CDG patients, these data suggest a crucial involvement of
protein N-glycosylation during brain development and function that remains poorly

investigated.

2.4 Protein N-glycosylation and brain development

Several evidences have pointed to a major involvement of N-glycosylation in synaptic
transmission and cell adhesion/axonal growth dynamics, processes that rely on
membrane-anchored N-glycoproteins!38. Interestingly, many mRNAs coding for those
membrane-anchored proteins are located and transcribed directly in the neuronal
dendrites. This fact implies a local protein N-glycosylation machinery in the dendrites,
and is supported by the presence of ER and ER-Golgi intermediate cisterns in the
dendrites. Most of the dendrites though lack a complete Golgi apparatus. Consistent with
this, Hanus and colleagues described in a recent paper!3? a major presence of core
glycosylated (ManoGlcNAcz) membrane proteins in the brain, which lack any Golgi-
related modifications. Such peculiarity is associated with a fast protein turnover in the
dendrites of those core-glycosylated proteins, with a high incidence of neurotransmitter

receptors and adhesion proteins.
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2.4.1 Neural transmission and N-glycans

Neurotransmitter receptors are commonly N-glycosylated and such modification has
been shown to play a major role not only for protein folding and trafficking but also for
the receptor excitatory properties per se and its turnover. For example, cerebellar GCs
contact the PCs through the glutamatergic PFs synapses, with variable proportions of
AMPA, NMDA and mGIuR receptors 140. Most of these receptors are indeed N-
glycosylated in different domains, including the ligand-binding ones, further supportive

of a functional role of the glycan chain41.

It is not only important to have a glycan chain, but the precise composition of the
oligosaccharide will also impact the functional properties of the receptor. One of the
possible modifications is the so-called HNK-1 epitope (a sulphated glucuronid acid
attached to a terminal GIcNAc residue) that has been shown to play a major role in the
glutamate receptor subunit GluR2 dynamics. Oka and colleagues'4? proved GluR2 to
carry an HNK-1 epitope and demonstrated it to be necessary for adequate GluR2-N-
cadherin interaction. Correct GluR2-N-cadherin interaction is key for the stabilization of

the receptor in the plasma membrane.

Correct N-glycosylation of a receptor may also affect its ability to form
homo/heterodimers. Such is the case of the 6 subunit of the acetylcholine receptor
(AChR): disruption of any of its two N-glycosylation sites will not affect protein stability
but the binding dynamics'43. As these examples show, glycan chains without any

obvious role in folding, or trafficking can affect the protein interacting properties.

2.4.2 Role of the N-linked glycan chain in cell adhesion

In a similar manner to neurotransmitters, N-glycosylation of adhesion proteins is also
crucial for their normal function not only in terms of folding, trafficking and stability but
also to modulate, among others, their protein-protein interactions. Already in the early
70s, Warren and colleagues described an increase in the glycan charge of immortalized

cells and proposed a pro-metastatic role of such increasel4414>, Those studies provided
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one of the first evidences of a major role of the oligosaccharide in cell-to-cell
communication and further illustrate how N-glycoproteins activity is indeed greatly
modulated by their glycan charge. More recent studies further confirm the N-
glycosylation role in cancer progression. Abnormal protein N-glycosylation will alter
cell-to-cell and cell-to-extracellular matrix adhesion through aberrant glycan structures,
with increased frequency of sialylated and fucosylated glycans that will promote a

increase in the cell metastatic potentiall4® (for review see 147).

In a recent report, J. Stevens and A. Spang described how in C. elegans an attenuation of
protein N-glycosylation (hypoglycosylation) would affect cell-to-cell adhesion from early
embryonic development (2-4 cells stage) with an obvious loss of interacting surface
between cells'#® (Figure 11a). Similar results were obtained by deletion of an N-
glycosylation site of the Drosophila adhesion protein Chp, which lead to a defective cell

aggregation in culture'®® (Figure 11bB).

Q

PH(PLC)::GFP, aGFP; DAPI

ribo-1(RNAi) mock RNAI

Figure 11. Major role of N-glycosylation in cell-to-cell adhesion. (a) C.Elegans embryos were injected with
iRNA targeting and OST complex subunit (ribo-1), leading to impaired protein N-glycosylation. The 2 and
4-cell embryonic stages were analysed (nucleus in blue). Note the almost inexistent interaction between
the cells’ membrane (white arrows). (b) Aggregation assay of Drosophila S2 cells expressing the WT or
hypoglycosylated (m1) form of Chp. Note the tendency of the control cells to form relatively big cell
aggregates, which were not found in mutant cultures.
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In agreement with the importance for cell-to-cell adhesion and communication, Mann
and colleagues described an overrepresentation within the mouse N-glycoproteome for

cell adhesion proteins!37.

In the context of brain development and function, cell-to-cell adhesion is important at
many different levels, starting from cell migration and differentiation, to axonal growth,
neuron-glia communication, synapse formation and maintenance, axonal fasciculation...
Consequently, protein adhesion, together with adequate protein N-glycosylation, is
important for virtually all of the brain-related functions. Indeed, evolutionary studies
have pointed to a major diversification and increase in number of neural cell adhesion
molecules (CAMs) together with the increased brain complexity in higher organisms2526,
There are three main kinds of neural CAMs: cadherins, integrins and immunoglobulin

superfamily CAMs (IgSF-CAMs)152,

Cadherins are transmembrane N-glycoproteins characterized by their cadherin repeats,
which contain Ca?*-binding domains and several N-glycosylation sites. Cadherins
depend on the Ca?* availability to form homo or heterodimers and contact with the
neighbouring cell, forming adherent junctions. Their downstream pathways depend on
the cytoskeletal and transmembrane proteins with which they interact!>3. Interestingly,
hypoglycosylation of the extracellular domain of one of its members, E-cadherin, will not
impact its abundance at the membrane but will change its interactome and thus disrupt

its downstream effectors!s4.

Integrins also contain Ca?*-responding domains and can form dimers with other
integrins or other CAMs such as the IgSF-CAMs. Time-restricted integrin expression and
glycosylation are key for postnatal cerebellar development. Among others, 31 integrin
has been shown to be necessary for Shh-dependant neuronal proliferation at the EGL.
Integrins are also an important driving force to, through their interaction with

extracellular matrix proteins, accelerate GCs movement across the ML (for review see

155),

All integrins are predicted to carry N-glycan chains, which do also play major roles in

integrin-mediated adhesion. In vitro, integrins react to fibronectin-coated surfaces.
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Ablation of integrin N-glycosylation does not only impair the interaction with
fibronectin but can potentially block any dimer formation!>6157, In a recent paper>8, Zhu
and colleagues performed site directed-mutagenesis against each N-glycosylation site of
aZb, a5 and 3 integrins. Besides some N-glycosylation sites being essential for protein
stability, they found that while loss of some N-glycosylation sites diminished the protein
binding capacity and consequently its activity, some others enhanced it. Interestingly,
aberrant a5 and 33 glycosylation (i.e. increased frequency of sialylated complex glycans)
has already been linked to cancer prognosis, likely through changes in their adhesive
properties!>®. This work further emphasizes the fact that each N-glycosylation site plays
a different function depending not only on its localization within the protein but its

composition.

2.4.3 Immunoglobulin superfamily cell adhesion molecules (IgSF-CAMs) and brain
development

Most of the adhesion molecules in the CNS belong to the [gSF-CAM superfamily. They are
characterized by the presence of one or several immunoglobulin-like (Ig) domains. Ig
domains are “sandwiches” of two [-sheets, forming a fold, highly enriched in N-
glycosylation sites160.161, Together with the Ig domains, [gSF-CAMs can have variable
numbers of other domains, such as fibronectin domains, which also contain N-

glycosylation sites.

Most of the members of this superfamily have transmembrane domains or are anchored
to the membrane by a GPI anchor. The extracellular portion of the protein can interact
with other molecules of the same IgSF-CAM (homophilic interaction) and with other
CAMs (heterophilic interaction). The Ig domain itself is key for the adhesive properties
of the protein. Indeed, loss of those multiple Ig domains avoids any homophilic
interaction between IgSF-CAMs162. Furthermore, the N-glycans within the Ig domains
play a major role in the interaction dynamics by modulating the distance between the
different monomers and thus the strength and duration of the interaction (Figure

12a)163,164,
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[gSF-CAMs contact intracellularly with the cytoskeleton, which regulates and is
regulated at the same time by their activity. [gSF-CAMs can directly interact with the
cytoskeleton, actin or tubulin, or do it through an intermediate protein, such as ankyrin
(linker protein). Importantly, IgSF-CAMs contain different intracellular binding domains
that amplify the possible partners, favouring the assembly of multiple cytoskeleton
components. Even the GPI-anchored proteins do interact with the cytoskeleton through
its lipidic component. Interestingly, [gSF-CAMs overexpression leads to an increase in
the transcription of cytoskeletal components, illustrating how IgSF-CAMs do not only
modulate cytoskeletal organization but components’ expression. At the same time, the
cytoskeleton modulates IgSF-CAMs activity by clustering them, enhancing their
membrane localization and favouring the interaction with other transmembrane

proteins (for review see 165).

The IgSF-CAMs superfamily can be further subdivided into smaller protein families, such
as L1CAMs, contactins (CNTNs) and NCAMs. These protein families have long been
known for their roles in axonal fasciculation and elongation, neuronal migration,
myelination and synapse formation and maintenancel®®. Consistently with this role,
L1CAM, CNTN2/TAG1 (a contactin member) and NCAM1 have higher expression in the

cerebrum and the cerebellum than in the rest of the human tissues (Figure 12b).

One of the first in vivo evidence that supports the crucial neuronal function of IgSF-CAMs
was given by Rutishauren and colleagues in 1988167, They studied L1CAM and NCAM1
roles in axon fasciculation and muscle neural innervation; these processes rely first on a
strong axon-axon union (fasciculation) and after on the capacity of those axons to
separate and make contact with different muscles. They showed that these processes
rely on L1CAM and NCAM1 adhesive properties, L1ICAM for axon-axon binding and
NCAM1 for later axonal spreading and muscle-neuron contact (indeed, muscle cells also
express NCAM1). Even more, they demonstrated that NCAM1 function fully relies on it
being properly glycosylated with a terminal sialic acid (polysialic acid, PSA) and that this

modification allows temporal control of the process.

NCAM1 contains different N-glycosylation sites, many of which are located at the Ig

domains. One of these N-glycosylation sites gets further modified by addition of an
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homopolymer composed by up to 90 sialic acid residues'®8, PSA addition will decrease
the heterophilic and homophilic interactions of NCAM1 and thus will modulate its
adhesive properties. Interestingly, in the previously mention study¢’, during the period
of axonal growth, the NCAM1 located at the muscle has a high PSA content, avoiding a
major axon-muscle interaction and indirectly reinforcing the axonal bundling. Later on
NCAM1 will have its PSA content reduced and will enhance axonal contact with the

muscles, leading to muscle innervation.
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Figure 12. IgSF-CAMs homophilic interaction and expression. (a) Representation of the possible
interaction between L1CAM (an IgSF-CAM member) molecules. The Ig domains in each molecule form a
zipper-like structure and contact with the neighbour L1CAM through their glycan component. Modified
image from CH. Wei at al, 2012. (b) mRNA expression levels of different [gSF-CAMs members with a
known role in brain development and function in different human tissues (GTEx database). Most of the
L1CAM/CNTN/NCAM families’ members show higher mRNA expression in the brain, especially in the
cerebellum.

As previously mentioned, the cerebellar cortex has a relatively simple cytoarchitecture
comparable to the cerebral cortex organization. Due to this, many studies focus on IgSF-
CAMs function during cerebellar development to understand their role during brain
development. During postnatal cerebellar development four different CNTNs are highly
expressed (CNTN1/2/3/5). Those proteins are key for GCs migration from the EGL to

the IGL, a process that requires prior development of their axons that will become the
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PFs. CNTNs are expressed in a sequential manner, with partial overlaps%®. CNTN2 and
CNTNT1 are the first to be expressed at the EGL and are required for axon fasciculation
and proper orientation of the fibres. As mentioned in the first chapter, the PFs are all
parallel to the upper cerebellar pial surface. Indeed, mouse KO for Cntnl show an
aberrant orientation of the PFs associated with an ataxic phenotype by P10 and early
mortality (no mutant recovered after P18)3¢. In a similar manner, ex ovo Cntn2 RNAi
electroporation into the chick embryo lead to abnormal formation of the PFs35. Those
evidences suggest a potential redundancy of CNTNs and thus IgSF-CAMs functions in the

developing cerebellum.

Following CNTNs expression, two members of the L1CAM family start to be highly
expressed in the developing GCs, NrCAM and L1CAM itself. Interestingly, whereas
NrCAM or L1CAM KO mice show no major GCs underdevelopment, the double KO mouse
presents a reduced IGL and early lethality (P8)170171, Indeed, GCs from the different KO
mice (L1CAM/NrCAM, Cntnl, Cntn2) show aberrant neurite dynamics in vitro,

consistent with a predominant IgSF-CAMs role during PFs formation in the cerebellum.

As highlighted by Stoeckli in a review about IgSF-CAMs function during cerebellar
development!®?, all steps in GCs development from the EGL to the IGL, but the migration
itself, are tightly controlled by IgSF-CAMs, expressed in a sequential and partially
overlapping manner, with both, unique and concomitant roles. Together with the pivotal
role of adequate N-glycosylation of IgSF-CAMs and other adhesion proteins such as
integrins, it is likely that disruption of their glycosylation status will have an impact on
their functions during development. Nevertheless, almost no study has addressed this
question, and if so, it is based on a single N-glycosylation site loss'72, and thus do not
provide a global and unbiased picture of the N-glycosylation importance during

cerebrum and cerebellar development.

2.5 Model organisms for CDG Type |

To understand how N-glycosylation orchestrates CNS development and leads to the
major neurological defects in CDG-Type [, one necessary step is to generate an adequate

in vivo and/or in vitro model of the disease. Such a model could not only answer to the
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previous questions but could also be used for therapy testing, inexistent nowadays for
most CDG. So far, the more successful therapeutic approach is for PMI-CDG
(phosphomannose isomerase) by oral treatment with mannose. Nevertheless, the

treatment is not 100% effective and helps only to a minority of CDG type I patients!73.

The development of an in vivo mouse model for CDG has been shown to be more
challenging than expected. Protein N-glycosylation is only partially impaired in CDG but
the KO of the corresponding gene in mouse is in general embryonically lethal, such as
the Pmm2 KO mousel74175, The more promising models existent nowadays for CDG type
[ can be subdivided into three categories, all related to the most frequent CDG-Type |,
PMM2-CDG.

The first category consists on the use of morpholinos in Xenopus and zebrafish to reduce
Pmm2 levels. Both models achieve a partial reduction in the Pmm?2 activity comparable
to the one observed in human patients!’6. In zebrafish, Pmm2 reduction leads to
craniofacial and motility defects, resembling those found in human patients!’?. In
Xenopus it also leads to developmental abnormalities such as a reduced head-to-tail
size, eye dismorphisms and head malformations. The researchers also proved Pmm2
loss to drive an altered Wnt pathway signalling and hypothesized a contribution of Wnt
hypoglycosylation to the physiopathology of PMM2-CDG!78. Similar results were
obtained with a CRISPR/Cas9-mediated PmmZ2 KO in Drosophilal7?.

Regarding a mammal model for CDG-Type I, the more successful trials include the
insertion of the human mutation (usually a missense mutation for PMM2-CDG8%) into
the mouse genome. Two different groups have generated a mouse model for the PMM2-
CDG. In 2012 Korner and colleagues publish a hypomorphic PmmZ2 mouse mutant!8l.
The homozygous mutant mice were not viable and died before E10.5. Nevertheless, they
showed how a prenatal mannose treatment (mannose within the mice’ drinking water)
could rescue the embryonic mortality. The mutant mice became then viable and showed
no major difference with their control littermates. Such results were really promising as
a therapeutic approach. However, the mannose supplementation can only be given when
the CDG diagnosis is done and is not effective by then in humans82. Four years later

another group published a similar hypomorphic mouse model, carrying the most
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common human mutations (composite heterozygous), but in this case, mannose
supplementation did not rescue the partial lethality of their model. Similar to the human
patients, they found a developmental delay in the surviving mutants and similar
biochemical properties of the mouse embryonic fibroblasts (MEFs) and PMM2-CDG
patients’ fibroblasts. Nevertheless, they did not observe any major cerebellar defect, as

usually found in patients!83.

The third major line of investigation includes the use of patient-induced iPSCs (section
1.5). Two years ago, Buettner and colleagues published the first report using PMM2-CDG
patient fibroblasts and reconverting them into iPSCs by lentiviruses coding for the
Yamanaka factors'®. Those iPSCs show a 75% reduction in Pmm2 activity and a

consistent reduction of high-mannose-containing glycan chains.

All those models are promising tools to better understand the physiopathology
underlying CDG Type-I and so to gain insights into protein N-glycosylation role in CNS.
Nevertheless, none of those studies relies on a global investigation of the transcriptome
or proteome in the mutant, thus missing a great opportunity to understand the
molecular consequences of the defect. Moreover, none of these models present a priori
any cerebellar defect or can be easily used to address this question, which is indeed one

of the main traits of the disease.

3 CELLULAR ROLE OF SRD5A3 AND CLINICAL SYMPTOMS
ASOCIATED WITH ITS MUTATIONS

In a recent report, SRD5A3-CDG was highlighted as the third more frequent type of CDG-
Type I in the European population9l. SRD5A3-CDG was described for the first time by
Vincent Cantagrel et al, in the group of Joseph G. Gleeson in 201017>. They identified
STOP mutations in the SRD5A3 gene in a large consanguineous family where all affected
child had ocular colobomas, developmental delay and brain malformations including
cerebellar vermis hypoplasia. Due to the high phenotypic resemblance with other CDG
patients, they tested them by TIEF, where they observed a clear Type-I profile. Further
biochemical analyses in the yeast SRD5A3 ortholog (DFG10) demonstrated that SRD5A3

is the enzyme responsible of the conversion of polyprenol into Dol, which is later used
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as a glycan carrier (chapter 2). Indeed, they found an increase in polyprenol levels in
patients’ cells, which usually cannot even be detected in control subjects. Surprisingly,
they still found normal Dol levels in the patients, highly suggesting that Dol can also be
synthesized through an alternative pathway that does not require polyprenol.
Nevertheless, patients display a huge decrease in the LLO levels, illustrating that, even if
Dol can be synthesized, the full Dol + core glycan chain (LLO) cannot be properly
synthesized and thus leads to a defective protein N-glycosylation in mouse, yeast and

human.

They consequently screened other patients with similar phenotype for SRD5A3
mutations. The cohort enlargement showed a high recurrence of cerebellar defects
characterized by atrophy and/or vermis hypoplasia (5/6 patients, 83%). Later on
published reports further confirm the high prevalence of cerebellar defects, together
with learning difficulties and psychomotor retardation, in SRD5A3-CDG, as observed in
PMM2-CDG109185 [ndeed, together with PMM2-CDG and dystroglycanopathies, SRD5A3-
CDG is within the CDG with higher occurrence of cerebellar malformations!1®. SRD5A3-
CDG patients can also present abnormal coagulation, muscle hypotonia, liver fibrosis,
dermatitis and abnormal fat distribution, among others175185186, Most SRD5A3-CDG
patients present eye malformations characterized by a slowly progressive early-onset

retinal dystrophy, visual loss, myopia and nystagmus87.

This discovery expanded the number of known CDG caused by disruption in the
mevalonate pathway, which has as a final product, between others, dolichol, cholesterol
and ubiquinone (Figure 13)188. It is remarkable that, even if the primary defect happens
in a lipid synthesis-related pathway, the major biochemical defect, and the only one

proved in SRD5A3-CDG patients, is in terms of protein hypoglycosylation.
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Figure 13. Simplified mevalonate pathway. All of the known CDG caused by disruption in a product of the
pathway are highlighted in red. Modified image from Buczkowska et al, 2015.
The mouse KO for Srd5a3 is not viable and no embryo can be recovered after E12.5. This
observation is unexplained as patients also carry likely null homozygous alleles!7>. A
tempting explanation is a different regulation of the alternative Dol biosynthetic

pathway in mouse versus human. Embryos at that stage show, between others, defect in
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tail rotation, dilated heart and open neural tube. Transcriptomic studies in the embryo
showed an over activation of the UPR pathway, suggesting a major requirement of
Srd5a3 activity for protein folding. This is consistent with a hypoglycosylation-driven

accumulation of misfolded proteins in the ER that could over activate the UPR pathway.

In conclusion, to characterize SRD5A3-CDG underlying physiopathology, an alternative
mouse model should be developed. Given the high prevalence of a cerebellar defect in
this type of CDG, such model could help to understand its molecular origin. By doing so,
we could also gain insights into the crucial role of protein N-glycosylation during CNS

development and function, a largely under investigated function.
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4 AIMS OF THE PROJECT

PART I

1 - Identification of the genetic basis of human cerebellar defects

For many patients with cerebellar malformations a molecular diagnosis is yet to be
achieved. As a side project during my PhD, [ used a combination of WES and validation
of certain gene variants impact to improve the molecular diagnosis of syndromes with

cerebellar defects.

PART Il

1 - To characterize the histopathology associated with Srd5a3 cerebellar deletion

A new mouse model for SRD5A3-CDG was developed by conditional Srd5a3 deletion in
the cerebellum (Cre/LoxP system) before my arrival to the laboratory. This model can
potentially be used to understand the CDG-Type I physiopathology in other affected
organs such as the skin, eyes and immune system. Our aim was to characterize the
histopathology associated to cerebellar Srd5a3 loss. This study should highlight if there
is any cerebellar population more sensitive to the N-glycosylation block and which is the

histological consequence.

2 - Biochemical and molecular characterization of the physiopathological

mechanisms underlying Srd5a3-loss associated defects

A full molecular study of the Srd5a3 conditional KO (cKO) mouse should shed light on
the precise impact of an N-glycosylation disruption in an in vivo and viable CDG model,
something that has never been deeply analysed before. In addition to that, and taking
into account the role that Dol plays as carrier of the oligosaccharides transferred in the
ER (e.g. mannose and glucose), defective Dol synthesis may also impair the core glycan

composition. This possibility was further evaluated.
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3 - Impact assessment of the molecular findings

The potentially altered pathways in the mutant cerebellum have been validated as
contributing or not to the mouse neurological phenotype. In addition to that, we have
generated SRD5A3 KO iPSCs to evaluate the relevance of our findings in an appropriate

human model.

4 - Rescue of the defect

The final goal of developing a mouse model for CDG-Type I, besides its contribution for
the glycobiology and neurobiology fields, is to set up a system for therapy testing. Even

if a definitive therapeutic approach is out of the scope of the present work, a prove-of-

concept rescue could prove the suitability of our model for further testing.
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RESULTS

PART I

1 Unravelling the genetic basis of cerebellar malformations

Context: Cerebellar malformations are life-challenging conditions that affect patients’
capacities to cope with a normal life and can be associated with reduced life expectancy.
Cerebellar defects are often also associated with ID and ataxia. Identifying the genetic
cause, when existent, will help to counsel the family when facing new pregnancies and
can also lay the first stone towards therapy. In this context, WES and gene panel are
important tools to help to elucidate the genetic component of the disease. Nevertheless,
identification of a likely pathogenic variant is often not enough to prove causality and
thus validation of its pathogenicity requires further functional work. Part of the work
performed during my PhD included WES analysis and investigation of variant
segregation by Sanger sequencing (case I), characterization of the candidate protein
expression pattern during brain development (case II) and the establishment of a cell
model KO for a novel disease-causing gene using genome editing techniques (case III).

1.1 A recurrent de novo mutation in the KIF1A gene

Thanks to collaboration between the National Research Center in Cairo (Egypt) and the
Necker hospital, many Egyptian families with children suffering of a cerebellar defect
were explored at the Imagine Institute Genomic and Bioinformatic platforms using WES
and gene panel testing.

Once the WES/gene panel data is generated, the laboratory of development brain
disorders, leaded by Laurence Colleaux and Vincent Cantagrel, interprets the resulting
sequences.

As part of this collaboration, the Dr. Hisham Megahead diagnosed a 2 years old child
(family CerID-Egy-21) suffering of cerebellar atrophy (diagnosed by MRI, Figura 14a).
The patient, born from a consanguineous union, is the only reported affected individual.
In addition to the cerebellar atrophy, she suffers of right temporal epileptogenic activity.
These features are accompanied by delayed motor and social development.

Usually, when testing an inbred family by WES, where also the parents are sequenced,
the first mode of inheritance tested is the autosomal recessive one. In this scenario, both

parents are heterozygous for the same variant (common origin of the mutation) that is
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transmitted and homozygous in the affected child. Nevertheless, when testing for that
hypothesis no potentially pathogenic variant meeting this criteria was identified.
Surprisingly, a genetic diagnosis was only achieved when seeking for a de novo origin of
the potentially pathogenic variant. I identified and validated a heterozygous de novo
variant in the KIF1A gene (NM_001244008.1, c173C>T, p.S58L) in the affected individual
CerID-Egy-21-ea (Figure 14b). The mutation is located within the ATP binding domain
of KIF1A, a microtubule-dependent cargo protein, important for the transport of
different components across the neurites'®. ATP hydrolysis allows KIF1A movement.
Indeed, the detected variant is predicted to alter the hydrogen bonds within the ATP
domain and thus disrupt adequate ATP hydrolysis and consequently, disrupt protein
function.

The c173C>T variant had already been identified as causing cerebellar atrophy in other
patients!90. These data prove the KIF1A variant as responsible of the observed cerebellar
atrophy and highlights the importance of considering de novo variants in single-case

consanguineous families.

Father
)
Mother

O

m Yl

c173C>T

Affected
child

Figure 14. KIF1A c173C>T mutation leads to early-onset cerebellar atrophy. (A) MRI of the patient CerID-
Egy-21-ea. The red arrowhead points to the atrophic cerebellum. (B) Sanger sequencing results of KIF1A
in the healthy progenitors and the affected child. The red arrowhead indicates the nucleotide number 173
in the affected child, where two peaks, corresponding to a heterozygous C/T state, are detected.

1.2 Enlarging the phenotypic spectrum of CACNA1G mutations

More recently, a cohort of 47 patients followed at Necker Hospital was investigated by
gene panel and/or WES. All patients presented with cognitive and motor dysfunction
during paediatric age together with cerebellar ataxia and atrophy and/or hypoplasia.
This study allowed the identification of the likely disease-causing variants in 62% of the

families.
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Part of the research was then focused on one potentially pathogenic variant detected in
the CACNA1G gene (c2881G>A, pA961T). This variant was predicted to be deleterious by
the PolyPhen, SIFT and Mutation Taster databases. Notably, this was the first de novo
mutation in the Ca?* channel CACNA1G linked to a congenital disorder. Other CACNA1G
mutations were previously described but all were associated with late-onset cerebellar
ataxias!L

In search for additional patients presenting with a similar phenotype and a mutation in
CACNA1G we contacted collaborators from other centres and used the online platform
Gene Matcher. Gene Matcher is a tool to share worldwide potentially pathogenic
variants with their associated phenotype. Through this collaboration, three additional
patients with early-onset cerebellar ataxia were identified, two carrying the same
variant (suggesting a hotspot mutation) and another carrying a new variant (c4591A>G,
pM1531V). Interestingly, both mutations were demonstrated to be gain-of-function,
opening possibility of a therapy with a sensitive channel inhibitor (TTA-P2)192
Surprisingly, half of the patients present also congenital microcephaly, suggesting a
defect in the development of the cerebral cortex. The role and expression of CACNA1G is
well characterized in the cerebellar PCs and DCNs'?3 but not clearly reported during

cortical development.

My contribution to this work consisted in testing for the expression of CACNA1G in other
brain regions. To do so, wild-type (WT) E14.5 mouse embryos were OCT-embedded,
sliced and stained with CACNA1G and Tujl (neuronal marker) antibodies (Figure 15,
top). The results demonstrated that CACNA1G is expressed in the mouse post-mitotic
neurons of the developing cerebral cortex. As a control, a developing mouse cerebellum
(P7) was also stained and the localisation of CACNA1G in PCs and DCNs was confirmed

(Figure 15, bottom).
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Figure 15. CACNAI1G is expressed in the cerebral cortex and the cerebellum during development. (A)
CACNA1G staining in the E14.5 mouse embryo. Note that the highest intensity is located within the
cerebral cortex (red arrowhead). (B) Same image counterstained with DAPI. Scale bar 1mm. (C, D, E)
Magnification of the E14.5 cerebral cortex stained against Tujl and CACNA1G. The CACNA1G-positive cells
in the cortex are also Tujl-positive, proving their neuronal fate. Scale bar 100um. (F) P7 cerebellum
stained with the CACNA1G antibody. Note the positive labelling of the DCNs (red arrowhead) as
previously described. (G) Same image counterstained with DAPI. Scale bar 1mm. (H, [, ]) Magnification of
the PC layer stained against parvalbumin (PC marker) and CACNA1G. As expected, a robust expression of
CACNA1G is detected in the developing PCs. Scale bar 100um.

1.3 MINPP1 mutations as a new cause of pontocerebellar hypoplasia

A novel form of pontocerebellar hypoplasia (PCH), accompanied by an atrophy of the
basal ganglia (the striatum), was recently identified in the lab. We identified biallelic
mutations in the MINPP1 gene in children presenting a unique neuroimaging phenotype
combining PCH features with hyper-intensities in the basal ganglia. MINPP1 encodes the
multiple inositol-polyphosphate phosphatase 1. The mutations include indels leading to
early STOP codons and SNVs predicted by the software SIFT and/or Mutation Taster to
be deleterious (Figure 16a). MINPP1 is an enzyme involved in inositol phosphate
metabolism, important for cell migration, gene regulation and membrane
dynamics194195, Nevertheless, its precise role in inositol phosphate metabolism remains
elusive. Previous studies had already highlighted the importance of inositol for
cerebellar function, with disruption of its metabolism leading to neurodegeneration
with major consequences for the PCs196-198, Nonetheless, this is the first time that

MINPP1 is directly linked with a congenital disorder.
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We next focused the research in the patients for which primary fibroblasts were
available (family CerID30, Figure 16b). The family CerID30 includes two affected
children and no healthy siblings. Both affected individuals are homozygous for a frame-
shift insertion (c¢.223_224insGGGGG; p.Glu75Glyfs*30).

[ first evaluated the protein expression levels in those patients (Figure 16c). As shown,

no protein was detected in none of the affected individuals.

We next aimed to generate a human in vitro model to understand the biochemical
consequences of MINPP1 depletion. To do so, together with Michael Nicouleau, we
generated CRISPR/Cas9 constructs targeting the first exon and used them to knockout
the gene in HEK293T cells, a transformed human kidney cell line (Figure 16d). We
further confirmed efficient MINPP1 depletion by WB (Figure 16e). The biochemical
characterization of these cells and MINPP1/- iPSCs is nowadays the main research

activity of Ekin Ucuncu, PhD student under the supervision of Vincent Cantagrel.
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Figure 16. MINPP1 depletion leads to a novel form of PCH. (a) MINPP1 variants in the patients. The
software SIFT and Mutation Taster were used for prediction. (b) MRI of an affected individual (CerID30-
EA1) showing the atrophy of the pons and the cerebellum (arrowheads). (c) WB against MINPP1 in
patient (EA1/2) and control fibroblasts. (d) MINPP1 sequence in control and MINPP1/- HEK293T cells
(guide 5G2 clone 3). The sgRNA-targeted region is highlighted in black. (e) WB against MINPP1 in MINPP1-
/-and control HEK293T cells.

PART Il

1 Characterization of the histopathology associated with Srd5a3 cerebellar
deletion

Context: The main goal of my PhD was to elucidate the physiopathology underlying the
neurological symptoms in CDG type I and by doing so, to understand how protein N-
glycosylation regulates brain development and function. To note, there is already a
substantial amount of work published about the impact of a single N-glycan chain loss in
a precise protein or about the phenotypic consequences of an N-glycosylation
impairment. However, none of these works investigated in-depth the molecular
consequences of an N-glycosylation impairment.

Before the investigation of the molecular defect, we aimed to elucidate the histological
consequences of cerebellar N-glycosylation block, which could also help us to
understand the molecular consequences. In CDG type I, most of the knowledge regarding
the cerebellar pathology comes from patients’ MRI, which doesn’t allow investigation at
the cellular level. Only one histopathological study has been performed in a PMM2-CDG
cerebellum and none is available for SRD5A3-CDG!23. The PMM2-CDG patient was 1-
month-old at the age of examination, when the cerebellum is yet not fully developed.
Histological evaluation showed an atrophy of some cerebellar folia, a reduction in PC
and GC number and aberrant PC arborization. Importantly, the patient carried severe
PMM?2 mutations (V231M/T237R), leading to a complete loss of enzymatic activity. This
contrasts with most of PMMZ2 pathogenic mutations, which keep some residual
enzymatic activity. In this context, a precise histopathological analysis of the Srd5a3 cKO
mouse is necessary. Such analysis will allow evaluating if a specific cellular population is
affected and potentially point towards a defect in cell proliferation, survival,
differentiation or migration.

Conditional deletion of Srd5a3 in the whole developing cerebellum

Since we sought to examine the function of SRD5A3 in brain disease pathogenesis, we
generated targeted conditional and null alleles of mouse Srd5a3, flanking exons 2-4 with
loxP sequences (Figure 17a,b). Homozygous germline mutants (Srd5a3-/-) are embryonic

lethal (data not shown) consistent with results from the Srd5a3 gene-trap mutant!7>. So,
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we used the Engrailed1-cre (Enl1-Cre) transgenic line to produce conditional knockouts
En1-Cre; Srd5a3%/- in the developing hindbrain!®® and confirmed the gene deletion at the
transcript level (Figure 17c,d,e). En1-Cre; Srd5a3f/- mice were fertile and showed nearly
Mendelian ratios at weaning age (data not shown). We used far-western blotting with
biotinylated Sambucus Nigra lectin (SNA) to investigate the abundance of complex
sialylated N-glycans?%0. Total protein extracts from mutant cerebellums showed a non-
significant 12% decrease in normalized signal intensity (Figure 17f,g). We obtained
similar results with Concanavalin A (ConA) lectin that binds to core and immature

mannosylated N-glycans (Figure 17h,i).
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Figure 17. Generation of conditional Srd5a3 knockout mice and first biochemical analyses. (a) Schematic
of the Srd5a3 knockout-first allele (tm1a), the same allele after Flp-mediated recombination (tm1c) and
(b) validation of the tm1la allele insertion by southern blot. (c) RT-qPCR analysis of Srd5a3 expression
levels in the P7 cerebellum (Control, n=3; En1-Cre; Srd5a3/"/-, n=4) (d) RT-PCR analysis of the recombined
(KO) and wild-type (WT) Srd5a3 mRNA in the cerebellum. (e) LacZ staining image of the En1Cre; Rosa26
mouse showing Cre expression within the entire cerebellum. Scale bar 2mm. (f) Far-western blot with
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SNA lectin in P7 cerebellum and (g) quantification (n=4) for each genotype, p-value=0.29. (h) ConA far-
WB and (i) quantification (t-test, p-value=0.7190; n=3 for each genotype). Two-tailed t-test was used for
statistics. *** p<0.001. Results are presented as mean # s.d.

These results indicate that cerebellar Srd5a3 deletion does not cause a severe general
glycosylation defect. However, Lamp1, a broadly used marker for N-glycosylation
defects?01.202 indicated a severe decrease in protein levels across samples (Figure
18a,b,c). The remaining proteins showed a shift toward a lower molecular weight before

PNGase treatment, which indicated impaired glycosylation (Figure 18d).

Next, we investigated the functional consequences of this cerebellar glycosylation defect
on learning ability and motor behavior?® in a cohort of control and mutant mice (n=30).
In the Morris Water Maze (MWM), we exposed mice twice to the same hidden platform
to test working memory. We found no significant difference on swimming speed
between En1-Cre; Srd5a3%/- and control mice (Figure 18e). The latency to reach the
platform was significantly lower on the second trial than on the first one for control
mice, but not for Enl-Cre; Srd5a3f/- mice (Figure 18f). This result suggests a mild
impairment of working memory in the mutant mice. In contrast, En1-Cre; Srd5a3%/- mice
showed a severe and highly significant (p=0.0007) motor coordination defect assessed
with the rotarod test (Figure 18g). These results suggest that in the absence of Srd5a3,
the impaired cerebellum function arises from a mild and potentially selective

hypoglycosylation of glycoproteins.
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Figure 18. Deletion of Srd5a3 in the cerebellum impairs protein N-glycosylation and motor function. (a)
WB analysis of LAMP1 expression in mouse embryonic fibroblasts (MEFs). (b) WB analysis of LAMP1 level
from P7 cerebellum and (c) quantification. * indicates a PNGase sensitive LAMP1 isoform; ** p-
value=0.0032. (d) WB analysis as described in (b) but with increased electrophoretic migration and
adjusted protein amounts to highlight LAMP1 hypoglycosylation in the mutant sample. (e) Average
swimming speed during the Morris water maze test (MWM; n=15 for each genotype). (f) MWM results.
After two trials to find the same hidden platform (average of a total of eight sessions), only control mice
significantly reduced the time to find the platform on the second trial (t-test, type I, p=0.0329). (g) Box
plot of the latency to fall during rotarod testing (n=15 for each condition). One-way ANOVA was used for
MWM and rotarod statistics. For all others, two-tailed student t-test was used. * p<0.05; ** p<0.01; ***
p<0.001. Results are presented as mean # s.d.

Conditional deletion of Srd5a3 disrupts cerebellum granule cell development

Then, we wanted to examine cerebellar development after deletion of Srd5a3 by
conducting a morphological and histological survey at P14, P21, 2 and 6 months. We
observed a significant hypoplasia in the Enl1-Cre; Srd5a3f/- mice (Figure 19a-d).
Examining the mutant cerebellum cytoarchitecture revealed an accumulation of
scattered ectopic cell clusters in the external part of the molecular layer (ML; Figure
19e). These clusters were NeuN-positive, post-mitotic granule cells (GCs) (Figure 19f)
that failed to migrate to the internal granule cell layer (IGL). These cells remained in the
external granule cell layer (EGL), a transient germinal zone. We observed this pattern at

all our investigated timepoints.
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Figure 19. Reduced cerebellum size and ectopic granule neurons in the Srd5a3 mutant. (a) Dorsal view of
P21 posterior brains, scale bar 2mm. (b) Quantification of the cerebellar anterior-posterior and medio-
lateral axes (n=4 for each genotype), ** p-value=0.0018. (c) Representative images of hematoxylin-eosin
(HE) stained P21 sagittal slices of control and mutant cerebella, scale bar 1mm. Lobule numbers are
indicated. (d) Quantification of the mid-vermis area in sagittal slices (Control, n=5; En1-Cre; Srd5a3%"",
n=4); *p-value=0.0245. (e) Magnification of HE-stained cerebellar cortex, scale bar 200pm. All examined
mutants show ectopic cell clusters (arrow-head) in the outer part of the molecular layer (ML). (f) DAPI
(blue) and NeuN (red) staining of P21 Enl-Cre; Srd5a3%"/- cerebellum. Ectopic cells (arrow-head) are
positive for the post-mitotic GCs marker NeuN, scale bar 50pum. Two-tailed student t-test was used for
statistics. * p<0.05; ** p<0.01. Results are presented as mean # s.d.

Our examination of the two other major cerebellar cell populations, Purkinje cells (PCs)
and Bergman glia (BG), did not reveal major cellular defects (Figure 20a, b). Cerebellar
development relies on key glycosylated proteins expressed and secreted by PC or BG

cells, such as Shh33 or dystroglycan*?. So, we investigated the origin of the identified GCs
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ectopia. We deleted Srd5a3 using a GC-specific cre line (Atoh1-Cre)?%3 (Figure 20c).
Atoh1-Cre; Srd5a37/f mice exhibit similar GC ectopia, which indicates that a GC-
autonomous defect underlies the formation of these ectopic cell clusters (Figure 20d).
Taken together, our results support a critical role for Srd5a3 during cerebellar granule
cells development likely through a GC-autonomous glycosylation impairment of specific,

but undetermined, proteins.

Calbindin

Control

Control
En1Cre; Srd5a3

En1Cre; Srd5a3"

Atoh1Cre; Srd5a3"

Figure 20. Histological analysis of Purkinje cells (PCs) and Bergmann glia (BG). (a) Representative
immunohistochemical staining of control and mutant PCs (Calbindin, P14) and (b) BG (GFAP, P21). Scale
bar 50um. (c) LacZ staining image of the Atoh1Cre; Rosa26-LacZ. Scale bar 2mm. (d) Representative
image of an HE-stained sagittal slice of Atoh1-Cre; Srd5a3%/ cerebellum showing similar ectopic cells in
the outer ML under GC-specific Srd5a3 deletion, scale bar 100um (n=2).

2 Biochemical and molecular characterization of the mechanisms underlying
the cerebellar defect

Context: No study has yet evaluated in-depth the molecular impact of partial protein N-
glycan loss. In 2010, Mann and colleagues developed a novel technique to evaluate
protein N-glycosylation site occupancy?%4. Relative to other published techniques205206,
this approach detected the highest number of N-glycosylation sites together with a
relatively simple design. Their approach could detect up to 3162 N-glycosylation sites
within 1296 N-glycoproteins in the brain. Moreover, they showed how their technique
also enriches in N-glycoproteins: 58% of the N-glycoproteins detected by
glycoproteomics could not be detected by regular proteomics. Nevertheless, to our
knowledge, such a promising technique has not yet been applied to a CDG model. The
use of this technique, together with total proteomic and transcriptomic profiling should
allow the first in-depth molecular analysis of the in vivo consequences of sub-optimal
protein N-glycosylation.
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Cerebellum-specific Srd5a3 deletion decreases the levels of highly glycosylated proteins

We investigated the molecular mechanisms underlying our observed cerebellar defect
by conducting a total proteomic analysis on the developing P7 mouse cerebellum?207.208,
This approach quantified 1982 proteins, whose abundance profiles can cluster each
sample by genotype (Figure 21a, Table S1). Our statistical analysis identified 97
differentially abundant proteins (DAP) (» 5% of the total; g-value < 0,05) in the En1-Cre;
Srd5a3%/-mice (Figure 21b). To determine the deregulated pathways among the highly
active, neural development pathways at this stage, we performed an over-
representation analysis of the 97 DAP using ConsensusPathDB. Our analysis indicated
that different pathways involved in ion and amino acid transport, synapse function, cell
adhesion-related signaling and cholesterol biosynthesis interplay to generate the mouse
phenotype (Figure 21c). Aside from changes in cholesterol metabolism, all enriched
pathways contained at least one deregulated N-glycoprotein. Protein N-glycosylation is

critical for ER-protein folding, however we did not find any enrichment in the ER stress

pathway.
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Figure 21. Disrupted neural pathways in the Srd5a3 mutant developing cerebellum. (a) Principal
component analysis (PCA) based on the abundance profiles of the 1982 detected proteins. (b, upper
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panel) Pie chart representing the total proteomics analysis in P7 cerebellum (n=4 for each genotype). 97
proteins were detected as differentially abundant proteins (DAP) in the mutant samples (q-value<0.05).
(b, lower panel) Distribution of unchanged proteins (white box), increased DAP (green box) and
decreased DAP (red box) into ER stress-related (G0:0034976) or N-glycoproteins (Reference
glycoproteomic database, see method) categories. A significant enrichment was detected within the
decreased DAP for N-glycoproteins (n=8, Fisher exact test, p-value=0.0012). (c) Over-representation
analysis on DAP performed with ConsensusPathDB using the 1982 detected proteins as background. All
pathways with p-value<0.01 are represented. N-glycoproteins are indicated in green.

Manual inspection of the 97 DAP revealed increased levels of only two ER-stress-related
proteins, SDF2L120° and HYOU1219, while BiP, the classical ER-stress marker?11, showed
a 1.3 fold non-significant (q=0.08) increase (Table S1). We then performed a
transcriptomic study on additional samples at the same stage, which confirmed the
absence of any significant deregulation of the most widely used UPR markers (Figure
22a,b). In addition, we did not observe any change in BIP levels restricted to ectopic GC
clusters (Figure 22c). Surprisingly, our results exclude a main effect of deregulated N-

glycosylation processes on ER stress.
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Figure 22. Extended total proteomic analysis of the unfolded protein response (UPR). (a) Transcriptomic
analysis of UPR-related mRNAs in the control (n=4) and mutant (n=4) cerebellum. (b)
Immunocytochemistry against BiP in MEFs treated with tunicamycin (Tm) for 24h to induce UPR
activation and BiP expression (positive control) in mouse cells. Scale bar 25um. (c)
Immunohistochemistry against BiP and NeuN in the P21 mouse cerebellum. The arrowhead points to
ectopic GCs. Scale bar 50um. Two-tailed student t-test was used for statistics. Results are presented as
mean * s.d.
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One possible consequence of defective protein N-glycosylation is decreased stability of
hypoglycosylated proteins. We observed a significant, 4-fold enrichment of N-
glycoproteins among the DAP with decreased levels (simplified as decreased N-
glycoproteins; p=0.0012, Figure 21b). Examining this group of decreased N-
glycoproteins revealed that they have more N-glycosylation sites (i.e. higher site
multiplicity) with an average of 5.57 sites versus 3.24 in unchanged N-glycoproteins
(Figure 23a). Indeed, N-glycoproteins with 4 or more N-glycosylation sites within the
decreased N-glycoproteins show significant enrichment (Figure 23b). These data
demonstrate that the mild glycosylation defect detected in the Srd5a3 mutant
cerebellum disrupts the levels of highly glycosylated proteins, but does not disrupt ER

homeostasis.
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Figure 23. Highly N-glycosylated proteins are sensitive to an N-glycosylation impairment. (a) Average
multiplicity in the unchanged and the decreased N-glycoproteins groups. (b) Enrichment for different
glycoprotein categories among the decreased N-glycoproteins. Multiplicity represents groups of proteins
with more than one (22), two (23) or three (=24) N-glycosylation sites. Multiplicity of 21 represents all of
the decreased N-glycoproteins and is set to one (no enrichment). There is a significant 2.4 fold-change
enrichment for glycoproteins with 4 or more N-glycans among the decreased N-glycoproteins (Fischer
exact test, p-value=0.0378).

N-glycosylation site multiplicity and primary sequence underlies the selective protein

glycosylation defect

To further elucidate the N-glycosylation deficiency, we included a lectin-affinity based
(ConA, WGA, RCAi1z0) enrichment step at the peptide level, followed by
deglycosylation?%4, prior proteomic analysis (Figure 24a). This enrichment can identify
N-glycosylation sites and quantify the abundance of each site when they are
glycosylated. Using this dataset, we identified 140 likely new glycosylation sites (8% of

the total, see method, Table S2) with high recurrence of non-canonical sequons (*40%

63



of the new sites, Table S2). Consistently, most proteins carrying these sites have been
described as being part of the secretory pathway. Additionally, none is described as
being located in the cytoplasm (Gene Ontology analysis in Table S2). In total, we
identified 1404 glycopeptides detected in at least 3 out of 4 control samples (Figure 24b,
Table S2). As we observed for the total proteome, we could cluster the expression levels
of all the glycopeptides according to the genotype (see method, Figure 24c). Total
proteomics and glycoproteomic analysis yielded complementary information. Total
proteomics provides information of the protein abundance level but can only detect
peptides containing an unoccupied N-glycosylation site. Glycoproteomics only allows
detection of glycopeptides if the site is occupied. For 15% of the N-glycopeptides
detected in glycoproteomics (n=206), we found decreased levels in the mutant samples.
Of these, we only detected 24 N-glycopeptides in the previous total proteomic
experimental settings, consistent with the high enrichment observed with the
glycoproteomics analysis (Figure 24d, Table S3). Among these peptides 13 were never
detected in control but only in mutant samples in total proteomics. These data indicate
that they were not glycosylated in the mutant. We conclude that most differences we

detected in the glycoproteomic experiment reflect reduced glycosylation site occupancy.
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Figure 24. Glycoproteomic analysis results and validation. (a) Outline of the total proteomic and
glycoproteomic techniques. In regular total proteomics, the proteins are digested into peptides by trypsin.
Peptides containing an N-glycan chain cannot be recognized by LC-MS/MS due consequent changes in ion
charge and mass. Only the not glycosylated form of the peptide is recognized, if it exists. In
glycoproteomics, only the N-glycosylated peptides will be retained (lectin enrichment). After the
glycopeptide is released by PNGase treatment, the resulting peptides are then analyzed by LC-MS/MS. (b)
Pie chart representation of the glycoproteomic analysis in P7 cerebellum (n=4 for each genotype). The
vast majority of the differentially abundant N-glycopeptides was decreased in the mutant samples
(206/241, 85%). (c) PCA based on the MS intensities of the 1404 N-glycopeptides consistently detected in
control samples. (d) Qualitative behavior of N-glycopeptides with lower abundance in mutant samples
(glycoproteomics analysis) and also detected in the total proteomics analysis. Total proteomics analysis
detected most of the peptides (54%) only in the mutant samples, a result consistent with constant
glycosylation site occupancy in controls and hypoglycosylation in mutants.

We also detected an extremely significant correlation between N-glycan multiplicity and
N-glycopeptide levels (Figure 25a, Mann-Whitney test, p-value<0.0001). This result is
consistent with our larger glycoprotein dataset. To delineate the origin of reduced
occupancy of individual N-glycosylation sites, we analysed their primary sequences
(Figure 25b). We identified a mild effect of the presence of a non-aromatic amino-acid
(other than Phe, Tyr, His or Trp) at position -2 and a more significant effect of the Serine
at position +2 (Figure 25c), as previously described?12213, with an increased impact in

highly glycosylated proteins (Figure 25d). These findings demonstrate that N-glycan
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multiplicity combined with sequon efficiency is a major parameter driving protein

sensitivity to N-glycosylation defects.
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Figure 25. Srd5a3 deletion impairs protein N-glycosylation in a sequon and multiplicity-dependent
manner. (a) Percentage of proteins with decreased N-glycopeptide categorized according to their
multiplicity (Mann-Whitney test, p-value<0.0001). Proteins with higher multiplicity are more likely to
have decreased N-glycopeptide levels. (b) Motif analyses of the N-glycopeptides unchanged or decreased
in the mutant. (c) Significant enrichment within the decreased N-glycopeptides for a non-aromatic amino
acid (other than Phe, Tyr, His or Trp) in position -2 and a Ser in position +2 (NxS motif). (d) Correlation
between protein multiplicity and their percentages of decreased (black) or unchanged (dashed line)
glycopeptides with NxS sequon in the mutant samples. A significant positive correlation was found
between the NxS-containing glycopeptides decreased occupancy in the mutant and their N-glycoprotein
multiplicity (Pearson’s coefficient, p-value=0.0062). NxS-containing N-glycopeptides are more likely to
lack the glycan chain when located in a highly glycosylated protein. Unless indicated, two-tailed T student
was used for statistics. * p<0.05; ** p<0.01.

[gSF-CAMs are highly sensitive to sub-optimal protein N-glycosylation

We next wanted to delineate the affected pathways based on our glycoproteomic results.

We performed an over-representation analysis using proteins carrying at least one N-
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glycopeptide significantly decreased in mutant samples (145 N-glycoproteins, 206 N-
glycopeptides). This analysis revealed that the most significantly affected proteins (4 out
of the top 10 deregulated pathways) derive directly from cell adhesion and axon
guidance-related pathways involving adhesion proteins from the L1CAM family (Figure
264, red circles). L1ICAMs and the previously identified NCAM1 and CNTN2 (Figure 21c)
belong to the immuno-globulin superfamily of cell adhesion proteins (IgSF-CAMs) with
critical roles in brain development?14-216, We speculated that this particular sensitivity
of IgSF-CAMs to a N-glycosylation defect arises from their higher N-glycosylation site
multiplicity with an average of 3.3 sites versus 2.3 in non IgSF-CAM proteins (Calculated

based on the reference glycoproteomic dataset, Table S2, Mann Whitney test, p-value <

0.0001).

So, we next hypothesized that impaired IgSF-CAMs function derived from sub-optimal
N-glycosylation and that defective IgSF-CAMs contributed to our observed histological
defect. We confirmed our observed enrichment for IgSF-CAMs found in our over-
representation analysis at the N-glycopeptide level (18.4% of the decreased N-
glycopeptides belong to an IgSF-CAM protein, Fisher exact test, p-value=0.0058, Figure
26b). We selected two highly N-glycosylated IgSF-CAMs relevant for the granule cell
histological phenotype for validation by WB. We did observe a clear hypoglycosylation
defect for LICAM and NrCAM with a detected shift to lower molecular weights and a

significant decrease in the glycosylation-dependent cleavage of L1CAM?17 (Figure 26¢,d).
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Figure 26. IgSF-CAMs are especially sensitive to a mild N-glycosylation impairment. (a) Graphical
representation of enriched pathways and their interactions within proteins with reduced N-glycopeptide
in the mutant (ConsensusPathDB). The nodes size indicates the number of proteins within the pathway,
and their colour notes the significance (the darkest, the more significantly enriched). Red circles enclose
the L1CAM family-related pathways. (b) Volcano plot against all N-glycopeptides. The decreased (red) or
increased (blue) N-glycopeptides belonging to an IgSF-CAM protein are highlighted. There is enrichment
for IgSF-CAMs glycopeptides within the decreased ones (Fisher exact test, p-value=0.0058). (c) WB
against L1CAM and NrCAM in the P7 mouse cerebellum and (d) quantification of the 70KDa cleaved
isoform of L1CAM (n=3 for each genotype, p-value=0.0312). Unless indicated, two-tailed T student was
used for statistics. Results are presented as mean #* s.d. * p<0.05.

Srd5a3 loss likely impacts glycan composition

Besides the role of dolichol (Dol) in glycan anchoring and transfer, the glycan
carbohydrate composition also relies in Dol function. Once the Dol-PP-(GlcNAczMans)
structure is translocated to the inner part of the ER, addition of 4 Man and 3 Glc is
necessary to form the full core glycan, which will be after transferred in-block to the
nascent proteins. Inside the ER, Dol also acts as a cargo for those activated sugars (Dol-
P-Man and Dol-P-Glc). Indeed, out of the 8 Dol needed to build the LLO, only 1 is used as

carrier of the full glycan whereas 7 are used to build the core glycan.
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This suggests that defective Dol synthesis might also lead to aberrant core glycan
synthesis. This possibility was evaluated in patient fibroblasts in the first SRD5A3-CDG
report, but no aberrant glycan structures were found!’>. Further analysis of other
SRD5A3-CDG patient fibroblasts by Dr. Francois Foulquier showed an increase in the
GIcNAczMans (Man5 for abbreviation) glycan amount in patient cells (unpublished data).
These results are not conclusive enough and thus an evaluation of this trait in our model

may help to understand the impact of SRD5A3 mutations in the glycan composition.

To evaluate the possibility of an aberrant glycan configuration in addition to the partial
glycan loss, the precise glycan composition was evaluated in MEFs (Figure 27a).
Frangois Foulquier and colleagues (glycobiology department of Lille university, UMR-
8576) performed this work. The N-linked oligosaccharides (NLO, once attached to the
proteins) were measured by metabolic labelling followed by high-performance liquid
chromatography (HPLC). An accumulation of *30% of Man5 glycans was detected in the
mutant cells. This result is consistent with the need of Dol-P-Man to convert the Man5

structures into Man9, prior to Glc addition.

We next investigated if this overrepresentation of Man5-type glycans was also present
in vivo. To do so, we treated the mouse cerebellar protein extracts with EndoH. EndoH
will only cleave the glycan when it is mannose-rich or contains at least one branch that
ends in a Man (hybrid glycan). EndoH will have no effect when the attached glycan is
complex (i.e. both terminal Man residues are further modified by the addition of other
monosaccharides). We next evaluated the behaviour of LAMP1 under this treatment.
LAMP1 has a mix of high-mannose, hybrid and complex glycans?18. Consistently, in the
EndoH-treated control samples treated we observed a mix of completely de-
glycosylated LAMP1 (lower band, 2) and a more prominent band not fully de-
glycosylated (1). The highest band is likely to belong to LAMP1 molecules with complex
glycan chains that cannot be cleaved by EndoH (Figure 27b,c). We detected a relative
increase in the fully de-glycosylated glycoform in the mutant samples treated with
EndoH. This relative increase is likely to be caused by an increase in mannose-rich

and/or hybrid glycan chains, such as Man5, in mutant LAMP1.
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Figure 27. Defective Dol biosynthesis impacts the composition of the core oligosaccharide. (a)
Quantification of the N-linked oligosaccharide (NLO) in control and mutant MEFs. (b) WB against LAMP1
in EndoH-treated samples. (1) indicates the partially de-glycosylated form of LAMP1 and (2) the fully de-
glycosylated one. (¢) Quantification of the LAMP1 glycoform 1 / glycoform 2 ratio in control and mutant
samples (n=4 per genotype). ** p-value < 0,01

3 Impact assessment of the molecular findings

Context: Glyco/proteomic analyses point to the highly N-glycosylated IgSF-CAMs as
being exquisitely sensitive to the metabolic defect. However, to extrapolate these results
to the human physiopathology, further confirmation in human cells is necessary.
Nowadays, the most frequently used protocol to produce human neurons “in a dish”
goes trough generation of human induced pluripotent stem cells (hiPSCs). Those cells
can be potentially differentiated into almost any cell type. Due to the difficulty to access
to the affected tissue in neurological diseases, such possibility provides a unique
opportunity to generate the desired neural cell type in vitro. This technology, together
with CRISPR/Cas9 allows the generation of isogenic mutant and control neurons?1°.
Such possibility eliminates any bias related to the patients’ background thus allows
precise evaluation of the impact of SRD5A3 loss in a consistent human cell model.
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Even if we find IgSF-CAMs to be sensitive to N-glycosylation block also in human
neurons, the consequences of the glycan loss are yet to be elucidated. Few reports have
investigated the role of specific N-glycosylation sites in some IgSF-CAMs such as
L1CAM?20. However, in our case, L1CAM and NrCAM WB analyses suggest that loss of
SRD5A3 does not always lead to the hypoglycosylation of the same N-glycosylation site.
This point is illustrated by the observed smear including the fully glycosylated isoforms
and other glycoforms with variable glycosylation status. To our knowledge, the
functional implications of variable glycosylation status have never been reported. It is
then necessary to functionally validate if [gSF-CAMs variable hypoglycosylation leads to
a defect in neuronal cell adhesion or not.

IgSF-CAMs sensitivity to N-glycosylation defect is conserved in mammals

A major role for IgSF-CAMs in mammalian development is illustrated by the increased
number of their encoding genes across evolution??1. We also observed an increased in
the N-glycan multiplicity for three IgSF-CAM families with critical roles in brain
development (Figure 28a). To test if the IgSF-CAM sensitivity for glycosylation
impairment is conserved, we generated SRD5A3 knockout (KO) human induced
pluripotent stem cells (hiPSCs). We then differentiated them toward cortical projection
neurons (CPNs, Figure 28b,c,d). As previously observed in mouse, human L1CAM and
NrCAM immuno-blotting profiles exhibit clear shifts in SRD5A37- CPNs (Figure 28e).
These data demonstrated a similar exacerbated sensitivity of [gSF-CAMs to SRD5A3 loss
in human neural progenitors. Our data suggest that the high multiplicity of N-
glycosylation sites in IgSF-CAMs play a conserved and critical role for proper function

during mammalian brain development.

71



a C. Elegans b
Control iPSCs SRD5A3" iPSCs
- ——D.Reri
——M. Musculus ®
20 y
215 °
3]
= ow
s ° °
=10 .
° X
e °
g d Control SRD5A3 e
; — g 4 Control SRD5A3"
NCAMs CNTNs L1CAMs & o s CPNs CPNs KDa
S - 150
(=]
©
C NrCAM
Control LCPs SRD5A3” LCPs
- 100
5 - 250
L1CAM
2 - 150
% Actin - 42
<
")

Figure 28. IgSF-CAMs sensitivity in a CDG type I context is conserved in human neurons (a) Multiplicity
per protein of three IgSF-CAMs subfamilies (L1CAMs, CNTNs and NCAMs) in different species. Multiplicity
information was collected from experimental datasets (Zielinska et al, 2010 and Zielinska et al, 2012)
except for human information extracted from uniprot database (b) hiPSCs stained for the
undifferentiation/pluripotency markers SOX2 and OCT4. (c) hiPSCs differentiated towards late cortical
progenitors (LCPs, see method) and stained against Nestin and SOX2. Scale bar 100um. (d) Representative
images of control and SRD5A37/- LCPs differentiation towards cortical projection neurons (CPNs, see
method). Scale bar 300um. (e) WB analysis of L1CAM and NrCAM levels in CPNs.

Srd5a3 is necessary for IgSF-CAM-dependent cerebellar granule cells adhesion and

axon guidance

IgSF-CAMs rely on their glycan charge to interact with each other’*>**. Proper IgSF-CAMs
trans-interaction is essential for adequate nervous system connectivity for fasciculation and
axonal guidance®'®. To demonstrate that IgSF-CAMs hypoglycosylation is directly involved
in Enl-Cre; Srd5a3"" mouse phenotype, we examined the neurite dynamics of GC re-
aggregates on a coating with IgSF-CAM substrate (CNTN2, see method). We found a major
defect in both neurite extension and number (Figure 29a). To quantify this defect, we used

live cell imaging with isolated GCs cultured under different surface coating conditions. En/-
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Cre; Srd5a3" GCs did not show any major alterations that suggested differences in
proliferation or cell death under any coating (Figure 29b). In contrast, GCs showed a 20%
decrease in neurite sprouting under regular coating conditions (i.e. laminin with D-lysine)
(Figure 29c¢,d). This phenotype is exacerbated in the presence of coatings that enhance IgSF-
CAMs homophilic interactions (i.e. human recombinant LICAM or NrCAM proteins)™**.
These results show a 37 and 52% decrease in neurite number compared to control GCs,
respectively  (Figure 29e¢). These results support our premise that IgSF-CAMs
hypoglycosylation regulates cell adhesion. Given the prominent role of many IgSF-CAMs in
axon guidance and the granule cells adhesion defect, we examined axon orientation in GCs.
We analyzed the parallel fibres (PFs) organization in the cerebellar ML using electronic
microscopy. In control samples, PFs are consistently oriented perpendicular to PCs branches.
However, Srd5a3 mutant mice exhibit an aberrant orientation of groups of PFs in the outer
ML, likely due to defective axonal guidance (Figure 29f,g). Taken together, our data suggest
that [gSF-CAMs hypoglycosylation may underlie many neurological defects in CDGs.
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Figure 29. IgSF-CAM-dependent neurite dynamic and axon orientation defects in Srd5a3 mutant
cerebellum. (a) Representative images of GC re-aggregates seeded for 36h on an IgSF-CAM-coated surface
(CNTN2) and stained for Tujl in control (n=2) and mutant (n=2). Scale bar 200pm. (b) GC body cluster
number after 21h with laminin/D-lysine coatings, fibronectin or IgSF-CAMs-coated wells (NrCAM and
L1CAM) and normalized to control littermates. Each dot per coating represents results from a single
mutant mouse. All GC cultures were performed in technical triplicates (n=3 for each genotype). (c) Neurite
number per GC body cluster across 21h in laminin and D-lysine coated wells as measured with Incucyte
live cell imaging system (Control, n=3; En1-Cre; Srd5a3//-, n=3). (d) Representative image of control and
En1-Cre; Srd5a3//- GCs after 21h in laminin and D-lysine-coated wells. Scale bar 100um. (e) Neurite
number normalized to GC body clusters after 21h with laminin/D-lysine coatings, fibronectin or IgSF-
CAMs-coated wells (NrCAM and L1CAM). Each dot per coating represents results a single mutant mouse
(Control, n=3; Enl-Cre; Srd5a3//-, n=3). (f) Representative electron microscopy images of cerebellar
middle ML or (g) outer ML Sagittal view at P21 taken from control (n=3) and Srd5a3 mutant (En1-Cre;
Srd5a3//- n=1; Atoh1-Cre; Srd5a3//- n=2) mice. Scale bar 2um. Parallel fibres show a single orientation in
control ML (asterisk in the mutant), whereas some exhibit an abnormal perpendicular orientation in the
outer ML in the mutant mice (arrow-head). Two-tailed student t-test was used for statistics. * p<0.05; **
p<0.01. Results are presented as mean # s.d.
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4 Rescue of the defect

Context: My work provides evidence into the physiopathology underlying CDG type |
and illustrates the importance for adequate neuronal adhesion of proteins with high N-
glycan multiplicity. Additionally, our results demonstrate the cerebellar Srd5a3 cKO as a
valuable CDG type I model. This model, together with the SRD5A3~-hiPSCs, could further
be used for therapy testing. Regarding CDG type I caused by aberrant lipid synthesis or
further Dol modification (ex. Dol-P-Man synthesis), it has been hypothesized that
enhancement of Dol biosynthesis shall alleviate the molecular consequences?225226, As
previously described??7, SRD5A3-CDG patients still synthesize Dol through an unknown
alternative pathway. Stimulation of de novo lipid synthesis could potentially stimulate
this alternative pathway and thus lead to an increased Dol synthesis, a consequent
increase in LLO abundance and an improved protein N-glycosylation.

De novo lipid synthesis improves Srd5a3 loss-related protein hypoglycosylation

In order to try to ameliorate the defective dolichol biosynthesis in the Srd5a3 cKO
mouse, we next aimed to induce de novo lipid synthesis from mevalonate to dolichol. To
do so, we removed the external source of lipids from the MEFs culturing media (FBS)
and replace it with Ultroser G (UG), a lipoprotein-free serum?28229, [mportantly, cell
cultured with UG as the only source of lipids has already been proved to efficiently
enhance de novo lipid synthesis??8. Mutant and control MEFs were cultured for 2 and 6
days in FBS-free media and the efficacy of UG to induce de novo lipid synthesis was
confirmed by qPCR against two enzymes of the mevalonate pathway, Hmgcr and
Hmgcs1 (Figure 30a). Consistent with the proteomic results in the mouse cerebellum
(Figure 21c), we detected increased steady-state Hmgcr and Hmgcs1 mRNA levels in the
mutant MEFs. UG efficiently increased the expression levels but only for a short period
of time. Indeed, after 6 days in FBS-free culture media, the enzymes were expressed at
levels similar to the ones before treatment. We then used LAMP1 as a read-out to
evaluate the treatment pertinence to ameliorate protein hypoglycosylation (Figure
30b,c). We found an apparent increase in LAMP1 N-glycosylation in the mutant MEFs
after 2 days of treatment. Such increase disappeared after 6 days, as the enzymes’

overexpression did.

75



Q

o]

3 6
>
o
2
c 4
€
S
g 5 M Control MEFs
T B CAGCre;
Srd5a3" MEFs
0
Hypoglycosylated
FBs UG 20 uG 6D LAMP1 glycoforms
FBS UG 2D UG 6D

40
P C
230
f() W Control MEFs W CAGCre; Srd5a3" MEFs
z
% 20
% LAMP1
& W Control MEFs UG 6D
§10 B CAGCre;

Srd5a3" MEFs
0 !
FBS UG 2D UG 6D KDa 150 75 150 75

Figure 30. Increased lipid synthesis partially recovers LAMP1 hypoglycosylation in Srd5a3-deficient
MEFs. (a) qPCR analysis of control and mutant (CAGCre; Srd5a3%-) MEFs of the mevalonate pathway
enzymes Hmgcr (top) and Hmgcs1 (bottom) under different culture media. UG treatment was performed
for 2 (2D) or 6 days (6D). (b) LAMP1 WB in MEFs cultured with FBS or UG. (c) Lane plots of the above WB,
generated with Image], showing the hypoglycosylated form of LAMP1 in the mutant MEFs (arrows),
almost inexistent after 2 days in culture with UG.

5 Retrospective analysis and future directions

Context: Collectively, our data pointed to protein hypoglycosylation as the main trigger
of the CDG physiopathology. Moreover, by combination of glycoproteomics and total
proteomics we prove highly N-glycosylated proteins to be more sensitive to the defect.
Pathway analysis on the potentially hypoglycosylated proteins pinpointed to IgSF-CAMs
as being the protein family the more affected in a cerebellar context. Additional
functional work supported this hypothesis and proved their hypoglycosylation as a
major trigger of the neurological defects. However, we did not observe major
deregulation at the transcript level and neither not a major change in IgSF-CAM protein
abundance. In light of these results, we decided to reanalyse the transcriptomic and total
proteomics data to further characterize N-glycoprotein-coding mRNAs and IgSF-CAM
protein abundance in the mutant cerebellum.

The finding of the more N-glycosylated proteins being one of the main triggers of the
cerebellar-associated pathology suggests that a similar mechanism could also underlie
CDG type I defects in other tissues. Investigation of other tissues physiopathology is out
of the scope of my thesis. However, relatively simple preliminary results can be obtained
combining Mann’s mouse N-glycoproteome database?%* with our findings.
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N-glycoprotein-coding mRNAs are deregulated under N-glycosylation blockage

No major deregulation in the En1Cre; Srd5a3//-mouse transcriptome was found, relative
to the results obtained in total proteomics and glycoproteomics. While around 17.5% of
the proteome and N-glycopeptides showed differential abundance in the mutant
cerebellum, only 2.5% of the mRNAs did (p-value, Figure 31a). Yet, when we further
analysed the differentially expressed mRNAs using our database for N-glycoproteins
(reference N-glycoproteins database). Surprisingly, we observed a significant
enrichment for N-glycoprotein-coding mRNAs within the upregulated mRNAs but not
the downregulated ones (Figure 31b). Moreover, the upregulated N-glycoprotein-coding
mRNAs are enriched for mRNA encoding high multiplicity N-glycoprotein mRNAs
(Figure 31c). This result suggests a feedback regulation, where the hypoglycosylation-

driven high-multiplicity proteins degradation leads to increase mRNA synthesis.

Next, we evaluated the IgSF-CAMs behaviour in total proteomics. We found a significant
enrichment within the reduced DAP for IgSF-CAM proteins (Figure 31d). This data
proves the IgSF-CAMs to be, not only more likely to lack the glycan chain, also more

prone to show reduced abundance levels in the mutant cerebellum.

Total p-value <0,05 p-value <0,05 + FC>1.2 p-value <0,05 + FC>2
detected Total Percentage Total Percentage Total Percentage
Transcriptomics 23393 598 2.556% 68 0.291% 1 0.004%
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Figure 31. N-glycoprotein-coding mRNAs and IgSF-CAM proteins show altered abundance following
Srd5a3 deletion. (a) Comparative table of the results obtained in transcriptomics, total proteomics and
glycoproteomics under different thresholds (n=4 per experiment and genotype). (b, upper panel) Pie
chart representing the transcriptomic results in P7 cerebellum. (b, lower panel) Distribution of unchanged
mRNAs (white box), upregulated mRNAs (green box) and downregulated mRNAs (red box) into ER stress-
related (GO:0034976) or N-glycoprotein-coding mRNAs (Reference glycoproteomic database, see
method) categories. A significant enrichment was detected within the upregulated mRNAs for N-
glycoprotein-coding transcripts (Fisher exact test, p-value=0.0002). (c) Enrichment for different
glycoprotein categories among the increased N-glycoprotein-coding mRNAs. Multiplicity represents
groups of proteins with more than one (22), two (=3) or three (24) N-glycosylation sites. Multiplicity of =21
represents all of the increased N-glycoprotein-coding mRNAs and is set to one (no enrichment). There is a
significant 3.16 fold enrichment for N-glycoproteins with 4 or more N-glycans among the increased N-
glycoprotein-coding mRNAs (Fischer exact test, p-value=0.027). (d) Enrichment for IgSF-CAMs in total
proteomics within the reduced DAP (Fisher exact test, p-value=0.009). FC = fold-change

N-glycoproteins multiplicity can help to understand CDG type I physiopathology in other
tissues than the CNS

As previously mentioned in the introduction (chapter 2.4.3) highly N-glycosylated IgSF-
CAM subfamilies (i.e. LICAMs, CNTNs and NCAMs) show higher abundance in the CNS
than in the rest of the human body. It is therefore likely that hypoglycosylation of IgSF-
CAMs is not involved in the defects observed in some other tissues. However, our results
suggest that IgSF-CAMs sensitivity to an N-glycosylation block can be explained by their
high multiplicity. Taking this into account, we used a previously published N-
glycoproteins database?%4 to analyse which are the proteins the more N-glycosylated

and their function in another system affected in CDG type L.

One common trait in CDG type [ is coagulopathies or bleeding disorders?30. To
investigate if our conclusions could help to decipher the underlying physiopathology, we
performed enrichment analysis in the N-glycoproteins with multiplicity 4 or higher in
the mouse plasma (Figure 32). Interestingly, out of the few enriched pathways, the more
significantly enriched is “complement and coagulation cascades”. Manual inspection
showed many coagulation factors (F2, F5, F8, F11 and F12) within the highly N-
glycosylated proteins. Even more interesting, the activity of some of these proteins has
already been linked by Eva Morava and colleagues?3! with the incidence of acute
vascular events in PMM2-CDG. This preliminary result further emphasizes the
importance of one of our main findings, the protein multiplicity-dependant sensitivity to

N-glycosylation block, not only for the CNS physiopathology but for the whole organism.
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Pathway name

Complement and Coagulation Cascades
Hemostasis

Intrinsic Pathway

Formation of Fibrin Clot (Clotting Cascade)

p-value

0.000253
0.000792
0.0014
0.00689

Figure 32. Overrepresentation analysis in plasma proteins with multiplicity =4. The database generated
in Zielinska et al, 2010 of mouse plasma N-glycoproteome was used. Pathways enriched within the

proteins with multiplicity 4 or higher were selected.
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CONCLUSIONS

The genetic bases of cerebellar defects are known for approximately one third of the
cases23265 Nonetheless, the underlying physiopathology is yet poorly understood for
most of the cases. My PhD aimed to gain insights into the molecular mechanisms behind
one of the more prevalent cause of a cerebellar defect, partial block of the N-
glycosylation pathway?33. At the same time, we intended to understand the importance
of this protein post-translational modification during brain development, a topic that,
though well recognised, has largely been under investigated. Several conclusions can be

inferred out of the present work:

=> Congenital cerebellar disorders are highly genetically heterogeneous. These
defects can arise from recessive (ex. SRD5A3) or de novo dominant mutations (ex.

CACNA1G, KIF1A).

=> By using the first conditional mouse model for a CDG type I, we recapitulated
most of the cerebellar traits found in patients: protein hypoglycosylation,

cerebellar hypoplasia and motor coordination defect.

=> Cerebellar GCs are especially sensitive to a partial block in the ER-N-glycosylation
machinery, with consequences for their cell adhesion-related functions, leading

to defective migration and aberrant axonal guidance.

=> Not all of the N-glycoproteins are equally sensitive to an N-glycosylation defect.
Indeed, the proteins with the highest number of N-glycosylation sites are more
prone to lack at least one N-glycan chain. This parameter has an additive effect

with the sequon-related differential glycosylation efficacy.

=>» In the mouse cerebellum, the highly N-glycosylated members of the IgSF-CAM

superfamily are especially sensitive to Srd5a3 loss.
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=>» Partial and variable loss of N-glycan chains disrupts IgSF-CAMs adhesion-related
functions. Aberrant IgSF-CAM-mediated cellular adhesion is a major trigger of the
cerebellar defect observed in the En1Cre; Srd5a3%- mouse and likely in human

patients.

=> The pivotal role of highly N-glycosylated IgSF-CAM members during cerebellar

development can explain the cerebellar sensitivity in CDG type 1.
= We hypothesized that the increase in IgSF-CAM members and N-glycan

multiplicity played a critical role during evolution to support the increased tissue

complexity found in mammalian CNS.
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DISCUSSION

1 Utility of NGS technologies for genetic diagnosis of
cerebellar defects

WES allows almost full coverage (more than 95% nowadays) of all of the protein-coding
regions, which are estimated to contain the majority of the disease-causing mutations
(#85%)234. Inquiring the exome allows what is called a “hypothesis-free approach”235,
where unexpected disease-causing gene variants can be found. For example, CACNA1G
had never been associated before with a congenital form of cerebellar atrophy but with
late-onset ataxia. This would have prevented CACNA1G from being included into any
gene panel related to early-onset cerebellar malformations and thus the patients could

not have been diagnosed by that technique.

The CACNA1G example illustrates how different mutations in the same gene can lead to
different phenotypes. While 219 genes are associated with cerebellar malformations
according to the Human Phenotype Ontology database (HP:0002438), they can lead to at
least 269 phenotypically different entities. A similar situation occurs in SRD5A3-CDG,
where patients carrying comparable likely null mutations can present a cerebellar

hypoplasia, atrophy or normal morphology on MRI!19,

WES has several limitations, such as poor or absent coverage of most noncoding regions,
inability to accurately detect large indels or to precisely evaluate an organ-specific
mosaicism, among others. Other techniques can be applied to overcome some of these
problems, such as WGS, gene panel and RNA sequencing of the affected tissue, when

available236.237,

Even when whole genome sequencing and transcriptomic analysis can be performed,
the variant interpretation will keep on being challenging, mostly when located in a
noncoding region. As recently highlighted by an international consortium for the
molecular diagnosis of rare diseases (IRDiRC), a major investment needs to be done in
variant impact evaluation. In this respect, transcriptomic, proteomic and metabolomics,

among others, can help to understand the impact of a certain variant of unknown
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significance, and thus help to increase the diagnosis rate for rare conditions such as

cerebellar defects?35.

2 Generation of a mouse model for CDG type |

The starting point of my thesis, aiming to understand the neuronal physiopathology
underlying CDG type I, was the generation of a relevant mouse model. Before this work
began, at least three different research labs generated KO mice for CDG type I-related
genes: MPI, PMM2 and SRD5A3%27.238239 [n the three cases the mutations lead to
embryonic lethality, around E3.5 (PmmZ2+/-) or somewhere between E9.5 and E13.5 (Mpi-
/- and Srd5a37/-). Interestingly, the Srd5a3 KO mouse showed a defect in embryonic
neural tube closurel’>. To overcome the mouse lethality, hypomorphic models for MPI-
CDG and PMM2-CDG have been generated, both mimicking relatively frequent human
mutations?40.241, However, no neurological phenotype was reported for none of them

and thus cannot be used to understand the neurological defects in CDG type L.

The present work describes the first conditional KO mouse model for SRD5A3-CDG,
which, through cerebellar-specific deletion and late embryonic gene recombination
(around E8.5, En1-Cre linel®?) overcomes the embryonic lethality and replicates some
aspects of the human defect. Importantly, most of cerebellar development takes place
after this stage and thus the possibility of missing an Srd5a3 loss-related defect during
early cerebellum development are minor2s. It could be speculated that the Dol pool
generated by the cells prior to Cre-mediated Srd5a3 recombination can alleviate the
consequences of the later N-glycosylation partial block. However, the gene is deleted
before any major cerebellar proliferation phase takes place?4?, making this hypothesis
quite unlikely. Consistently, our model recapitulates one of the more prevalent
neurological phenotype of the CDG type I, the motor coordination defect, and thus

provides an interesting tool to gain insights into the disease mechanisms.
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3 Evaluation of an N-glycosylation defect

After the model generation, we focused our efforts on evaluating if it recapitulates or not
the protein hypoglycosylation observed in patient’ cells, as previously reported in

Arabidopsis, yeast and the mouse gene trap mutants for the SRD5A3 ortholog?27.243,

Transferrin isoelectric focusing (TIEF) does not always efficiently identify a CDG
syndrome (introduction, chapter 2.2.1). CDG patients show variable transferrin profiles
in an age-dependent manner107.244, Similarly, a high variability in N-glycosylation site
occupancy and type of glycan chain has been described in vitro?4>. This variability can
mask an N-glycosylation deficiency and thus the type of technique used is critical to
minimize the risk of false negative. In the present work, a lectin far-western blotting, a
technique frequently used to quantify the cellular glycosylation status39.246, failed to
identify any significant difference in cellular glycan amounts (Figure 17f-i). Similar
results were obtained by cerebellar [HC with lectins and by quantification of MEFs’ cell
surface glycosylation status by lectin staining followed by FACs (data not shown).
Indeed, we could only detect protein hypoglycosylation when using a sensitive marker,
LAMP1 (Figure 18a-d)?47248, LAMP1 contains 11 N-glycosylation sites according to our
glycosylation sites database (18 sites are predicted by uniprot); [I-CAM1, another
glycosylation marker frequently used?4?, is predicted to have 10 N-glycosylation sites.
However, the low ICAM-1 expression in the cerebellum did not allow us to characterize
its glycosylation status by WB in our mutant?50. Interestingly, our proteomic and
glycoproteomic analysis show that the highly N-glycosylated proteins, containing 4 or
more N-glycosylation sites, are more prone to lack the glycan chain under partial block
of the ER glycosylation machinery. Whereas only 11% of the N-glycoproteins with 1 N-
glycosylation site (multiplicity 1) showed reduced N-glycopeptide abundance in the
mutant samples, up to 80% of the N-glycoproteins with 10 or more N-glycan chains did

(Figure 25a).

Out of the whole cerebellar N-glycoproteome detected, proteins with 1 to 3 N-
glycosylation sites represent 82.74% of the total. In contrast, proteins with 10 or more
N-glycosylation sites account only for 1.49% of the detected N-glycoproteome. We

hypothesize that the signal of lectin far-WB corresponding to low multiplicity proteins,

84



which are mildly affected in the mutant, mask the major deregulation of highly N-

glycosylated proteins highlighted by glycoproteomics.

In a CDG type II context, where potentially only one type of sugar is missing from the
glycan chain, lectin blots are relevant tools. Each lectin targets a different type of sugar
(GIcNAc, fucose, sialic acid...) and thus a combination of different lectins can highlight a

sugar-specific deficiency?51.252,

Based on these evidence, we can conclude that, at least in our hands, when trying to
evaluate an in vivo defect in the transfer of the LLO, the use of sensitive (highly N-
glycosylated) markers is much more reliable than a global approach (lectin-related
techniques). The multiplicity-dependent N-glycoprotein sensitivity to an N-glycosylation

defect, described here for the first time, provides solid evidence supporting this.

4 Cerebellar histopathology and underlying cellular
mechanism in CDG type |

Our data suggest that in a CDG type I, not all the cerebellar cell populations are equally
affected from a histological point of view. PCs develop normally (Figure 20a) and no
major decrease in number was detected in the mutant cerebellum. The glial ascending
fibres projected by the BG cells are used by the GCs during migration from the EGL to the
IGL and an aberrant organization of these processes can lead to defective GC
migration*?. Nevertheless, the glial processes in the mutant cerebellum are normally
oriented, perpendicular to the pial membrane (Figure 20b). Moreover, no gliosis was
observed. In contrast, examination of the GCs proved a portion of them to be unable to
initiate migration (Figure 19e,f). These GC clusters remain in the upper ML until
adulthood (data not shown). Many different defects have been described as disrupting
GCs migration?>3-255, including loss of the IgSF-CAM member CNTN2/TAG1325S.
Interestingly, defects in GC migration from the EGL have already been associated with
movement disorders?>7-259, To note, we did not analysed the different cerebellar cell
populations at the functional level. Consequently, we cannot conclude that only GCs are
affected. However, the Atoh1Cre; Srd5a3"- mouse histological evaluation (Figure 20d)

proved that the mechanism underlying GC defective migration has a major GC-
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autonomous component. Further experiments would be needed to address the

sensitivity of the other cell populations to an N-glycosylation defect.

In the case of major cellular migration defects, such as grey matter heterotopia29,
regular MRI can detect it?61. Unfortunately, the technique is not precise enough to detect
isolated GC heterotopias in the cerebellum. Future patients’ histopathological
examination will be needed to better correlate our findings to the human defect.
Cerebellar evaluation of CDG type I patients by MRI varies from normal cerebellum to
hypoplasic, atrophic or a combination of both. Combined cerebellar
atrophy/hypotrophy and hypoplasia are relatively common in both SRDA3-CDG and
PMM2-CDG'19. When present, the cerebellar atrophy can be progressivel?22.262
Surprisingly, in a recent report, a group of physicians described how the cerebellar
associated-defects (such as gait, speech or oculomotor function) do not get worse with
time even when there is a progressive atorphy'24. It is tempting to speculate that most of
the previously mentioned cerebellar-associated defects have their basis in events
occurring during cerebellar development. Indeed, the En1Cre; Srd5a3%- mouse shows a
reduction in the cerebellar size and defective GCs’ development (Figure 19a-d) that is

not accompanied by late neurodegeneration (data not shown).

To the best of my knowledge, there is only one histopathological study of a CDG type I
cerebellum!23. Precise examination of the tissue showed a lobule-specific atrophy and
decrease in GC and PC numbers, together with defective PCs’ arborization. The PMM2-
CDG patient analysed had a very severe form of the disease and the cerebellum was not
fully developed by the time of the death. For example, a defective GC migration initiation
could not be accurately assessed since, even in healthy individuals, GC migration is not
fully accomplished at 6 months (age of examination). Thus, this study is not conclusive
enough and further histopathological studies are needed to fully understand the tissue

pathology and to correlate our findings in mouse with the human pathology.

Cerebellar mouse GCs have already been shown to be more sensitive than other types of
neurons to tunicamycin-induced N-glycosylation impairment both in vitro and in
vivo?63.264, jn vivo experiments proved the developing GCs at the EGL (at P4) being more

sensitive than at later stages or than the GCs at the IGL. These findings are highly
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suggestive of a higher demand of adequate protein N-glycosylation during GCs
development at the EGL than in the rest of the cerebellum. Interestingly, at P4 GC
migration to the IGL is highly active and IgSF-CAMs with high number of N-glycosylation
sites, such as CNTN1/2, are expressed!¢®. This data further supports our finding of GCs’

migration being highly sensitive to a partial N-glycosylation block.

The discovery of IgSF-CAMs hypoglycosylation together with their known role (mostly
CNTNs) in cerebellar axonal guidance prompted us to analyse PFs disposition in the
Srd5a3"- mouse. We found aberrant parallel fibre (PF) organization in both models
(En1Cre and Atoh1Cre, Figure 29f,g). This finding further validates IgSF-CAM defective
function under hypoglycosylation. Disrupted PFs were only found in the outer ML, the
layer where the ectopic cells are located. As previously described (introduction, chapter
1), GCs first need to extend the PFs and then start to migrate towards the IGL. It is
possible that the failure to migrate arises from incorrect fibre extension. Indeed,
aberrant GCs’ PF extension has already been associated with migration defects26s.

Nevertheless, more experiments should be performed to validate this hypothesis.

Here we present the first longitudinal histological survey of CDG type I-associated
cerebellar histopathology. Our results point to the highly proliferative GCs as being
especially sensitive to the partial N-glycosylation block with major consequences for

their adhesion and axonal growth properties.

5 Proteomic consequences of a partial ER glycosylation
machinery block

Even though several approaches have been developed to examine proteins N-
glycosylation site occupancy89205206, only few studies have used comparable
methodologies to understand how an N-glycosylation impairment affects the whole
proteome. One of these studies included proteomics on Chinese hamster ovary (CHO)
cells defective for Dol biosynthesis (Lec9)?49266, Precise Lec9 CHO proteome
investigation highlighted decreased ICAM-1 abundance under partial N-glycosylation
blockage. These results were further validated in CDG type I patient fibroblasts, where
28/30 tested samples showed decreased ICAM1 levels. ICAM1 is a highly N-glycosylated
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[gSF-CAM and thus its increased sensitivity in a CDG type I context matches with our
glyco/proteomic results. Interestingly, the same group published two years later a study
associating ICAM1 deregulation with defective leukocytes extravasation in a mouse
carrying a hypomorphic Mpi variant, mimicking a MPI-CDG mutation. The authors
correlate it with the defective immune system response observed in CDG type 1267268,
These results support our hypothesis of IgSF-CAMs deregulation also triggering the
defect observed in other organs.

This study also showed that the mouse defective for Mpi harbours only a mild reduction
in ICAM1 abundance, less acute that the major decrease induced under in vitro
tunicamycin treatment or by regular in vitro culture of the Lec9 cells. This fact further
shows how acute tunicamycin treatment does not perfectly mimics an in vivo N-
glycosylation impairment, but does lead to a more severe blocking. Tunicamycin is
widely used as a UPR inducer and thus led to the hypothesis that a disrupted ER
homeostasis is the main trigger of the CDG-related physiopathology?69.270. Following this
line of investigation, a mild UPR signature has been detected in CDG patients’
fibroblasts?71. Additionally, embryonically-lethal CDG mouse models also present an
over activated UPR?27. However, neither the first experiment reflects the in vivo situation
nor the second recapitulates the human physiopathology. Indeed, Srd5a3-depleted

immortalized MEFs do also present a significant BiP upregulation (data not shown).

Our proteomics, transcriptomics and [HC results did not highlight any significant
upregulation of the UPR pathway in the En1Cre; Srd5a3"- cerebellum (Figures 21,22).
Nonetheless, proteomic analysis highlighted a significant increase in HYOU1 and SDF2L1
abundance in the P7 cerebellum. Interestingly, HYOU1 overexpression has been shown
as partially preventing UPR-related cerebellar neurodegeneration in a Marinesco-
Sjogren syndrome mouse model, a disorder that, among others, leads to cerebellar
ataxia?10. SDF2L1 is a chaperone involved in clearance of protein aggregates generated
under ER stress?99. Additionally, we cannot underestimate the fact that BiP shows a not
significant 1.3-fold increase in the mutant (g-value = 0.08). One possible explanation for
this increase is that not all neurons are equally affected but only the ectopic GCs have a
pathologic UPR activation. This UPR upregulation could potentially explain the failure in
migration initiation. Two different results contradict this hypothesis. First, a

constitutively overactive UPR pathway shall lead to apoptosis, but the ectopic clusters
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are still present in the adult mouse. Second, [HC against BiP in the P21 cerebellum did
not show any ectopia-specific BiP signature (Figure 22b,c). We hypothesize that these
results reflect a physiological adaptation to an increase in misfolded proteins at the ER
driven by protein hypoglycosylation. Indeed, the primary role of BiP is to facilitate
protein folding. However, further experiments should be performed to characterize this

potential ER-stress adaptive mechanism.

No major mRNA deregulation was detected in the Srd5a3 mutant by transcriptomics
when compared to the results coming from total proteomics or glycoproteomics (Figure
31a). The biological replicates did not even cluster together by genotype as they did
based on their protein and N-glycoprotein abundance levels (data not shown, Figure 21a
and 24c). This is consistent with N-glycosylation being a post-translational protein
modification. Interestingly, we could still detect enrichment for highly N-glycosylated
proteins within the relatively few upregulated mRNAs (Figure 31b,c). We hypothesize
that this is the consequence of highly N-glycosylated protein degradation-driven

upregulation of the mRNA levels.

Both total proteomic and glycoproteomic data show that the probability of a protein to
be affected by the Srd5a3 loss correlated with its number of N-glycosylation sites. The
highest the multiplicity, the highest the probability to have at least one decreased N-
glycosylation site and/or being degraded. Moreover, both analyses highlighted a higher
frequency of low multiplicity N-glycoproteins versus those with high multiplicity in the
mouse cerebellum (Figure 33). This is consistent with other reports in different tissues
and species where highly N-glycosylated proteins are a small fraction of the

glycoproteome137.272.273,
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Figure 33. Proteomic consequences of a mild N-glycosylation defect. Our results in total proteomics and
glycoproteomics show, first, that there is a higher frequency of proteins with low multiplicity than high in
the cerebellar N-glycoproteome. Second, that the proteins with higher multiplicity are more likely to
harbour empty N-glycosylation sites and/or be degraded in a CDG type I context.

To our knowledge, the present work is the first report showing the multiplicity-
dependant sensitivity of N-glycoproteins to a partial block of the N-glycosylation
pathway. The only previous work that focused on the importance of proteins N-glycan
multiplicity was the one leaded by the Dr. James W. Dennis (Lunenfeld-Tanenbaum
Research Institute, Ontario). His work shows how highly N-glycosylated membrane
proteins are more prone to interact with extracellular galectins, forming a lattice that
avoids protein internalization by endosomes. His research points to the highly N-
glycosylation of growth factors helping to keep a proliferative cell status, while the less
N-glycosylated and pro-differentiation proteins are subjected to a higher turnover27427s,
No galectins-IgSF-CAM binding has been described in neurons to our knowledge and
thus this mechanism would not play a major role in the SRD5A3-CDG neurological

phenotype.

We also validated previous findings in terms of motif-dependent N-glycosylation
efficacy. It has been reported that sequons with a Ser at +2 are less efficiently
glycosylated than those carrying a Thr276. A similar situation happens at the position -2
of the N residue: sequons with a non-aromatic Aa at -2 are less efficiently glycosylated
than the ones harbouring an aromatic one???. Within the decreased N-glycopeptides we
detected enrichment for both, peptides with a Ser at +2 and peptides with a non-
aromatic Aa at -2 (Figure 25c). This is consistent with a partial block of N-glycosylation
affecting more the sites that are intrinsically less efficiently glycosylated under normal
conditions. Moreover, we proved a cumulative effect between N-glycan multiplicity and

a Ser at +2 (Figure 25d). We failed though to see any significant correlation between the

90



Aa at -2 and protein N-glycan number, possibly due to the low number of N-

glycopeptides carrying an aromatic Aa at -2 (13.7% of the total).

Dol is also necessary for protein O-mannosylation, C-mannosylation and GPI-anchored
protein biosynthesis. N-glycosylation is the most demanding process, with eight Dol
molecules needed for N-glycosylation of a single site. GPI-anchored synthesis requires
three Dol molecules and the other two just one (Figure 34). No study, to our knowledge,
has yet highlighted an effect of SRD5A3-loss on other glycosylation pathway than N-
glycosylation. Consistently, we did not observe any enrichment for C/0-mannosylated

or GPI-anchored proteins within the DAP in total proteomics (data not shown).

Disruption of alpha-dystroglycan O-mannosylation leads to GC failure to initiate EGL-IGL
migration?’8. We investigated O-mannosylation of alpha-dystroglycan in the mutant
cerebellum by using a glyco-epitope specific antibody (IIH6)27°. Consistent with the total
proteomic results, we found no significant difference in alpha-dystroglycan
glycosylation or MW in the EnlCre; Srd5a3%"- cerebellum (data not shown).
Interestingly, it has been shown that it is the alpha-dystroglycan secretion by the
cerebellar glial cells, and not by the GCs, that is necessary to promote GCs migration?7s.
GC-specific Srd5a3 deletion leads to the same failure to initiate migration, further

supporting that alpha-dystroglycan has no implication in the observed migratory defect.

SRD5A3 loss does not eliminate the intracellular Dol pool??’. It is likely that a partial
defect on Dol synthesis will only affect the most demanding glycosylation process, i.e. N-
glycosylation, and have minor or no effect on the other Dol-mediated glycosylation

processes.
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Figure 34. Dol function in protein and lipid glycosylation. Modified image form Cantagrel et al, 2011.

6 The high N-glycan multiplicity of IgSF-CAMs and its
importance in CDG type | physiopathology

Overrepresentation analysis on the hypoglycosylated proteins pinpointed to the large
super family of IgSF-CAMs as being significantly deregulated in the En1Cre; Srd5a3"-
developing cerebellum (Figure 26a). This result was further validated at the N-
glycopeptide level: there is enrichment for IgSF-CAM N-glycopeptides within the
reduced N-glycopeptides (Figure 26b). Moreover, reanalysis of the data obtained in total
proteomics also demonstrated enrichment for IgSF-CAMs within the proteins with

reduced abundance (Figure 31d).

Using our own N-glycosylation site database (reference glycoproteomic dataset) we
found that cerebellar IgSF-CAMs contain more N-glycosylation sites than the average N-
glycoprotein (3.3 VS 2.3 in the rest, Mann Whitney test, p-value < 0.0001). If we focus on

the IgSF-CAM subfamilies with well-known role in cerebellar development, we find an
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even higher glycan multiplicity (e.g. LICAMs 9.5, NCAMs 4.5 and CNTNs 5). Additionally,
and thanks to the work of Matthias Mann and colleagues!37.151, we could also show an

increase on these proteins’ multiplicity across evolution (Figure 28a).

As pinpointed by Lebrilla and colleagues (PMID: 19700364) “a protein with three sites
of glycosylation with 10 different glycans in each site can result in a 1000 different
glycoforms of the protein”. The high multiplicity of IgSF-CAMs can therefore lead,
theoretically, to thousands of glycoforms. Differential glycan composition of IgSF-CAM
members has already been proved to modulate their activity168280, This observation,
combined with the increased IgSF-CAM-coding genes and N-glycosylation site
multiplicity in mammals?>0 suggests that these proteins may contribute to the high
complexity of the mammalian brain. Moreover, the high IgSF-CAM proteins multiplicity
fully matches our total proteomics and glycoproteomics results, where the highly N-

glycosylated proteins are more sensitive to an N-glycosylation impairment.

As previously discussed in the introduction (chapter 2.4.2.1), IgSF-CAMs role in brain
development and synapse physiology has been widely reported?8l. Even more
interesting, those proteins can act in partially redundant manners to ensure correct
axonal navigation and cell migration. Single IgSF-CAM protein KO in C.Elegans does not
lead to major neuronal defects but when crossed between them?82. In other contexts,
this overlap is less obvious?83. Regarding the mouse cerebellum, it has already been
proved that L1CAM and NrCAM play overlapping roles. Grumet and colleagues
published few years ago a mouse KO for NrCAM?84, NrCAM~/- mice developed normally
with just few abnormalities in cerebellar foliation. They hypothesized that some other
[gSF-CAMs could help to overpass the lack of NrCAM. To investigate that possibility, they
crossed their model with L1CAM~- mice. Double mutant mice did not survive beyond the
2nd postnatal week, show severe cerebellar hypoplasia and delayed cerebellar
development. Interestingly, while the lethality of the double mutant did not allow
histological analysis after normal GC migration, a significant decrease in the size of the
IGL was detected at P8. Indeed, one of the authors’ main hypotheses for the defect is an
aberrant PF extension. Other IgSF-CAM mutant mice also show defects that overlap with
the ones found in the Enl1Cre; Srd5a3//- mouse. As previously mentioned in the

introduction, lack of Cntnl leads to cerebellar ataxia and aberrant PF orientation in
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mouse3®. Cntn2 KO mouse also shows ectopic GC clusters in the outer ML3>. Collectively,
these studies support that disruption of cerebellar IgSF-CAM primarily affects GCs

postnatal development.

One interesting aspect of IgSF-CAMs is their dependence on homophilic interactions to
function properly. Cntn2 KO neurons lose their ability to fasciculate in Cntn2-coated
surfaces in vitro?85. In a similar manner, the Nfasc-coating induction of neurite
outgrowth is lost when neurons lack Nfasc?86. These examples illustrate the pivotal role
of IgSF-CAM homophilic adhesion over heterophilic binding under certain

circumstances.

Another important observation of IgSF-CAMs sensitivity to a partial N-glycosylation
blocking is that not all of the proteins lack some glycan chain. As the L1CAM and NrCAM
WB show (Figure 26¢c and 28e), not all of the proteins are hypoglycosylated in the
absence of Srd5a3. The blot shows the coexistence in the mutant cerebellum of normal
MW glycoforms (not hypoglycosylated form) and lower MW glycoforms
(hypoglycosylated form). We consequently hypothesize that the partial
hypoglycosylation has a more important output in highly IgSF-CAM demanding
processes. One of the situations where different highly N-glycosylated IgSF-CAMs are
necessary is the migration initiation and axonal projection of the GCs. This hypothesis is
consistent with the in vitro data showing that more the cells depend on IgSF-CAM

function (L1CAM and NrCAM-coating conditions) the more severe the defect is.

Partial N-glycosylation block likely does not always concern the same site but each site
can potentially remain empty (stochastic glycan loss, with higher occurrence within NxS
motifs and N-glycosylation sites with a non-aromatic Aa at -2). However, depending on
the affected site, the consequences can vary: impaired folding, decreased protein
stability, defective trafficking or abnormal function?8’. Qur glycoproteomic data allowed
however the identification of the sites most frequently lacking the glycan chain. One of
those sites is the Cntn2 N-glycosylation site N206. This result is interesting for two
reasons. First, using glycoproteomics, we identified two glycoforms of the N-
glycopeptide, one containing two occupied N-glycosylation sites (N200 and N206) and
another with only one occupied site (N200). While the N-glycopeptide with the two
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occupied N-glycosylation sites is reduced in the mutant, the N-glycopeptide with only
one occupied site shows a 21-fold increase in the mutant (Figure 35a). This evidence
strongly suggests that the absence of Srd5a3 results in a specific hypoglycosylation of
the N206 site without consequences on protein abundance. Lack of glycan chain at N206
seems to be compatible with adequate protein expression. Second, a team published few
years ago the crystal structure of the N-terminal domain of CNTN2, the extracellular
binding module?85>. Combination of the protein crystal structure with the software
Glycoprot (http://www.glycosciences.de) allows generation of a 3D model of the N-
terminal portion of CNTN2 and to visualize the position of the N-glycan chain (Figure
35b,c). As the image shows the glycan chain is located at the Cntn2 binding site (Ig
domain number 2), and does not fall into any protein pocket. This position could expose
the glycan and be compatible with a direct role in the regulation of affinity with its
ligand and consequently cell adhesion.

Interestingly, we already found a Cntn2 adhesion-mediated defect in GC aggregates in

vitro (Figure 29a).
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Figure 35. Hypoglycosylation of Cntn2 N206 is likely to alter protein interaction. (a) Descriptive diagram
of the two glycoforms detected in glycoproteomics of the N-glycopeptide harbouring the N200 and N206
sites and their behaviour in the En1Cre; Srd5a3%-cerebellum. (b) Representative crystal structure of the
ligand-binding module of two CNTN2 molecules. Modified image from Maértl et al, 2007. (c) N-glycan
emplacement in the N-terminal domain of CNTN2. The positions between brackets indicate the precise
glycan position in the mouse protein, the rest represent the human CNTN2 N-glycosylation sites. This
image was generated with the Glycoprot database.

IgSF-CAMs are not the only hypoglycosylated proteins in the mutant cerebellum. For
example, several AMPA receptors (e.g. Grial and Gria3) show reduced N-glycopeptide
abundance. Both receptor subunits are highly expressed in the PCs288. Other adhesion

proteins such as cadherins (Pcdhga4), plexins (Plxnb2) or integrin ligands (Tnc) were
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also found to be hypoglycosylated by both, glycoproteomics and total proteomics (Sup.
Table 3). Nonetheless, the results from total proteomics, glycoproteomics and in vitro
functional analysis demonstrate that the proteins of the IgSF-CAM superfamily are more
sensitive to an N-glycosylation block. Their increased sensitivity leads to
hypoglycosylation and/or protein degradation and impairs their adhesion-related

functions, with a major impact on cerebellar development.

Highly N-glycosylated IgSF-CAMs, such as Chl1l, L1CAM and NCAM1, are also important
for other brains regions such as the cerebral cortex and the hippocampus, where they
regulate, among others, cell death and synapse stability?89-292. Qur work shows that in
cortical-like human neurons IgSF-CAMs are also sensitive to an N-glycosylation
impairment (Figure 28). It is tempting to speculate that, together with their role in
cerebellar function, an impairment of their activity in the cerebral cortex and
hippocampus may contribute to the highly prevalent ID observed in CDG type I

patients101,

All together, our CDG type [ model shows that protein sensitivity to an N-glycosylation
impairment will depend on their glycan multiplicity with an influence of the Aas
surrounding the asparagine residue. Proteins will stochastically lack their glycan chain
and thus proteins with high glycan multiplicity are more prone to lack at least one N-
linked oligosaccharide. The highly N-glycosylated cerebellar IgSF-CAMs are exquisitely
sensitive to Srd5a3 loss and their hypoglycosylation during development is a major

trigger of the cerebellar defect.

7 Other SRD5A3-loss related molecular defects

The more consistent finding in SRD5A3-CDG patients and mouse, Arabidopsis and yeast
mutants for the corresponding ortholog gene is stochastic loss of N-glycan chains?27.243,
My work further emphasizes the major role of glycan loss in the neurological symptoms
and likely other affected tissues symptomatology. However, defective Dol biosynthesis
can potentially affect other physiological functions that could play a role in the resulting
phenotype.

Thanks to collaboration with Frangois Foulquier, we showed an accumulation of Man5-

type N-glycans in the Srd5a3 mutant MEF proteins (Figure 27a). We also provide
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preliminary evidences of an in vivo increase of protein glycosylation with mannose-rich
glycans (Figure 27b,c). Interestingly, Francois Foulquier’ lab demonstrated a similar
increase in Man5-glycosylated proteins in SRD5A3-CDG fibroblasts (data not shown). A
comparable situation occurs in ALG3-CDG. ALG3 catalyses the transfer of the first Man in
the ER, from Dol-P-Man, to form the intermediate glycan form Man6. Mutations that
diminish ALG3 function lead to accumulation of Man5-containing glycoproteins293. The
Lec9 CHO line, defective for dolichol synthesis, also shows an increase in Man5
species?66. A similar defect occurs in PMM2-CDG, where one of the enzymes that
participate in Man activation prior to its attachment to the oligosaccharide chain, PMM?2,
shows reduced activity!91l. Collectively, these evidences suggest a SRD5A3 deletion-
driven defective mannose addition to the glycan, a relatively common trait in CDG type L.
Considering the importance of Man9-glycan structures in the CNS2%4, the accumulation
of proteins with Man5 glycans observed in SRD5A3-CDG could potentially play a role in
the physiopathology. However, CDG type I arising from a disruption of later ER-
glycosylation steps, such as altered OST function, do also lead to classical neurological
symptoms such as cerebellar atrophy and D25, This observation further proves that the
stochastic glycan loss is at the basis of the observed defect. Moreover, it highly suggests
that, even though SRD5A3 loss is likely to lead to aberrant glycan composition, it might
not play a major role in disease development. Additional investigation will be needed to
further characterize the exact impact in LLO and N-glycan composition and its

consequences during brain development.

Another important characteristic of SRD5A3-CDG is the polyprenol accumulation?27.29,
Dol is likely to be synthesized trough an SRD5A3-independent pathway, leading
consequently to an accumulation of the enzyme substrate, polyprenol. Both polyprenol
and Dol can modulate membrane fluidity??’. Interestingly, the presence of Dol is not
restricted to ER membranes??8. Adequate membrane fluidity is important for cell
growth, membrane-associated enzymes and molecules transport. Impaired membrane
fluidity can disrupt these processes and lead to pathological situations?°°. Beyond the
demonstrated effects on N-glycosylation, the absence of SRD5A3 could therefore also
alter membrane fluidity in patients’ cells. Nevertheless, as for the aberrant glycan

composition, most of CDG type I patients do not show increased polyprenol abundance,
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thus eliminating the possibility of polyprenol being a major player in CDG type I
physiopathology.

Lastly, it has been hypothesized that the defective glycan transfer can be due to the use
of polyprenol instead of Dol as glycan carrier?°6. Polyprenol is indeed the lipid carrier
used in most eubacteria3%0. This hypothesis assumes that polyprenol is less efficient for
N-glycan transfer in mammals and that enzymes such as ALG3 would not interact as
efficiently with the un-reduced version of Dol3%%. Nonetheless, phosphorylation of either
polyprenol or Dol is needed prior attachment of the first GIcNAc unit. The enzyme
carrying this reaction has been shown to have almost 3-fold more affinity for Dol than
polyprenol302,

In any case, the possibility of polyprenol being used in presence of a defect in Dol
synthesis remains under investigated and further research is needed to evaluate its

implications in the SRD5A3 loss-driven protein hypoglycosylation.

8 Therapeutic approaches in SRD5A3-CDG

The Dol pool dedicated to N-glycosylation represents just a small portion of the total298.
Accordingly, liposome-mediated polyisoprenol dietary supplement in rats leads to only
a small increase in the amount of phosphorylated Dol, the form used during N-
glycosylation3%3. Moreover, the biodistribution of Dol in the brain is very low3%4. As a
consequence, current efforts to alleviate the defect focus on enhancing the alternative

Dol biosynthetic pathway rather than increasing Dol pool through dietary supplement.

One of the most successful in vitro trials relies on the use of zaragozic acid in DPM1-CDG
fibroblasts, where the defect arises from defective Dol-P-Man synthesis3%5. Zaragozic
acid inhibits the conversion of farnesyl-PP into cholesterol. This inhibition enhances the
conversion of farnesyl-PP into other metabolic products including Dol (Figure 36).
Treatment of DPM1-CDG patient fibroblasts with zaragozic acid lead to an improved
synthesis of the full LLO, likely through an increase in de novo Dol synthesis3%. In
agreement with this, we showed that enhanced de novo lipid synthesis in mutant MEFs

tends to alleviate protein hypoglycosylation (Figure 30).
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Another potential therapeutic approach consists in the supplementation with farnesyl-
PP itself. Farnesyl-PP is much smaller than Dol and thus shall have a better dietary
absorption and biodistribution than Dol. In a recent study, Dr. Melissa Westwood and
colleagues397 used statins, HMG-CoA reductase inhibitors, to partially block protein N-
glycosylation in human cells. The consequent protein hypoglycosylation was partially

ameliorated by combining the statins with farnesyl-PP.
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Figure 36. Simplified representation of the mevalonate pathway.

The above-discussed therapies are likely to be useful for Dol synthesis-related CDG, but
potentially not for all CDG type L. In this regard, a recent review points to two other main
strategies to try to restore proper protein N-glycosylation. One aims to enhance the
residual enzymatic activity'?l. This aim can be achieved by dietary supplementation
with the enzyme substrate, like Man for PMI-CDG, the only treatable CDG, or D-galactose
in PGM1-CDG3%, which has been found recently as an effective therapy in a pilot
study3%. In PMM2-CDG, Man dietary supplementation is not effective310. In this case, and
as long as some PMM2 mutations lead to aberrant enzyme folding, a chaperone therapy

has been proposed311.
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9 Relevance of our findings for other CDG and affected tissues

SRD5A3-CDG shares many biochemical aspects with other CDG, such as ALG3-CDG,
DPM1-CDG and PMM2-CDG. Indeed, the main consequence of the defect, the stochastic
N-glycan chain-loss, is shared with CDG type 1. The functional and molecular

consequences of such defect are indeed the main finding of my PhD.

Our results show for the first time, a relatively simple but yet never described before,
multiplicity-dependent sensitivity to partial N-glycosylation block. Consequently, we
identified the highly N-glycosylated cerebellar IgSF-CAMs as being especially sensitive to
the defect. Our work and the previously published works on IgSF-CAMs N-glycosylation
(introduction, chapter 2.4.2.1 and discussion, part 6) show how an impairment of their
normal glycosylation profile affects their adhesion-related functions. It is likely that the
high demand of IgSF-CAMs during GCs development is at the basis of the cerebellar

sensitivity to an N-glycosylation impairment.

The visual system is also frequently affected in CDG type I (retinitis pigmentosa, optic
atrophy and iris colobomas, among others)312. Interestingly, NrCAM and Cntn2 are
essential for adequate axonal disposition across the optic chiasm. The first one
coordinates the ipsilateral /contralateral migration of the retinal ganglion cells’ axons313,
while Cntn2 plays a role in axonal length and fasciculation?8. Indeed, most of L1CAMs
and CNTNs are highly expressed during eye development313. The main cause of early
lethality in CDG type I is the high frequency of infections together with a defective
immune system?68. ICAM-1, a highly N-glycosylated IgSF-CAM, shows reduced
abundance levels in a CDG type I context?49267, Interestingly, ICAM-1 plays important
roles in viral pathogenicity, by avoiding viral replication314315, These data further link
impaired [IgSF-CAMs N-glycosylation to other affected tissues in CDG type 1. Even in
tissues were IgSF-CAMs are not highly expressed, the multiplicity-dependent
glycoprotein sensitivity should provide clues into the tissue-specific disease mechanism

(Figure 32).
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In conclusion, our work provides new evidences of the underlying molecular mechanism
in CDG type 1. We describe for the first time protein multiplicity-dependant sensitivity to
an N-glycosylation impairment. The proteins with high number of N-glycosylation sites
are more prone to lack at least one N-glycan chain in CDG type I-related conditions. The
N-glycan loss can lead to a wide variety of consequences, from defective protein folding
and consequent degradation to aberrant interaction with other proteins. Consequently,
we demonstrated the key role played by the highly N-glycosylated IgSF-CAM members
in the neurological signs, and provide important clues for the understanding of the

impact of IgSF-CAM hypoglycosylation in the other affected organs.

Moreover, the mouse model that we have developed should, when crossed with relevant
Cre lines, open multiple possibilities for the study of physiopathological mechanisms
outside the CNS. Glycoproteome investigation of the tissues affected in CDG type I
should identify the proteins with higher multiplicity in each tissue. These proteins could

be used as starting point to understand the tissue-specific pathogenesis.
Last but not least, our work illustrates the importance of IgSF-CAMs N-glycan

multiplicity for their function and how their increased multiplicity during evolution

could support the complexity of the mammalian brain.
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METHODS

Targeted gene panel and whole exome sequencing

The rational behind the genetic screening firstly involved exploring the subjects using gene panel unless
the clinical presentation suggests a new syndromic entity that will be directly explored through WES. All
patients negative with one approach were systematically tested using the other one.

A custom gene panel including 72 childhood-onset cerebellar atrophy-related genes was set up®s.
Cerebellar hypoplasia genes were included as this phenotype often overlaps with cerebellar atrophy at the
pediatric age316. Genes such as CASK, EXOSC3 or WDR81 can be involved in cerebellar atrophy/hypoplasia
without or with pons hypoplasia (i.e. pontocerebellar hypoplasia (PCH)) and consequently PCH genes are
also included. Genomic DNA libraries were generated from 2 pg DNA sheared with a Covaris S2
Ultrasonicator using SureSelectXT Library PrepKit (Agilent, Garches, France) and the Ovation® Ultralow
System V2 (NuGen) according to the suppliers’ recommendations. 1459 regions of interest encompassing
all exons and 25 base pairs intronic flanking sequences of the 72 selected genes were captured by
hybridation with biotinylated complementary 120-pb RNA baits designed with SureSelect SureDesign
software (hg19, GRCh37, February 2009). The 309.16 Kb targeted DNA region was pulled out with
magnetic streptavidin beads, PCR-amplified using indexing primers and sequenced on an Illumina
HiSeq2500 HT system. NGS data analysis was performed with Paris Descartes University / Institut
IMAGINE’s Bioinformatics core facilities. Paired-end sequences were mapped on the human genome
reference (NCBI build37/hg19 version) using the Burrows-Wheeler Aligner. Downstream processing was
carried out with the Genome Analysis Toolkit (GATK), SAMtools, and Picard, according to documented
best practices (http://www.broadinstitute.org/gatk/guide/topic?name=best-practices).

WES was performed with DNA extracted from blood and processed at the Genomic core facility in the
Imagine Institute as previously described5*. Briefly, exome capture was performed with the SureSelect
Human All Exon kit (Agilent technologies) and sequencing was carried out on a HiSeq2500 (Illumina). The
mean depth of coverage obtained for each sample was > 150x with >97 % of the exome covered at least
30x.

All identified variants were validated using Sanger sequencing or multiplex ligation-dependent probe
amplification (MLPA) for duplications or deletions.

Variant analysis, databases and bioinformatic tools

A variant filtering pipeline was systematically applied to narrow down the number of putative causative
variants. All the possible inheritance patterns were tested. Briefly, variant calling was performed with the
GATK Unified Genotyper (https://www.broadinstitute.org/ gatk/) based on the 72 version of ENSEMBL
database. Common variants (i.e. minor allele frequency >1 %) were filtered out by using dbSNP, 1000
genomes databases and our In-house exome collection, which includes more than 10,000 exomes. Further,
functional (protein-altering) alleles were prioritized versus non-functional. Potentially pathogenic
variants in known disease genes were identified if flagged as damaging by polyphen2
(http://genetics.bwh.  harvard.edu/pph2/), Sift (http://siftjcvi.org/) or mutation taster
(http://www.mutationtaster.org/). Remaining variants were compared with those in the public databases
EXAC (http://exac.broadinstitute.org/) and EVS (http://evs.gs.washington.edu/EVS/) exome database.
The presence of candidate recessive variants in homozygous intervals was checked by identifying
predicted regions of SNP homozygosity from exome data with the UnifiedGenotyper tool from GATK
(https://www.broadinstitute.org/gatk/). Additional filtering of de novo variants was done using the
following criteria. Candidate de novo mutations were excluded if already reported in the EXAC database, if
present more than 5 times in our In-house exome and genome database or if located in a gene already
involved in a distinct developmental defect without neurological involvement.

Animal care

Animals were used in compliance with the French Animal Care and Use Committee from the Paris
Descartes University (APAFIS#961-201506231137361). All behavioural analysis were performed in
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compliance with the guidelines of the French Ministry of Agriculture for experiments with laboratory
animals. The experimental protocol and euthanasia have been approved by the Ethical Committee 27,
registered at the French ministry of research.

Generation of the Srd5a3 conditional KO mouse

Embryonic stem (ES) cell clone EPD0575_2_F01 carrying the Srd5a3tm1a(EUCOMM)Wtsi gllele was acquired
from the International Mouse Phenotyping Consortium (IMPC; http://www.mousephenotype.org/). After
additional QC validation based on Southern-blot, ES cells were injected into C57BL/6 at the University of
California, San Diego Transgenic and Gene targeting Core yielding chimeric mice. Chimera were bred to

C57Bl/6 until germline transmission was successful to produce knockout first allele. Then, the
Srd5a3tmla mice were bred with ACTB:FLPe B6] (JAX stock #005703) Flp recombinase expressing
transgenic mice to produce mice expressing a functional Srd5a3 allele that retained flox sites surrounding
exon 2 to 4 (out of the 6 exons) and including part of the enzymatic domain (PFAM, Steroid_dh). After
outbreeding the Flp recombinase transgene, Srd5a3 floxed mice were crossed with hemizygous CMV-Cre
line transgenic mice (Metzger, Clifford, Chiba, & Chambon, 1995) to generate Srd5a3 KO allele. Srd5a3
floxed mice were bred with hemizygous En1tm2(cre)Wrst transgenic mice (JAX stock #007916) expressing
Engrailed1l promoter driven Cre to produce cerebellum-specific deletion (En1Cre; Srd5a3%/-) or with
hemizygous Tg(Atoh1-cre)1Bfri (JAX stock #011104) expressing Atoh1 promoter driven Cre to produce
cerebellum granule cell-specific deletion (Atoh1Cre; Srd5a3%-). Specific Cre expression was confirmed by
breeding with a LacZ reporter-carrier mouse line (R26RMZ mouse). Efficient Srd5a3 recombination was
assessed by RT-PCR and RT-qPCR in the absence of any specific antibody.

Mouse embryonic fibroblasts (MEFs) generation

For MEFs generation, Srd5a3//- mice were bred with CAGCre mice (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/];
CAGCre; Srd5a3//-). CAGCre;Srd5a3"/- embryos fibroblasts were isolated at E14.5 and immortalized by
serial passaging as described by Xu(Xu, 2005). For Srd5a3 recombination primary MEFs were treated for
4 days with tamoxifen (1uM, H6278, Sigma) prior to immortalization. Efficient Srd5a3 recombination was
assessed by RT-qPCR after immortalization.

Behavioral studies

For behavioral analysis, 15 En1Cre; Srd5a3/"/- and 15 control littermates, gender-matched, 2-3 months old
were used. The number of animals per group was chosen as the optimal number likely required for
conclusion of statistical significance, established from prior experience using the same behavioral tests317.
Morris water maze (MWM) test was used to assess working memory. Prior to the test, the mouse
swimming speed was analyzed. No differences in the swimming speed were detected. For MWM, mice
were exposed twice to the same hidden platform for a total of eight sessions. The improvement to find the
platform on the second trial was evaluated. For motor coordination, classic accelerating rotarod testing
was done for 10 minutes and for a total of three sessions, 24h apart. The first three falls from the rod
during each session were annotated.

Histological analysis

Gross anatomical analyses and HE staining was performed as previously described3!8. The resulting slices
were scanned with NanoZoomer-XR (Hamamatsu Photonics, Japan). For IHC, the cerebellum was
embedded in OCT. 12um-thick slices were generated with cryostat. The following antibodies were used
for IHC: NeuN (1:200, MAB377; Millipore), Calbindin (1:10.000; CB-384, Swant), GFAP (1:1.000; AB5804,
Millipore), CACNA1G (1:1000, ACC-021, Alomone labs), Parvalbumin (1:1000, 235, Swant), Tuj1 (1:500,
801201, Biolegend) and BiP (1:50, ADI-SPA-826, Enzo). All samples were mounted with ProLong Gold
Antifade Mountant with DAPI (Life Tech). Images were taken with confocal Leica SP8 STED and analyzed
with Image].
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Protein extraction and western blotting

P7 mouse cerebellum samples and MEFs were isolated in RIPA buffer (1% SDS; 0,1% for cell extracts)
supplemented with EDTA-free protease inhibitor (11836170001, Sigma) and phosphatase inhibitor
cocktail (4906845001, Sigma), homogenized by sonication (Bioruptor Pico sonication device - 8 cycles
30”0ON/30”0FF) and centrifuged at 12.000g at 4°2C for 20min. The supernatant was recovered and
quantified with BCA (Life technologies). For cell extracts, RIPA was added directly to the flask and the cells
were recovered with a cell scrapper followed by the same protocol. Equal amounts of protein were loaded
from each sample in polyacrylamide gels. Gel transfer to nitrocellulose membranes was performed with
the Trans-Blot Turbo Transfer System for 10min at 1.3A and 25V. Membranes were blocked with 5% dry
milk and incubated O/N at 4°C with the following antibodies: LAMP1 (1:2.000; AB24170, Abcam),
MINPP1 (1:2000, sc-10399, Santa Cruz Biotechnologies), LICAM (1:2.000; AB24345, Abcam), NrCAM
(1:2.000; AB24344, Abcam) and B-actin (1:20.000; AM4302, Thermo Fisher). Depending on the antibody
suitability, the membrane was developed by HRP system (LAMP1, ChemiDoc XRS+ System) or with
fluorescent secondary antibodies (Odyssey CLx imaging system). All secondary antibodies were used at
1:10000. For far-western blotting, no blocking step was performed, and the membrane was directly
incubated for 1h with biotinylated SNA (1:2.000; B-1305, Vector laboratories) or ConA (1:2000; C2272,
Sigma) and posteriorly with IRDye 800CW-streptavidin for 1 extra hour (1:10.000; 926-32230, LI-COR).
All WB results were replicated at least twice.

RNA extraction, RT-PCR, RT-qPCR and transcriptomic analysis

RNA was extracted with Trizol reagent (15596-026, Thermo Fisher) according to manufacturer’s
instructions. For transcriptomic studies, 4 En1Cre;Srda5a3"- P7 mice and 4 control littermates were used.
RNA quality was validated with Bioanalyzer 2100 (using Agilent RNA6000 nano chip kit) and 180 ng of
total RNA were reverse transcribed using the GeneChip WT Plus Reagent Kit (Affymetrix). The resulting
double strand cDNA was used for in vitro transcription with T7 RNA polymerase (WT cDNA synthesis and
amplification kit, Affymetrix). After purification according to Affymetrix protocol, 5.5 ug of the cDNA
obtained were fragmented and biotin-labelled using Terminal Transferase (WT terminal labelling kit,
Affymetrix). cDNA was then hybridized to GeneChip Mouse Transcriptome Array 1.0 (MTA 1.0,
Affymetrix) at 45°C for 17 hours. After O/N hybridization, chips were washed on the fluidic station FS450
following specific protocols (Affymetrix) and scanned using the GCS3000 7G. The scanned images were
then analyzed with Expression Console software (Affymetrix) to obtain raw data (cel files) and metrics for
Quality Controls. The observations of these metrics and the study of the distribution of raw data showed
no outlier experiment. Robust multi-array average (RMA) normalization was obtained using R, and
normalized data were subjected to statistical tests. For RT-PCR/RT-qPCR 1pg of RNA was
retrotranscribed into cDNA with SuperScript II reverse transcriptase (18064014, Thermo Fisher). qPCR
was performed with PowerUp SYBR Green Master Mix (A25777, Thermo Fisher). The following primers
were used: mpBActin (F 5-TACAGCTTCACCACCACAGC-3', R 5'-AAGGAAGGCTGGAAAAGAGC-3"), Hmgcr (F
5-CTTGTGGAATGCCTTGTGATTG-3* , R  5-AGCCGAAGCAGCACATGAT-3’), Hmges1 (F 5-
TGGCACAGTACTCACCTC-3’, R 5-  CCTTCATCCAAACTGTGG-3') and mSrd5a¢3 (F 5
CCGGGCTATGGCTGGGTGG-3" and R 5’-CTGTCTCAGTGCCTCTAGGAATGG-3").

Total proteomics and Glycoproteomics

Four P7 EniCre;Srd5a3//- and four control littermates were used for cerebellar protein extraction as
previously described. Two different batches, each from at least two different litters, were used for total
proteomics and another for glycoproteomics. For total proteomics, 100ug of protein were processed by
filter-aided sample preparation (FASP) protocol, as described previously31°. Briefly, samples were applied
to 30KDa MWCO centrifugal filter units (UFC503024, Amicon Ultra, Millipore) mixed with 200uL of urea
(UA) buffer (8M urea, 100mM Tris-HCl pH 8.8) and centrifuged twice. The samples were incubated for
20min in the dark with UA buffer containing 50mM iodocetamide for alkylation. The filter units were
subsequently washed twice with UA buffer and twice more with ABC buffer (50mM ammonium
bicarbonate). Peptide digestion was carried by incubation with trypsin (1:50) O/N at 37°C. The resulting
peptides were collected by two washes with ABC buffer, vacuum dried and dissolved in 0.1% (v/v)
trifluoroacetic acid with 10% acetonitrile.
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Glycoproteome analysis was performed by FASP with an additional step of enrichment in N-glycopeptides
by lectins, as described by M. Mann and colleagues!3’. Briefly, 100ug of trypsinized peptides were
recovered in binding buffer (20mM Tris/HCI pH 7.6, 1mM MnCl;, 1ImM CacCl,, 0.5; NaCl) and incubated
with a lectin mixture (90ug ConA, 90ug WGA and 71.5 ug RCA120) for 1h. To elute the non-glycosylated
peptides, not attached to the lectins, the filter units were washed four times with binding buffer and after
with ABC solution in H;01s (0O188P, Eurositop). To release the N-glycopeptides from the lectins, the
samples were incubated with PNGase diluted in H201g (P0704L, New England BioLabs) for 3h at 372C. The
N-glycopeptides were recovered by washing twice with ABC. All centrifugation steps were performed at
14.000g at RT.

LC-MS/MS analysis

For each run, estimated 0.5 pg were injected in a nanoRSLC-Q Exactive PLUS (Dionex RSLC Ultimate 3000,
Thermo Scientific, Waltham, MA, USA). Peptides were separated on a 50cm reversed-phase liquid
chromatographic column (Pepmap C18, Dionex). Chromatography solvents were (A) 0.1% formic acid in
water and (B) 80% acetonitrile, 0.08% formic acid. Peptides were eluted from the column with a linear
gradient of 120 minutes from 5% A to 80% B followed by 27 minutes of column re-equilibration in 5% A.
Two blanks, each with two 25 min-linear gradient, were run between samples to prevent carryover.
Peptides eluting from the column were analyzed by data dependent MS/MS, using top-10 acquisition
method. Briefly, the instrument settings were as follows: resolution was set to 70,000 for MS scans and
17,500 for the data dependent MS/MS scans in order to increase speed. The MS AGC target was set to
3.106counts with 200ms for the injection time, while MS/MS AGC target was set to 1.105 with 120ms for
the injection time. The MS scan range was from 400 to 2000 m/z. Dynamic exclusion was set to 30 sec. All
analyses were performed in four biological replicates.

Total proteomics and glycoproteomics data analysis

The MS files were processed with MaxQuant software version 1.5.8.3 and searched with Andromeda
search engine against the mouse subset from the UniProtKB/Swiss-Prot complete proteome database
(release 2016_06). Statistical analysis and logo extractions were performed using Perseus version 1.5.5.3.
Different thresholds were applied to total proteomics and glycoproteomics analysis given that the
intensity of several peptides in total proteomics is used for determining protein intensity, while a single
peptide in glycoproteomics is analysed at the time. For total proteomics, only proteins detected in all 8
samples (4 controls and 4 mutants) were retained for statistical analysis, avoiding all data imputation. For
comparative glycoproteomics, we retained glycosites detected in at least 3 out of 4 control samples.
Additionally, we selected proteins that were specifically detected in control or mutant samples by
retaining proteins detected solely in at least 3 samples of one group. Both FDR and p-value (q-value <
0,05, paired student t-test) was used for total proteomics, whereas the p-value (< 0,05, unpaired student t-
test) was used for N-glycopeptides. As a database for N-glycoproteins and number of N-glycosylation sites
per protein (qualitative dataset, reference glycoproteomic dataset), the data obtained by glycoproteomics
was used: any glycopeptide detected in at least 2 control samples was considered as potentially N-
glycosylated (Table S2). Sites that were not previously described in Zielinska et al, 2010 or not predicted
by uniprot were classified as likely novel N-glycosylation sites. Volcano plots were generated using the
VolcanoShiny app (https://hardingnj.shinyapps.io/volcanoshiny/). PCA and variance analysis were done
with the Partek Genomics Suite software. For homologous IgSF-CAM proteins (CNTNs, L1CAMs and
NCAMs), HomoloGene and the study from Chen et al. 2010 were used.

Granule cells culture

Cerebellar granule cells were extracted from P7 cerebellum following the Manzini and colleagues
protocol(Lee, Greene, Mason, & Manzini, 2009). Cells were kept at 372C in 48-well plates for at least 24h.
For surface coating, 48-well plates were incubated at 42C O/N with the coating solution, followed by 3 PBS
washes, blocking for 30 min with BSA to inhibit non-specific binding (10mg/mL) and three more PBS
washes. The coatings used were: human recombinant L1CAM (10pg/mL; 777-NC, R&D), human
recombinant NrCAM (5pg/mL; 2034-NR, R&D) human recombinant CNTN2 (10pg/mL; 1714-CN-025,
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R&D), fibronectin (50pug/mL; F2006, Sigma) and Laminin D-Lysine (2pg/mL and 30pg/mL; 11243217001
and P6407, respectively, Sigma). Cell and neurite dynamics were measured every 3h by live cell imaging
(Incucyte ZOOM with Neurotracker module). As long as GCs do not arborize, the neurite branching points
parameter provided by the Incucyte software was translated as neurite number. For GCs re-aggregates,
cells were isolated and seeded for 24h in un-coated surfaces (1x10¢ cells/cm?) to promote aggregation.
The aggregates were then collected and seeded in the coated surface for 36h.

Human induced pluripotent stem cells (hiPSCs) SRD543~- generation and culture

iPSCs were derived from hPBMCs from a control male donor via Cyto-Tune Sendai virus reprogramming.
Cells were cultured at 372C on vitronectin-coated (10pg/mL; 07180, Stem Cell) dishes with mTeSR media
(Stem Cell). SRD5A3 KO hiPSCs clones were generated by CRISPR/Cas9. sgRNA (inserted into a GFP-
containing PX458 plasmid, Addgene) targeting the first exon of the gene were generated via the CRISPOR
website and validated in T293 HEK cells by Sanger sequencing combined with tides analysis (https://tide-
calculator.nki.nl/; data not shown). hiPSCs were transfected by nucleofection (Amaxa 4D, Lonza) and
transfected cells (GFP+) were isolated by FACs (BD FACSAria II SORP, BD Biosciences) to generate single-
cell-of-origin colonies. DNA was extracted from a piece of each colony by ZR-Duet DNA MiniPrep (D7003,
Zymo) and sequenced. After selection, SOX2 (1:2000; AB5603, Millipore) and OCT4 (1:100; SC5279, Santa
Cruz) immunostaining was used to confirm pluripotency. No major chromosomal abnormalities were
detected by CGH array (60K, data not shown).

hiPSCs differentiation towards late cortical progenitors (LCPs)

Differentiation of hiPSCs towards LCPs and cortical projection neurons (CPNs) was carried as described
by Benchoua and colleagues320. Briefly, iPSCs colonies were transferred to a non-coated dish with neural
induction media (N2B27 with FGF2 and double SMAD inhibition by SB431542 and LDN193189, Stem Cell)
for 6h and were afterwards transferred onto poly-ornithine and laminin coated dishes. Following neural
rosette formation (12-15 days), the cells were passaged onto a geltrex-coated (A1413301, Life Tech) flask
(LCPs P1) and were further cultured with N2B27 supplemented with FGF2, EGF and BDNF (Stem Cell).
SOX2 and Nestin (1:250; N5413, Sigma) staining confirmed LCPs multipotency. Neuroectodermal origin of
the emerging neural progenitor-like cells was assessed by HNK1/P75 FACs staining (data not shown).
LCPs were further differentiated towards CPNs by growth factor withdrawal for 15 days. Neuronal
identity was assessed with Tujl (1:2000; T2200, Sigma) staining (data not shown). WB results were
replicated with two different clones of control and SRD543 mutant hiPSCs.

Electronic microscopy experiments

P21 En1Cre; Srd5a3%"-(n=1), Atoh1Cre; Srd5a3/"/-(n=2) and control littermates (n=3) were perfused with
4% PFA / 2% glutaraldehyde. The cerebellum was kept in the same solution for at least one week. Sagittal
slices, less than 1mm thick, were post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer and then
dehydrated in ethanol. After 10 min in a 1:2 mixture of epoxy propane and epoxy resin and 10 min in
epon, samples were covered by upside down gelatin capsules filled with freshly prepared epoxy resin and
polymerized at 60°C for 24 h. After heat separation, ultrathin sections of 90nm were cut with an ultra-
microtome (Reichert ultracut S), stained with uranyl acetate and Reynold’s lead and observed with a
transmission electron microscope (JEOL 1011). Acquisition was performed with a Gatan Orius 1000 CCD
camera.

Statistics

For mouse experiments, no statistical methods were used to predetermine sample size. No animals or
samples were excluded from the analysis. All mouse experiments included at least two different litters.
For mouse behavioral analysis, one way ANOVA was used. Regular enrichment analyses were performed
by Fisher exact test (significance 0.05). For multiplicity and NxS motif correlation, the Pearson coefficient
was used. For enrichment in highly N-glycosylated proteins, two-tailed Mann-Whitney test was
performed. Statistical differences between groups were assessed by two-tailed student t-test. For all
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statistical tests, confidence intervals were set at 95%. All results are presented in mean value and

standard deviation was used to calculate the error bars.

BIBLIOGRAPHY

- w

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

Barton, R. A. & Venditti, C. Rapid evolution of the cerebellum in humans and other great apes. Curr
Biol 24, 2440-2444 (2014).

Sultan, F. & Braitenberg, V. Shapes and sizes of different mammalian cerebella. A study in
quantitative comparative neuroanatomy. J. Hirnforsch. 34, 79-92 (1993).

Cajal, R. Histologie du systéme nerveux de 'homme et des vertébrés. Tome II, (1909).

Cajal, R. Recuerdos de mi vida. Tomo 1I-, (1917).

Apps, R. & Garwicz, M. Anatomical and physiological foundations of cerebellar information
processing. Nat Rev Neurosci 6, 297-311 (2005).

Rahimi-Balaei, M. et al. Embryonic stages in cerebellar afferent development. Cerebellum & ataxias
2,7 (2015).

D’Angelo, E. & Casali, S. Seeking a unified framework for cerebellar function and dysfunction: from
circuit operations to cognition. Front Neural Circuits 6, 116 (2012).

Coco, M. & Perciavalle, V. Where did the motor function of the cerebellum come from? Cerebellum
Ataxias 2,10 (2015).

Buckley, E., Mazza, C. & McNeill, A. A systematic review of the gait characteristics associated with
Cerebellar Ataxia. Gait Posture 60, 154-163 (2018).

Holmes, G. The symptoms of acute cerebellar injuries due to gunshot injuries. Brain 40, (1917).
Manto, M., Bower, ]. M. & Gerwig, M. HHS Public Access. 11, 457-487 (2015).

Schmahmann, J. D. & Sherman, |. C. The cerebellar cognitive affective syndrome. Brain 121, 561~
579 (1998).

Yu, F,, Jiang, Q.]., Sun, X. Y. & Zhang, R. W. A new case of complete primary cerebellar agenesis:
Clinical and imaging findings in a living patient. Brain 138, e353 (2015).

Stoodley, C. ]., MacMore, J. P., Makris, N., Sherman, J. C. & Schmahmann, J. D. Location of lesion
determines motor vs. cognitive consequences in patients with cerebellar stroke. Neurolmage Clin.
12,765-775 (2016).

Koziol, L. F. et al. Consensus paper: the cerebellum’s role in movement and cognition. Cerebellum
13,151-77 (2014).

Bystron, 1., Rakic, P., Molnar, Z. & Blakemore, C. The first neurons of the human cerebral cortex.
Nat. Neurosci. 9, 880-886 (2006).

de Graaf-Peters, V. B. & Hadders-Algra, M. Ontogeny of the human central nervous system: What is
happening when? Early Hum. Dev. 82, 257-266 (2006).

Bernal, ]. Thyroid hormone receptors in brain development and function. Nat. Clin. Pract.
Endocrinol. Metab. 3, 249-259 (2007).

Friede, R. L. Dating the development of human cerebellum. Acta Neuropathol 23, 48-58 (1973).
Wallge, S., Pakkenberg, B. & Fabricius, K. Stereological estimation of total cell numbers in the
human cerebral and cerebellar cortex. Front. Hum. Neurosci. 8, 508 (2014).

Wang, S. S.-H., Kloth, A. D. & Badura, A. The cerebellum, sensitive periods, and autism. Neuron 83,
518-32 (2014).

Jaeger, B. N. & Jessberger, S. Unexpected help to repair the cerebellum. Nat. Neurosci. 20, 1319-
1321 (2017).

Chizhikov, V. & Millen, K. J. Development and malformations of the cerebellum in mice. Mol. Genet.
Metab. 80, 54-65 (2003).

Wurst, W., Auerbach, a B. & Joyner, a L. Multiple developmental defects in Engrailed-1 mutant
mice: an early mid-hindbrain deletion and patterning defects in forelimbs and sternum.
Development 120, 2065-2075 (1994).

Martinez, S., Andreu, A., Mecklenburg, N. & Echevarria, D. Cellular and molecular basis of cerebellar
development. Front. Neuroanat. 7, 1-12 (2013).

Broccoli V- Wurst W, B. E. The caudal limit of Otx2 expression positions the isthmic organizer.
Nature 401, 164-168 (1999).

Aldinger, K. A, Elsen, G. E,, Prince, V. E. & Millen, K. ]. Model organisms inform the search for the

107



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.
53.

54.

genes and developmental pathology underlying malformations of the human hindbrain. Semin
Pediatr Neurol 16, 155-163 (2009).

Chedotal, A. Should I stay or should I go? Becoming a granule cell. Trends Neurosci 33, 163-172
(2010).

Zhy, Y., Yu, T. & Rao, Y. Temporal regulation of cerebellar EGL migration through a switch in
cellular responsiveness to the meninges. Dev. Biol. 267, 153-164 (2004).

Guan, C. B, Xu, H. T, Jin, M., Yuan, X. B. & Poo, M. M. Long-range Ca2+ signaling from growth cone to
soma mediates reversal of neuronal migration induced by slit-2. Cell 129, 385-395 (2007).
Marillat, V. et al. Spatiotemporal expression patterns of slit and robo genes in the rat brain. J. Comp.
Neurol. 442, 130-155 (2002).

Espinosa, |. S. & Luo, L. Timing neurogenesis and differentiation: insights from quantitative clonal
analyses of cerebellar granule cells. J. Neurosci. 28, 2301-12 (2008).

Dahmane, N. & Ruiz, A. Sonic hedgehog and cerebellum development. Development 3100, 3089-
3100 (1999).

Rios, I, Alvarez-Rodriguez, R., Marti, E. & Pons, S. Bmp2 antagonizes sonic hedgehog-mediated
proliferation of cerebellar granule neurones through Smad5 signalling. Development 131, 3159-68
(2004).

Baeriswyl, T. & Stoeckli, E. T. Axonin-1/TAG-1 is required for pathfinding of granule cell axons in
the developing cerebellum. Neural Dev 3, 7 (2008).

Berglund EO Fredette B, Sekerkova G, Marturano B, Weber L, Mugnaini E, Ranscht B, M. K. K.
Ataxia and Abnormal Cerebellar Microorganization in Mice with Ablated Contactin Gene
Expression. Neuron 24, 739-750 (1999).

Kawaji, K., Umeshima, H., Eiraku, M., Hirano, T. & Kengaku, M. Dual phases of migration of
cerebellar granule cells guided by axonal and dendritic leading processes. Mol Cell Neurosci 25,
228-240 (2004).

Yue, Q. et al. PTEN deletion in Bergmann glia leads to premature differentiation and affects laminar
organization. Development 132, 3281-3291 (2005).

Jaarsma, D. et al. A role for Bicaudal-D2 in radial cerebellar granule cell migration. Nat Commun 5,
3411 (2014).

Nguyen, H. et al. Glial scaffold required for cerebellar granule cell migration is dependent on
dystroglycan function as a receptor for basement membrane proteins. Acta Neuropathol. Commun.
1,58 (2013).

Wuy, K. H,, Chen, C. Y. & Shen, E. Y. The cerebellar development in chinese children-a study by voxel-
based volume measurement of reconstructed 3D MRI scan. Pediatr. Res. 69, 80-83 (2011).
Barron, T., Saifetiarova, ]., Bhat, M. A. & Kim, . H. Myelination of Purkinje axons is critical for
resilient synaptic transmission in the deep cerebellar nucleus. Sci. Rep. 8, 1-12 (2018).

Boddaert, N. et al. Posterior fossa imaging in 158 children with ataxia. ] Neuroradiol 37, 220-230
(2010).

Bolduc, M. E. & Limperopoulos, C. Neurodevelopmental outcomes in children with cerebellar
malformations: a systematic review. Dev Med Child Neurol 51, 256-267 (2009).

Salman, M. S. Epidemiology of Cerebellar Diseases and Therapeutic Approaches. Cerebellum
(2017). doi:10.1007/s12311-017-0885-2

Aldinger, K. A. & Doherty, D. The genetics of cerebellar malformations. Semin. Fetal Neonatal Med.
21,321-332 (2016).

Doherty, D., Millen, K. ]. & Barkovich, A. ]. Midbrain and hindbrain malformations: Advances in
clinical diagnosis, imaging, and genetics. Lancet Neurol. 12, 381-393 (2013).

Hong, S. E. et al. Autosomal recessive lissencephaly with cerebellar hypoplasia is associated with
human RELN mutations. Nat. Genet. 26, 93-96 (2000).

Honda, T., Kobayashi, K., Mikoshiba, K. & Nakajima, K. Regulation of cortical neuron migration by
the reelin signaling pathway. Neurochem. Res. 36, 1270-1279 (2011).

Huang, M. & Verbeek, D. S. Why do so many genetic insults lead to Purkinje Cell degeneration and
spinocerebellar ataxia? Neurosci. Lett. (2018). doi:10.1016/j.neulet.2018.02.004

Lancella, L. et al. Acute cerebellitis in children: An eleven year retrospective multicentric study in
Italy. Ital. J. Pediatr. 43, 1-10 (2017).

Valk, ]. & van der Knaap, M. S. Toxic encephalopathy. AJNR Am ] Neuroradiol 13, 747-60. (1992).
Al-Maawali, A., Blaser, S. & Yoon, G. Diagnostic Approach to Childhood-Onset Cerebellar Atrophy. J.
Child Neurol. 27,1121-1132 (2012).

Megahed, H. et al. Utility of whole exome sequencing for the early diagnosis of pediatric-onset
cerebellar atrophy associated with developmental delay in an inbred population. Orphanet J. Rare

108



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Dis. 11, 57 (2016).

Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature 409, 860-921
(2001).

Alkuraya, F. S. Homozygosity mapping: One more tool in the clinical geneticist’s toolbox. Genet.
Med. 12,236-239 (2010).

Rabbani, B., Tekin, M. & Mahdieh, N. The promise of whole-exome sequencing in medical genetics.
J. Hum. Genet. 59, 5-15 (2014).

Ng, S. B. et al. Targeted capture and massively parallel sequencing of 12 human exomes. Nature
461, 272-276 (2009).

Katsonis, P. et al. Single nucleotide variations: Biological impact and theoretical interpretation.
Protein Sci. 23, 1650-1666 (2014).

Majewski, J. et al. A new ocular phenotype associated with an unexpected but known systemic
disorder and mutation: novel use of genomic diagnostics and exome sequencing. /. Med. Genet. 48,
593-596 (2011).

Kammermeier, J. et al. Targeted gene panel sequencing in children with very early onset
inflammatory bowel disease—evaluation and prospective analysis. J. Med. Genet. 51, 748-755
(2014).

Knopp, C. et al. Syndromic ciliopathies: From single gene to multi gene analysis by SNP arrays and
next generation sequencing. Mol. Cell. Probes 29, 299-307 (2015).

Rice, G. I. et al. Assessment of Type I Interferon Signaling in Pediatric Inflammatory Disease. J. Clin.
Immunol. 37, 123-132 (2017).

Lerat, |. et al. An Application of NGS for Molecular Investigations in Perrault Syndrome: Study of 14
Families and Review of the Literature. Hum. Mutat. 37, 1354-1362 (2016).

Jean Chemin, Karine Siquier-Pernet, Michaél Nicouleau, Giulia Barcia, Ali Ahmad, Daniel Medina-
Cano, Sylvain Hanein, Nami Altin, Laurence Hubert, Christine Bole-Feysot, Cécile Fourage, Patrick
Nitschké, Julien Thevenon, Marléne Rio, Pierre Blanc, Céline v, V. C. De novo mutations screening in
childhood-onset cerebellar atrophy identifies gain of function mutations in the calcium channel
CACNA1G. Brain (2018).

Carss, K. |. et al. Comprehensive Rare Variant Analysis via Whole-Genome Sequencing to
Determine the Molecular Pathology of Inherited Retinal Disease. Am. J. Hum. Genet. 100, 75-90
(2017).

Gurdon, ]. B. Multiple genetically identical frogs. J. Hered. 53,9 (1962).

Kalani, M. Y. S. & Martirosyan, N. Direct conversion of fibroblasts to functional neurons. World
Neurosurg. 77, 7-8 (2012).

Takahashi, K. et al. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined
Factors. Cell 131, 861-872 (2007).

Okita, K., Ichisaka, T. & Yamanaka, S. Generation of germline-competent induced pluripotent stem
cells. Nature 448, 313-317 (2007).

Hu, K. All Roads Lead to Induced Pluripotent Stem Cells: The Technologies of iPSC Generation.
Stem Cells Dev. 23, 1285-1300 (2014).

Ban, H. et al. Efficient generation of transgene-free human induced pluripotent stem cells (iPSCs)
by temperature-sensitive Sendai virus vectors. Proc. Natl. Acad. Sci. 108, 14234-14239 (2011).
Wernig, M. et al. In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature
448,318-324 (2007).

Liang, G. & Zhang, Y. Genetic and Epigenetic Variations in iPSCs: Potential Causes and Implications
for Application. Cell Stem Cell 13, 149-159 (2013).

Broutier, L. et al. Culture and establishment of self-renewing human and mouse adult liver and
pancreas 3D organoids and their genetic manipulation. Nat. Protoc. 11, 1724-1743 (2016).
Smukler, S. R., Runciman, S. B., Xu, S. & Van Der Kooy, D. Embryonic stem cells assume a primitive
neural stem cell fate in the absence of extrinsic influences. J. Cell Biol. 172, 79-90 (2006).
Chambers, S. M. et al. Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling. Nat. Biotechnol. 27, 275-280 (2009).

Suzuki, I. K. & Vanderhaeghen, P. Is this a brain which I see before me? Modeling human neural
development with pluripotent stem cells. Development 142, 3138-3150 (2015).

Koch, P. et al. Excitation-induced ataxin-3 aggregation in neurons from patients with Machado-
Joseph disease. Nature 0-5 (2011). doi:10.1038/nature10671

Xu, X. & Zhong, Z. Disease modeling and drug screening for neurological diseases using human
induced pluripotent stem cells. Acta Pharmacol. Sin. 34, 755-764 (2013).

Gaj, T. ZFN, TALEN and CRISPR/Cas based methods for genome engineering. 2013 31, 397-405

109



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

(2014).

Joung, J. et al. Genome-scale CRISPR-Cas9 knockout and transcriptional activation screening. Nat.
Protoc. 12, 828-863 (2017).

Mojica, F. ]. M., Diez-Villasefior, C., Soria, E. & Juez, G. Biological significance of a family of regularly
spaced repeats in the genomes of Archaea, Bacteria and mitochondria. Mol. Microbiol. 36, 244-246
(2000).

Mojica, F. ]. M., Diez-Villasefior, C., Garcia-Martinez, ]. & Soria, E. Intervening sequences of regularly
spaced prokaryotic repeats derive from foreign genetic elements. J. Mol. Evol. 60, 174-182 (2005).
Makarova, K. S. et al. Evolution and classification of the CRISPR-Cas systems. Nat. Rev. Microbiol. 9,
467-477 (2011).

Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281-2308
(2013).

Duan, J. et al. Genome-wide identification of CRISPR/Cas9 off-targets in human genome. Cell Res.
24,1009-1012 (2014).

Hess, G. T., Tycko, ], Yao, D. & Bassik, M. C. Methods and Applications of CRISPR-Mediated Base
Editing in Eukaryotic Genomes. Mol. Cell 68, 26-43 (2017).

Mann, M. Resource Precision Mapping of an In Vivo N-Glycoproteome Reveals Rigid Topological
and Sequence Constraints. Cell 141, 897-907 (2010).

Apweiler, R.,, Hermjakob, H. & Sharon, N. On the frequency of protein glycosylation, as deduced
from analysis of the SWISS-PROT database. Biochim. Biophys. Acta - Gen. Subj. 1473, 4-8 (1999).
Khoury, G. A, Baliban, R. C. & Floudas, C. A. Proteome-wide post-translational modification
statistics: Frequency analysis and curation of the swiss-prot database. Sci. Rep. 1, 1-5 (2014).
Gahmberg, C. G. & Tolvanen, M. Why mammalian cell surface proteins are glycoproteins. Trends
Biochem. Sci. 21, 308-311 (1996).

Nettleship, ]. E. et al. Analysis of variable N-glycosylation site occupancy in glycoproteins by liquid
chromatography electrospray ionization mass spectrometry. Anal. Biochem. 361, 149-151 (2007).
Varki, A. & Kornfeld, S. Historical Background and Overview. Essentials of Glycobiology (2015).
Oriol, R., Martinez-Duncker, 1., Chantret, I, Mollicone, R. & Codogno, P. Common origin and
evolution of glycosyltransferases using Dol-P-monosaccharides as donor substrate. Mol. Biol. Evol.
19, 1451-63 (2002).

Aebi, M. N-linked protein glycosylation in the ER. Biochim. Biophys. Acta - Mol. Cell Res. 1833,
2430-2437 (2013).

Shrimal, S., Cherepanova, N. A. & Gilmore, R. Cotranslational and posttranslocational N-
glycosylation of proteins in the endoplasmic reticulum. Semin. Cell Dev. Biol. 41, 71-78 (2015).
Hebert, D. N., Garman, S. C. & Molinari, M. The glycan code of the endoplasmic reticulum:
Asparagine-linked carbohydrates as protein maturation and quality-control tags. Trends Cell Biol.
15, 364-370 (2005).

E. J.in Glycosylation (InTech, 2012). doi:10.5772/48154

Varki, A., Cummings RD., E. ]. N-Glycans. Essentials of Glycobiology. (2015).

Péanne, R. et al. Congenital disorders of glycosylation (CDG): Quo vadis? Eur. . Med. Genet. (2017).
doi:10.1016/j.ejmg.2017.10.012

Sparks, S. E. & Krasnewich, D. M. Congenital Disorders of N-Linked Glycosylation and Multiple
Pathway Overview. GeneReviews(®) (2005).

Freeze, H. H,, Chong, ]J. X,, Bamshad, M. ]. & Ng, B. G. Solving glycosylation disorders: Fundamental
approaches reveal complicated pathways. Am. J. Hum. Genet. 94, 161-175 (2014).

Jaeken, ]. et al. Sialic acid-deficient serum and cerebrospinal fluid transferrin in a newly recognized
genetic syndrome. Clin. Chim. Acta. 144, 245-7 (1984).

Denecke, |. Bliomarkers and diagnosis of congenital disorders of glycosylation. Expert Opin. Med.
Diagn. 3,395-409 (2009).

Supraha Goreta, S., Dabelic, S. & Dumic, ]. Insights into complexity of congenital disorders of
glycosylation. Biochem. Medica 22, 156-70 (2012).

Morava, E., Guillard, M., Lefeber, D. ]. & Wevers, R. A. Autosomal recessive cutis laxa syndrome
revisited. Eur ] Hum Genet 17, 1099-1110 (2009).

Vermeer, S. et al. Cerebellar ataxia and congenital disorder of glycosylation Ia (CDG-1a) with
normal routine CDG screening. J. Neurol. 254, 1356-1358 (2007).

Pérez-Cerda, C. et al. A Population-Based Study on Congenital Disorders of Protein N- and
Combined with O-Glycosylation Experience in Clinical and Genetic Diagnosis. | Pediatr 183, 170-7
(2016).

Scott, K., Gadomski, T., Kozicz, T. & Morava, E. Congenital disorders of glycosylation: New defects

110



111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

and still counting. J. Inherit. Metab. Dis. 37, 609-617 (2014).

Monticelli, M., Ferro, T., Jaeken, |., dos Reis Ferreira, V. & Videira, P. A. Immunological aspects of
congenital disorders of glycosylation (CDG): a review. J. Inherit. Metab. Dis. 39, 765-780 (2016).
Blank, C. et al. Recurrent infections and immunological dysfunction in congenital disorder of
glycosylation Ia (CDG Ia). J. Inherit. Metab. Dis. 29, 592 (2006).

Helander, A. et al. Dolichol kinase deficiency (DOLK-CDG) with a purely neurological presentation
caused by a novel mutation. Mol. Genet. Metab. 110, 342-344 (2013).

Molinari, F. et al. Oligosaccharyltransferase-Subunit Mutations in Nonsyndromic Mental
Retardation. Am. J. Hum. Genet. 82, 1150-1157 (2008).

Jaeken, J.in 1737-1743 (2013). d0i:10.1016/B978-0-444-59565-2.00044-7

Freeze, H. H,, Eklund, E. A,, Ng, B. G. & Patterson, M. C. Neurology of inherited glycosylation
disorders. Lancet Neurol. 11, 453-466 (2012).

Wolfe, L. A. & Krasnewich, D. Congenital disorders of glycosylation and intellectual disability. Dev.
Disabil. Res. Rev. 17,211-225 (2013).

Kjaergaard, S. Congenital disorders of glycosylation type Ia and Ib. Genetic, biochemical and
clinical studies. Dan. Med. Bull. 51, 350-63 (2004).

Barone, R, Fiumara, A. & Jaeken, ]. Congenital disorders of glycosylation with emphasis on
cerebellar involvement. Semin. Neurol. 34,357-66 (2014).

Serrano, M. et al. Phosphomannomutase deficiency (PMM2-CDG): ataxia and cerebellar
assessment. Orphanet J. Rare Dis. 10, 138 (2015).

Peters, V. et al. Congenital disorder of glycosylation IId (CDG-11d) -- a new entity: clinical
presentation with Dandy-Walker malformation and myopathy. Neuropediatrics 33, 27-32 (2002).
de Diego, V. et al. Erratum to: Longitudinal volumetric and 2D assessment of cerebellar atrophy in
a large cohort of children with phosphomannomutase deficiency (PMM2-CDG) (] Inherit Metab
Dis, 10.1007/s10545-017-0028-4). J. Inherit. Metab. Dis. 40, 753-754 (2017).

Aronica, E. et al. Congenital disorder of glycosylation type Ia: A clinicopathological report of a
newborn infant with cerebellar pathology. Acta Neuropathol 109, 433-442 (2005).

Serrano, N. L. et al. A quantitative assessment of the evolution of cerebellar syndrome in children
with phosphomannomutase-deficiency (PMM2-CDG). Orphanet J. Rare Dis. 12, 155 (2017).
Helenius, A. Intracellular Functions of N-Linked Glycans. Science (80-. ). 291, 2364-2369 (2001).
Xu, C. & Ng, D. T. W. Glycosylation-directed quality control of protein folding. Nat. Rev. Mol. Cell
Biol. 16, 742-752 (2015).

Roth, ]. & Zuber, C. Quality control of glycoprotein folding and ERAD : the role of N -glycan handling
, EDEM1 and 0S-9. Histochem. Cell Biol. 147, 269-284 (2017).

Baldridge, R. D. & Rapoport, T. A. Autoubiquitination of the Hrd1 Ligase Triggers Protein
Retrotranslocation in ERAD. Cell 166, 394-407 (2016).

Pincus, D., Chevalier, M. W., El-samad, H. & Walter, P. BiP Binding to the ER-Stress Sensor Irel
Tunes the Homeostatic Behavior of the Unfolded Protein Response. 8, (2010).

Bravo, R. et al. Endoplasmic Reticulum and the Unfolded Protein Response: Dynamics and Metabolic
Integration. (2013). d0i:10.1016/B978-0-12-407704-1.00005-1.Endoplasmic

Sano, R. & Reed, J. C. ER stress-induced cell death mechanisms &. BBAMCR 1833, 3460-3470
(2013).

Li, H., Korennykh, A. V, Behrman, S. L. & Walter, P. Mammalian endoplasmic reticulum stress
sensor IRE1 signals by dynamic clustering. 2010, (2010).

Karpa, K. D. et al. N -linked Glycosylation Is Required for Plasma Membrane Localization of D5, but
Not D1, Dopamine Receptors in Transfected Mammalian Cells. 1078, 1071-1078 (1999).

Fan, H.,, Meng, W., Kilian, C., Grams, S. & Reutter, W. Domain-specific N-glycosylation of the
membrane glycoprotein dipeptidylpeptidase IV ( CD26 ) influences its subcellular trafficking,
biological stability , enzyme activity and protein folding. 251, 243-251 (1997).

Vagin, 0., Kraut, . A. & Sachs, G. Role of N-glycosylation in trafficking of apical membrane proteins
in epithelia. 90073, 459-469 (2018).

Marada, S. et al. Functional Divergence in the Role of N-Linked Glycosylation in Smoothened
Signaling. 1-27 (2015). do0i:10.1371 /journal.pgen.1005473

D. Zielinska, F. Gnad, ]. Wisniewski, and M. M. Resource Precision Mapping of an In Vivo N-
Glycoproteome Reveals Rigid Topological and Sequence Constraints. Cell 141, 897-907 (2010).
Scott, H. & Panin, V. M. N-glycosylation in Regulation of the Nervous System. 367-394 (2015).
doi:10.1007/978-1-4939-1154-7

Hanus, C. et al. Unconventional secretory processing diversifies neuronal ion channel properties.
1-27 (2016). doi:10.7554 /eLife.20609

111



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

Isope, P. & Barbour, B. Properties of Unitary Granule Cell 3 Purkinje Cell Synapses in Adult Rat
Cerebellar Slices. 22, 9668-9678 (2002).

Traynelis, S. F. et al. Glutamate Receptor lon Channels : Structure , Regulation , and Function.
(2014).doi:10.1124/pr.109.002451.405

Surface, C. HNK-1 Glyco-epitope Regulates the Stability of the Glutamate Receptor Subunit GluR2
on the Neuronal. 284, 30209-30217 (2009).

Ramanathan, V. K. & Hall, Z. W. Altered Glycosylation Sites of the delta Subunit of the Acetylcholine
Receptor ( AChR ) Reduce alphadelta Association and Receptor Assembly *. 274, 20513-20520
(1999).

Buck, C. A, Click, C. & Warren, L. A Comparative Study of Glycoproteins from the Surface of Control
and Rous Sarcoma Virus Transformed Hamster Cells. 9, 4567-4576 (1970).

L. WARREN, J. P. F. A. C. A. B. Surface Glycoproteins of Normal and Transformed Cells: A Difference
Determined by Sialic Acid and a Growth-Dependent Sialyl Transferase. 516, 97-127 (1978).
Agrawal, P. et al. A Systems Biology Approach Identifies FUT8 as a Driver of Melanoma Metastasis.
Cancer Cell 31, 804-819.e7 (2017).

A. Magalhaes, H. D. and C. R. Aberrant Glycosylation in Cancer : A Novel Molecular Mechanism.
733-735(2017).doi:10.1016/j.ccell.2017.05.012

Stevens, ]. & Spang, A. Attenuation of N-glycosylation causes polarity and adhesion defects in the C
. elegans embryo. 1, 1224-1231 (2017).

Hirai-fujita, Y., Yamamoto-hino, M., Kanie, O. & Goto, S. N -Glycosylation of the Drosophila neural
protein Chaoptin is essential for its stability, cell surface transport and adhesive activity. 582,
2572-2576 (2008).

Vogel, C. & Chothia, C. Protein Family Expansions and Biological Complexity. 2, (2006).

DF. Zielinska, F. Gnad, K. Schropp, JR. Wisniewski, M. M. Mapping N-Glycosylation Sites across
Seven Evolutionarily Distant Species Reveals a Divergent Substrate Proteome Despite a Common
Core Machinery. (2012). doi:10.1016/j.molcel.2012.04.031

Gulisano, W., Bizzoca, A., Gennarini, G., Palmeri, A. & Puzzo, D. Molecular and Cellular Neuroscience
Role of the adhesion molecule F3 / Contactin in synaptic plasticity and memory. Mol. Cell. Neurosci.
81, 64-71 (2017).

Seong, E. et al. Cadherins and catenins in dendrite and synapse morphogenesis Cadherins and
catenins in dendrite and synapse morphogenesis. 6918, (2015).

Jamal, B. T. N-glycosylation status of E-cadherin controls cytoskeletal dynamics through the
organization of distinct $-catenin- and y-catenin-containing AJs . (2009).

Tharmalingam, S. & Hampson, D. R. The calcium-sensing receptor and integrins in cellular
differentiation and migration. Front. Physiol. 7, 1-18 (2016).

Loss, C., Fibronectin, O. F. & Actmty, B. Functional Role of N-Glycosylation in a 5 p 1 Integrin
Receptor. (1994).

Janik, M. E,, Lity, A. & Vereecken, P. Biochimica et Biophysica Acta Cell migration — The role of
integrin glycosylation. 1800, 545-555 (2010).

Cai, X, Thinn, A. M. M., Wang, Z., Shan, H. & Zhu, ]. The importance of N-glycosylation on 3integrin
ligand binding and conformational regulation. Sci. Rep. 7, 1-14 (2017).

Pocheg¢, E. et al. Aberrant glycosylation of av33 integrin is associated with melanoma progression.
Anticancer Res. 35,2093-103 (2015).

Williams, A. F. A year in the life of the immunoglobulin superfamily. 8, (1987).

DM. Halaby, J. M. The Immunoglobulin Superfamily : An Insight on Its Tissular, Species, and
Functional Diversity. 389-400 (1998).

Fitzli, D. et al. A Direct Interaction of Axonin-1 with NgCAM-related Cell Adhesion Molecule (
NrCAM ) Results in Guidance , but not Growth of Commissural Axons. 149, 951-968 (2000).

Wei, C. H. & Ryu, S. E. Homophilic interaction of the L1 family of cell adhesion molecules. 44, 413-
423 (2012).

Jiang, N., Chen, W., Jothikumar, P., Patel, ]. M. & Lippincott-schwartz, |. Effects of anchor structure
and glycosylation of Fc y receptor 11l on ligand binding affinity. 27, (2016).

Leshchyns, I. & Sytnyk, V. Reciprocal Interactions between Cell Adhesion Molecules of the
Immunoglobulin Superfamily and the Cytoskeleton in Neurons. 4, 1-10 (2016).

Yoshihara, Y., Oka, S., Ikeda, ]. & Mori, K. Immunoglobulin superfamily molecules in the nervous
system. 10, 83-105 (1991).

Landmesser, L; Dahm, L; Schultz, K. R. U. Distinct Roles for Adhesion Molecules during Innervation
of Embryonic Chick Muscle. 670, 645-670 (1988).

Mu, M,, Oltmann-norden, I, Weinhold, B. & Hildebrandt, H. Brain development needs sugar : the

112



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

role of polysialic acid in controlling NCAM functions. 390, 567-574 (2009).

Stoeckli, E. T. Neural circuit formation in the cerebellum is controlled by cell adhesion molecules of
the Contactin family. Cell Adhes. Migr. 4, 523-526 (2010).

Sakurai, T. et al. Overlapping functions of the cell adhesion molecules Nr-CAM and L1 in cerebellar
granule cell development. 154, 1259-1273 (2001).

Fransen, E. et al. L1 knockout mice show dilated ventricles, vermis hypoplasia and impaired
exploration patterns. 7, 999-1009 (1998).

Fogel, A. L. et al. N-Glycosylation at the SynCAM (Synaptic Cell Adhesion Molecule) Immunoglobulin
Interface Modulates Synaptic Adhesion. 285, 34864-34874 (2010).

Lonlay, P. De. The clinical spectrum of phosphomannose isomerase de fi ciency , with an evaluation
of mannose treatment for CDG-Ib. BBA - Mol. Basis Dis. 1792, 841-843 (2009).

Thiel, C. & Koérner, C. Mouse models for congenital disorders of glycosylation. 879-889 (2011).
doi:10.1007/s10545-011-9295-7

Cantagrel, V. et al. SRD5A3 Is Required for Converting Polyprenol to Dolichol and Is Mutated in a
Congenital Glycosylation Disorder. 203-217 (2010). doi:10.1016/j.cell.2010.06.001

Schaftingen, E. Van & Jaeken, ]. Phosphomannomutase deficiency is a cause of carbohydrate-
deficient glycoprotein syndrome type 1. 377, 318-320 (1995).

Cline, A. et al. A zebrafish model of PMM2-CDG reveals altered neurogenesis and a substrate-
accumulation mechanism for N-linked glycosylation deficiency. Mol. Biol. Cell 23,4175-87 (2012).
Himmelreich, N., Kaufmann, L. T., Steinbeisser, H., Korner, C. & Thiel, C. Lack of
phosphomannomutase 2 affects Xenopus laevis morphogenesis and the non-canonical Wnt5a /
Ror2 signalling. (2015). doi:10.1007/s10545-015-9874-0

Parkinson, W. M., Dookwah, M., Dear, M. L., Gatto, C. L. & Aoki, K. Synaptic roles for
phosphomannomutase type 2 in a new Drosophila congenital disorder of glycosylation disease
model. 513-527 (2016). doi:10.1242/dmm.022939

Matthijs, G. et al. Mutations in PMM2 That Cause Congenital Disorders of Glycosylation, Type Ia (
CDG-la). 394, 386-394 (2000).

Schneider, A. et al. Successful prenatal mannose treatment for congenital disorder of glycosylation-
la in mice. 18,2011-2013 (2012).

Griinewald, S. The clinical spectrum of phosphomannomutase 2 deficiency ( CDG-Ia ). 1792, 827-
834 (2009).

Chan, B. et al. A mouse model of a human congenital disorder of glycosylation caused by loss of
PMM2. Hum. Mol. Genet. 25,2182-2193 (2016).

Thiesler, C. T. et al. Glycomic Characterization of Induced Pluripotent Stem Cells Derived from a
Patient Suffering from Phosphomannomutase 2 Congenital Disorder of Glycosylation. 1435-1452
(2016). doi:10.1074/mcp.M115.054122

Morava, E. et al. A novel cerebello-ocular syndrome with abnormal glycosylation due to
abnormalities in dolichol metabolism. 3210-3220 (2010). doi:10.1093 /brain/awq261

Kara, B, Ayhan, 0., Gékcay, G. & Ba, N. Adult phenotype and further phenotypic variability in
SRD5A3-CDG. (2014).

Taylor, R. L. et al. Association of steroid 5a-reductase type 3 congenital disorder of glycosylation
with early-onset retinal dystrophy. JAMA Ophthalmol. 135, 339-347 (2017).

Buczkowska, A., Swiezewska, E. & Lefeber, D. ]. Genetic defects in dolichol metabolism. 157-169
(2015). doi:10.1007 /s10545-014-9760-1

McVicker, D. P. et al. Transport of a kinesin-cargo pair along microtubules into dendritic spines
undergoing synaptic plasticity. Nat. Commun. 7, 1-13 (2016).

Lee, J. R. et al. De novo mutations in the motor domain of KIF1A cause cognitive impairment,
spastic paraparesis, axonal neuropathy, and cerebellar atrophy. Hum. Mutat. 36, 69-78 (2015).
Coutelier, M. et al. A recurrent mutation in CACNA1G alters Cav3.1 T-type calcium-channel
conduction and causes autosomal-dominant cerebellar ataxia. Am. J. Hum. Genet. 97, 726-737
(2015).

Dreyfus, F. M. et al. Selective T-Type Calcium Channel Block in Thalamic Neurons Reveals Channel
Redundancy and Physiological Impact of ITwindow. J. Neurosci. 30, 99-109 (2010).

Ly, R. et al. T-type channel blockade impairs long-term potentiation at the parallel fiber-Purkinje
cell synapse and cerebellar learning. Proc. Natl. Acad. Sci. 110, 20302-20307 (2013).

Irvine, R. F. & Schell, M. ]. Back in the Water: the Return of the Inositol Phosphates. J. Palliat. Med. 2,
971-972 (2011).

York, J. D. Regulation of nuclear processes by inositol polyphosphates. Biochim. Biophys. Acta - Mol.
Cell Biol. Lipids 1761, 552-559 (2006).

113



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Fu, C. et al. Inositol Hexakisphosphate Kinase-3 Regulates the Morphology and Synapse Formation
of Cerebellar Purkinje Cells via Spectrin/Adducin. J Neurosci 35, 11056-67 (2015).

Dentici, M. L. et al. Identification of novel and hotspot mutations in the channel domain of ITPR1 in
two patients with Gillespie syndrome. Gene 628, 141-145 (2017).

Yang, A. W., Sachs, A. ]. & Nystuen, A. M. Deletion of Inpp5a causes ataxia and cerebellar
degeneration in mice. Neurogenetics 16, 277-285 (2015).

Sgaier, S. K. et al. Genetic subdivision of the tectum and cerebellum into functionally related
regions based on differential sensitivity to engrailed proteins. Development 134, 2325-2335
(2007).

Cao, J., Guo, S., Araj, K,, Lo, E. H. & Ning, M. Studying extracellular signaling utilizing a
glycoproteomic approach: lectin blot surveys, a first and important step. Methods Mol. Biol. 1013,
227-33(2013).

Rujano, M. A. et al. Mutations in the X-linked ATP6AP2 cause a glycosylation disorder with
autophagic defects. J. Exp. Med. 214,3707-3729 (2017).

Kretzer, N. M. et al. RAB43 facilitates cross-presentation of cell-associated antigens by CD8a+
dendritic cells. J. Exp. Med. 213, 2871-2883 (2016).

Matei, V. et al. Smaller inner ear sensory epithelia in Neurog 1 null mice are related to earlier hair
cell cycle exit. Dev. Dyn. 234, 633-50 (2005).

Zielinska, D. F., Gnad, F., Wisniewski, J. R. & Mann, M. Precision mapping of an in vivo N-
glycoproteome reveals rigid topological and sequence constraints. Cell 141, 897-907 (2010).
Hiilsmeier, A. ]., Paesold-Burda, P. & Hennet, T. N-Glycosylation Site Occupancy in Serum
Glycoproteins Using Multiple Reaction Monitoring Liquid Chromatography-Mass Spectrometry.
Mol. Cell. Proteomics 6,2132-2138 (2007).

Thomas, S. N. et al. Multiplexed Targeted Mass Spectrometry-Based Assays for the Quantification
of N-Linked Glycosite-Containing Peptides in Serum. Anal. Chem. 87, 10830-8 (2015).

Lipecka, ]. et al. Sensitivity of mass spectrometry analysis depends on the shape of the filtration
unit used for filter aided sample preparation (FASP). Proteomics 16, 1852-7 (2016).

Wis$niewski, J. R, Zougman, A., Nagaraj, N. & Mann, M. Universal sample preparation method for
proteome analysis. Nat. Methods 6, 359-62 (2009).

Fujimori, T. et al. Endoplasmic reticulum proteins SDF2 and SDF2L1 act as components of the BiP
chaperone cycle to prevent protein aggregation. Genes to Cells 22, 684-698 (2017).

Zhao, L., Rosales, C., Seburn, K., Ron, D. & Ackerman, S. L. Alteration of the unfolded protein
response modifies neurodegeneration in a mouse model of Marinesco-Sjogren syndrome. Hum.
Mol. Genet. 19, 25-35 (2009).

Ron, D. & Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response.
Nat. Rev. Mol. Cell Biol. 8, 519-29 (2007).

Murray, A. N. et al. Enhanced Aromatic Sequons Increase Oligosaccharyltransferase Glycosylation
Efficiency and Glycan Homogeneity. Chem. Biol. 22, 1052-62 (2015).

Gavel, Y. & von Heijne, G. Sequence differences between glycosylated and non-glycosylated Asn-X-
Thr/Ser acceptor sites: implications for protein engineering. Protein Eng. 3, 433-42 (1990).
Maness, P. F. & Schachner, M. Neural recognition molecules of the immunoglobulin superfamily:
signaling transducers of axon guidance and neuronal migration. Nat. Neurosci. 10, 19-26 (2007).
Stoeckli, E. T. Neural circuit formation in the cerebellum is controlled by cell adhesion molecules of
the Contactin family. Cell Adh. Migr. 4, 523-6

Pollerberg, G. E., Thelen, K., Theiss, M. 0. & Hochlehnert, B. C. The role of cell adhesion molecules
for navigating axons: density matters. Mech. Dev. 130, 359-72

Lutz, D. et al. Myelin basic protein cleaves cell adhesion molecule L1 and promotes neuritogenesis
and cell survival. J. Biol. Chem. 289, 13503-18 (2014).

Tan, K. P. et al. Fucosylation of LAMP-1 and LAMP-2 by FUT1 correlates with lysosomal positioning
and autophagic flux of breast cancer cells. Cell Death Dis. 7, e2347 (2016).

Hockemeyer, D. & Jaenisch, R. Cell Stem Cell Induced Pluripotent Stem Cells Meet Genome Editing.
Cell Stem Cell 18, 573-586 (2016).

Moulding, H. D., Martuza, R. L. & Rabkin, S. D. Clinical mutations in the L1 neural cell adhesion
molecule affect cell-surface expression. J. Neurosci. 20, 5696-702 (2000).

Hortsch, M. Structural and functional evolution of the L1 family: are four adhesion molecules
better than one? Mol. Cell. Neurosci. 15, 1-10 (2000).

Wei, C. H. & Ryu, S. E. Homophilic interaction of the L1 family of cell adhesion molecules. Exp. Mol.
Med. 44, 413-23 (2012).

Horstkorte, R., Schachner, M., Magyar, ]. P, Vorherr, T. & Schmitz, B. The fourth immunoglobulin-

114



224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

like domain of NCAM contains a carbohydrate recognition domain for oligomannosidic glycans
implicated in association with L1 and neurite outgrowth. J. Cell Biol. 121, 1409-21 (1993).
Dequidt, C. et al. Fast turnover of L1 adhesions in neuronal growth cones involving both surface
diffusion and exo/endocytosis of L1 molecules. Mol. Biol. Cell 18, 3131-43 (2007).

Haeuptle, M. A. et al. Improvement of dolichol-linked oligosaccharide biosynthesis by the squalene
synthase inhibitor zaragozic acid. J. Biol. Chem. 286, 6085-6091 (2011).

Forbes, K. et al. Statins inhibit insulin-like growth factor action in first trimester placenta by
altering insulin-like growth factor 1 receptor glycosylation. Mol. Hum. Reprod. 21, 105-14 (2015).
Cantagrel, V. et al. SRD5A3 Is Required for Converting Polyprenol to Dolichol and Is Mutated in a
Congenital Glycosylation Disorder. Cell 142, 203-217 (2010).

Sorrentino, G. et al. Metabolic control of YAP and TAZ by the mevalonate pathway. Nat. Cell Biol.
16,357-366 (2014).

Hilaire, N., Salvayre, R., Thiers, ]. C., Bonnafe, M. ]. & Negre-Salvayre, A. The turnover of cytoplasmic
triacylglycerols in human fibroblasts involves two separate acyl chain length-dependent
degradation pathways. J. Biol. Chem. 270, 27027-27034 (1995).

Pérez-Duefias, B. et al. Long-term evolution of eight Spanish patients with CDG type la: typical and
atypical manifestations. Eur. J. Paediatr. Neurol. 13, 444-51 (2009).

Linssen, M., Mohamed, M., Wevers, R. A,, Lefeber, D. ]. & Morava, E. Thrombotic complications in
patients with PMM2-CDG. Mol. Genet. Metab. 109, 107-11 (2013).

Coutelier, M. et al. Efficacy of Exome-Targeted Capture Sequencing to Detect Mutations in Known
Cerebellar Ataxia Genes. JAMA Neurol. 1-9 (2018). d0i:10.1001/jamaneurol.2017.5121

Boddaert, N. et al. Posterior fossa imaging in 158 children with ataxia. J. Neuroradiol. 37, 220-230
(2010).

Botstein, D. & Risch, N. Discovering genotypes underlying human phenotypes: Past successes for
mendelian disease, future approaches for complex disease. Nat. Genet. 33, 228-237 (2003).
Boycott, K. M. et al. International Cooperation to Enable the Diagnosis of All Rare Genetic Diseases.
Am. J. Hum. Genet. 100, 695-705 (2017).

Dunn, P. et al. Next Generation Sequencing Methods for Diagnosis of Epilepsy Syndromes. Front.
Genet. 9,1-11 (2018).

Cummings, B. B. et al. Improving genetic diagnosis in Mendelian disease with transcriptome
sequencing. bioRxiv 5209, 74153 (2017).

DeRossi, C. et al. Ablation of mouse phosphomannose isomerase (Mpi) causes mannose 6-
phosphate accumulation, toxicity, and embryonic lethality. J. Biol. Chem. 281, 5916-5927 (2006).
Thiel, C., Lubke, T., Matthijs, G., von Figura, K. & Korner, C. Targeted Disruption of the Mouse
Phosphomannomutase 2 Gene Causes Early Embryonic Lethality. Mol Cell. Biol. 26, 5615-5620
(2006).

Chan, B. et al. A mouse model of a human congenital disorder of glycosylation caused by loss of
PMM2. Hum. Mol. Genet. 25,2182-2193 (2016).

Sharma, V. et al. Mannose supplements induce embryonic lethality and blindness in
phosphomannose isomerase hypomorphic mice. FASEB J. 28, 1854-1869 (2014).

Butts, T., Green, M. ]. & Wingate, R.]. T. Development of the cerebellum: simple steps to make a
‘little brain’. Development 141, 4031-4041 (2014).

Jozwiak, A. et al. POLYPRENOL REDUCTASE2 Deficiency Is Lethal in Arabidopsis Due to Male
Sterility. Plant Cell 27, 3336-3353 (2015).

Mohamed, M. et al. Normal glycosylation screening does not rule out SRD5A3-CDG. Eur. J. Hum.
Genet. 19,1019 (2011).

Galleguillos, S. N. et al. What can mathematical modelling say about CHO metabolism and protein
glycosylation? Comput. Struct. Biotechnol. J. 15, 212-221 (2017).

Castillo-Acosta, V. iM, Ruiz-Pérez, L. M., Van Damme, E. J. M., Balzarini, ]. & Gonzalez-Pacanowska,
D. Exposure of Trypanosoma brucei to an N-acetylglucosamine-Binding Lectin Induces VSG
Switching and Glycosylation Defects Resulting in Reduced Infectivity. PLoS Negl. Trop. Dis. 9, 1-21
(2015).

Rujano, M. A. et al. Mutations in the X-linked ATP6APZ2 cause a glycosylation disorder with
autophagic defects. J. Exp. Med. 214,3707-3729 (2017).

Park, E. ]. et al. Mutation of Nogo-B receptor, a subunit of cis-prenyltransferase, causes a congenital
disorder of glycosylation. Cell Metab. 20, 448-457 (2014).

He, P, Ng, B. G., Losfeld, M. E., Zhu, W. & Freeze, H. H. Identification of intercellular cell adhesion
molecule 1 (ICAM-1) as a hypoglycosylation marker in congenital disorders of glycosylation cells. J.
Biol. Chem. 287, 18210-18217 (2012).

115



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Wu, H. et al. Caveolin-1 Is Critical for Lymphocyte Trafficking into Central Nervous System during
Experimental Autoimmune Encephalomyelitis. J. Neurosci. 36, 5193-5199 (2016).

Zhou, Y. et al. Inhibition of fucosylation by 2-fluorofucose suppresses human liver cancer HepG2
cell proliferation and migration as well as tumor formation. Sci. Rep. 7, 1-12 (2017).

Fukuda, T. et al. 1,6-fucosyltransferase-deficient mice exhibit multiple behavioral abnormalities
associated with a schizophrenia-like phenotype: Importance of the balance between the dopamine
and serotonin systems. J. Biol. Chem. 286, 18434-18443 (2011).

Kerjan, G. et al. The transmembrane semaphorin Sema6A controls cerebellar granule cell
migration. Nat. Neurosci. 8, 1516-1524 (2005).

Driver, A., Shumrick, C. & Stottmann, R. Ttc21b Is Required in Bergmann Glia for Proper Granule
Cell Radial Migration. J. Dev. Biol. 5, 18 (2017).

Oliver, T. G. Loss of patched and disruption of granule cell development in a pre-neoplastic stage of
medulloblastoma. Development 132, 2425-2439 (2005).

Xenaki, D. et al. F3 /contactin and TAG1 play antagonistic roles in the regulation of sonic hedgehog-
induced cerebellar granule neuron progenitor proliferation. Development 138, 519-529 (2011).
Lorenz, A. et al. Severe Alterations of Cerebellar Cortical Development after Constitutive Activation
of Wnt Signaling in Granule Neuron Precursors. Mol. Cell. Biol. 31, 3326-3338 (2011).

McNeill, E. M. et al. Nav2 hypomorphic mutant mice are ataxic and exhibit abnormalities in
cerebellar development. Dev. Biol. 353, 331-343 (2011).

Men, Y. et al. LKB1 Regulates Cerebellar Development by Controlling Sonic Hedgehog-mediated
Granule Cell Precursor Proliferation and Granule Cell Migration. Sci. Rep. 5, 1-16 (2015).

Takano, T., Akahori, S., Takeuchi, Y. & Ohno, M. Neuronal apoptosis and gray matter heterotopia in
microcephaly produced by cytosine arabinoside in mice. Brain Res. 1089, 55-66 (2006).

Donkol, R. H. Assessment of gray matter heterotopia by magnetic resonance imaging. World J.
Radiol. 4,90 (2012).

Monin, M.-L. et al. 29 French adult patients with PMM2-congenital disorder of glycosylation:
outcome of the classical pediatric phenotype and depiction of a late-onset phenotype. Orphanet .
Rare Dis. 9,207 (2014).

Sun, L. et al. Insufficient ER-stress response causes selective mouse cerebellar granule cell
degeneration resembling that seen in congenital disorders of glycosylation. Mol. Brain 6, 2-9
(2013).

Wang, H. et al. Tunicamycin-induced unfolded protein response in the developing mouse brain.
Toxicol. Appl. Pharmacol. 283, 157-167 (2015).

Govek, E.-E. et al. Cdc42 Regulates Neuronal Polarity during Cerebellar Axon Formation and Glial-
Guided Migration. iScience 1, 35-48 (2018).

Rosenwald, a G. & Krag, S. S. Lec9 CHO glycosylation mutants are defective in the synthesis of
dolichol. J. Lipid Res. 31, 523-33 (1990).

He, P., Srikrishna, G. & Freeze, H. H. N-glycosylation deficiency reduces ICAM-1 induction and
impairs inflammatory response. Glycobiology 24, 392-398 (2014).

Blank, C. et al. Recurrent infections and immunological dysfunction in congenital disorder of
glycosylation Ia (CDG Ia). J. Inherit. Metab. Dis. 29, 592-592 (2006).

SHINJO, S., MIZOTANI, Y., TASHIRO, E. & IMOTO, M. Comparative Analysis of the Expression
Patterns of UPR-Target Genes Caused by UPR-Inducing Compounds. Biosci. Biotechnol. Biochem.
77,729-735 (2013).

Shang, ]., Kérner, C., Freeze, H. & Lehrman, M. A. Extension of lipid-linked oligosaccharides is a
high-priority aspect of the unfolded protein response: Endoplasmic reticulum stress in Type I
congenital disorder of glycosylation fibroblasts. Glycobiology 12,307-317 (2002).

Lecca, M. R, Wagner, U., Patrignani, A., Berger, E. G. & Hennet, T. Genome-wide analysis of the
unfolded protein response in fibroblasts from congenital disorders of glycosylation type-I patients.
FASEB]. 19, 240-242 (2005).

Pan, S. et al. Large-scale quantitative glycoproteomics analysis of site-specific glycosylation
occupancy. Mol. Biosyst. 8, 2850 (2012).

Fang, P. et al. In-depth mapping of the mouse brain N-glycoproteome reveals widespread N-
glycosylation of diverse brain proteins. Oncotarget 7, (2016).

Lauy, K. S. et al. Complex N-Glycan Number and Degree of Branching Cooperate to Regulate Cell
Proliferation and Differentiation. Cell 129, 123-134 (2007).

Boscher, C., Dennis, ]. W. & Nabi, I. R. Glycosylation, galectins and cellular signaling. Curr. Opin. Cell
Biol. 23,383-392 (2011).

Gavel, Y. & Heyne, G. Von. Sequence differences between glycosylated and non-glycosylated Asn-X-

116



277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Thr / Ser acceptor sites : implications for protein engineering. 3, 433-442 (1990).

Murray, A. N. et al. Enhanced Aromatic Sequons Increase Oligosaccharyltransferase Glycosylation
Efficiency and Glycan Homogeneity. Chem. Biol. 22, 1052-1062 (2015).

Michele, D. E. et al. Post-translational disruption of dystroglycan - ligand interactions in congenital
muscular dystrophies. 418, 417-422 (2002).

Ervasti, ]. M. & Campbell, K. P. Membrane Organization of the Dystrophin-Glycoprotein Complex.
Cell 66, (1991).

Weinhold, B. et al. Genetic ablation of polysialic acid causes severe neurodevelopmental defects
rescued by deletion of the neural cell adhesion molecule. J. Biol. Chem. 280, 42971-7 (2005).
Pollerberg, G. E., Thelen, K., Theiss, M. 0. & Hochlehnert, B. C. The role of cell adhesion molecules
for navigating axons: Density matters. Mech. Dev. 130, 359-372 (2013).

Schwarz, V., Pan, ]., Voltmer-irsch, S. & Hutter, H. IgCAMs redundantly control axon navigation in
Caenorhabditis elegans. 15, 1-15 (2009).

Stoeckli, E. T., Sonderegger, P., Pollerberg, G. E. & Landmesser, L. T. Interference with Axonin-1 and
NrCAM Interactions Unmasks a Floor-Plate Activity Inhibitory for Commissural Axons. 18, 209-
221 (1997).

Sakurai, T. et al. Overlapping functions of the cell adhesion molecules Nr-CAM and L1 in cerebellar
granule cell development. 154, 1259-1273 (2001).

Chatzopoulou, E. et al. Structural requirement of TAG-1 for retinal ganglion cell axons and myelin
in the mouse optic nerve. J. Neurosci. 28, 7624-36 (2008).

Pruss, T., Niere, M., Kranz, E. U. & Volkmer, H. Homophilic interactions of chick neurofascin in trans
are important for neurite induction. Eur. J. Neurosci. 20, 3184-8 (2004).

Takeuchi, Y., Morise, ., Morita, I., Takematsu, H. & Oka, S. Role of Site-Specific N-Glycans Expressed
on GluA2 in the Regulation of Cell Surface Expression of AMPA-Type Glutamate Receptors. PLoS
One 10, 0135644 (2015).

Yamasaki, M. et al. Glutamate receptor 62 is essential for input pathway-dependent regulation of
synaptic AMPAR contents in cerebellar Purkinje cells. J. Neurosci. 31, 3362-74 (2011).

Zhou, L. et al. The Neural Cell Adhesion Molecules L1 and CHL1 Are Cleaved by BACE1 Protease in
Vivo. J. Biol. Chem. 287, 25927-25940 (2012).

Katic, J., Loers, G., Tosic, J., Schachner, M. & Kleene, R. The cell adhesion molecule CHL1 interacts
with patched-1 to regulate apoptosis during postnatal cerebellar development. J. Cell Sci. 130,
2606-2619 (2017).

Perlson, E. et al. Dynein Interacts with the Neural Cell Adhesion Molecule (NCAM180) to Tether
Dynamic Microtubules and Maintain Synaptic Density in Cortical Neurons. J. Biol. Chem. 288,
27812-27824 (2013).

Sytnyk, V., Leshchyns’ka, 1., Nikonenko, A. G. & Schachner, M. NCAM promotes assembly and
activity-dependent remodeling of the postsynaptic signaling complex. J. Cell Biol. 174, 1071-1085
(2006).

Koérner, C. et al. Carbohydrate deficient glycoprotein syndrome type IV: deficiency of dolichyl-P-
Man:Man(5)GlcNAc(2)-PP-dolichyl mannosyltransferase. EMBO J. 18, 6816-22 (1999).

Hanus, C. et al. Unconventional secretory processing diversifies neuronal ion channel properties.
Elife 5, (2016).

Shrimal, S., Ng, B. G., Losfeld, M.-E., Gilmore, R. & Freeze, H. H. Mutations in STT3A and STT3B
cause two congenital disorders of glycosylation. Hum. Mol. Genet. 22, 4638-45 (2013).

Griindahl, J. E. H. et al. Life with too much polyprenol: polyprenol reductase deficiency. Mol. Genet.
Metab. 105, 642-51 (2012).

Valtersson, C. et al. The influence of dolichol, dolichol esters, and dolichyl phosphate on
phospholipid polymorphism and fluidity in model membranes. J. Biol. Chem. 260, 2742-51 (1985).
Hemming, F. W.in 261-305 (1985). d0i:10.1016/S0167-7306(08)60023-X

Garcia, J. J. et al. Effects of trace elements on membrane fluidity. J. Trace Elem. Med. Biol. 19, 19-22
(2005).

Taguchi, Y., Fujinami, D. & Kohda, D. Comparative Analysis of Archaeal Lipid-linked
Oligosaccharides That Serve as Oligosaccharide Donors for Asn Glycosylation. J. Biol. Chem. 291,
11042-54 (2016).

Szkopinska, A., Swiezewska, E. & Chojnacki, T. On the specificity of dolichol kinase and DolPMan
synthase towards isoprenoid alcohols of different chain length in rat liver microsomal membrane.
Int. J. Biochem. 24, 1151-7 (1992).

Keller, R. K, Rottler, G. D., Cafmeyer, N. & Adair, W. L. Subcellular localization and substrate
specificity of dolichol kinase from rat liver. Biochim. Biophys. Acta 719, 118-25 (1982).

117



303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

Jakobsson, A., Swiezewska, E., Chojnacki, T. & Dallner, G. Uptake and modification of dietary
polyprenols and dolichols in rat liver. FEBS Lett. 255, 32-6 (1989).

Chojnacki, T. & Dallner, G. The uptake of dietary polyprenols and their modification to active
dolichols by the rat liver. J. Biol. Chem. 258, 916-22 (1983).

Dancourt, J. et al. A new intronic mutation in the DPM1 gene is associated with a milder form of
CDG Ie in two French siblings. Pediatr. Res. 59, 835-9 (2006).

Haeuptle, M. A. et al. Improvement of dolichol-linked oligosaccharide biosynthesis by the squalene
synthase inhibitor zaragozic acid. J. Biol. Chem. 286, 6085-91 (2011).

Forbes, K. et al. Statins inhibit insulin-like growth factor action in first trimester placenta by
altering insulin-like growth factor 1 receptor glycosylation. Mol. Hum. Reprod. 21, 105-14 (2015).
Sciamanna, C. N. et al. Nutrition counseling in the promoting cancer prevention in primary care
study. Prev. Med. (Baltim). 35, 437-46 (2002).

Wong, S. Y.-W. et al. Oral D-galactose supplementation in PGM1-CDG. Genet. Med. 19, 1226-1235
(2017).

Freeze, H. H. Towards a therapy for phosphomannomutase 2 deficiency, the defect in CDG-Ia
patients. Biochim. Biophys. Acta 1792, 835-40 (2009).

Yuste-Checa, P. et al. Pharmacological Chaperoning: A Potential Treatment for PMM2-CDG. Hum.
Mutat. 38,160-168 (2017).

Sparks, S. E. & Krasnewich, D. M. Congenital Disorders of N-Linked Glycosylation and Multiple
Pathway Overview. GeneReviews® (1993).

Williams, S. E. et al. A role for Nr-CAM in the patterning of binocular visual pathways. Neuron 50,
535-47 (2006).

Othumpangat, S., Noti, J. D., McMillen, C. M. & Beezhold, D. H. ICAM-1 regulates the survival of
influenza virus in lung epithelial cells during the early stages of infection. Virology 487, 85-94
(2016).

Sugden, S. M., Pham, T. N. Q. & Cohen, E. A HIV-1 Vpu Downmodulates ICAM-1 Expression,
Resulting in Decreased Killing of Infected CD4+ T Cells by NK Cells. J. Virol. 91, (2017).

Poretti, A., Boltshauser, E. & Doherty, D. Cerebellar hypoplasia: Differential diagnosis and
diagnostic approach. Am. J. Med. Genet. Part C Semin. Med. Genet. 166, 211-226 (2014).

Pereira, P. L. et al. A new mouse model for the trisomy of the Abcg1-U2afl region reveals the
complexity of the combinatorial genetic code of down syndrome. Hum. Mol. Genet. 18, 4756-69
(2009).

Akizu, N. et al. AMPD2 regulates GTP synthesis and is mutated in a potentially treatable
neurodegenerative brainstem disorder. Cell 154, 505-17 (2013).

Lipecka, ]. et al. Sensitivity of mass spectrometry analysis depends on the shape of the filtration
unit used for filter aided sample preparation (FASP). Proteomics 16, 1852-7 (2016).

Boissart, C. et al. Differentiation from human pluripotent stem cells of cortical neurons of the
superficial layers amenable to psychiatric disease modeling and high-throughput drug screening.
Transl. Psychiatry 3, e294 (2013).

118



ANNEX 1 — SUPPLEMENTARY TABLES

Supplementary table 1. Total proteomics

Levels in the|
Protein Mutant

Levelsin the|
Genename| PrOtein | Mutant | o e | galue
uniprot IDs (log2
difference)
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Aarsd1 Q3THG9 |-> 0,196 0,30677703 | 0,38700565
Abat P61922 [ -0,170 |0,00206158|0,16265292
Abcd3 P55096 | 0,974 0,00424813 0
Abcel P61222 | -0,091 0,33887449| 0,56286678
Abcfl Q6P542 |- 0,003 0,97947579 0,98217551
Abcf2 Q99LE6 [ -0,127 [0,330518990,49204558
Abr Q5SSLa-4 | -0,341 | 0,24597899 0,27730248
Acaala Q921H8 |- 0,046 0,87627846 | 0,89491614
Acaa2 Q8BWT1 0,013 0,94502095 | 0,95323804
Acaca QSSWU9_|-> 0,004 0,96883512 | 0,97640106
Acad9 Q8JZNS__|"> -0,200 | 0,18378806 0,31104234
Acadl P51174 |& -0,272 0,06003964 | 0,1695619
Acadm P45952 [ -0,167 [0,02577922|0,21690435
Acads Q07417 | -0,525__ | 0,03522001]0,11657732
Acadsb Q9DBL1 |~> -0,035 |0,74519847|0,85166786
Acadvl P50544 |f 0,264 0,01432699 0,12163043
Acatl Q8QzT1 [ 0,025 0,87023098| 0,9093266
Acat2 Q8CAY6 |f* 0,787 0,0091924 0,027
Acbd3 y 0,23576247| 0,31274674
Acinl 0,07544568 | 0,16445638
Acly 0,09394635 | 0,31420432
Acol 0,60719001 | 0,78021883
Aco2 0,15144545 | 0,36347848
Acotl 0,17038332 0,38658362
Acot7 0,0048271 | 0,15623045
Acoxl 0,30250664 | 0,49246591
Acpl 0,71605596 | 0,74469648
Acsbgl 0,0090026 |0,10755245
Acsf2 0,03312658 | 0,11550413
Acsl3 0,68342571 | 0,72545555
Acsl6 Q91we3 0,592 0,01432967 | 0,06730435
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Actnd P57780 > 0,196 0,29060842 | 0,38142026
Actr10 Q9QzB7 [> 0,178 0,04746609 | 0,22665314
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Acypl P56376 | -0,011 0,85264732| 0,9340241
Add1 Q9QYC0-2 |-> -0,153 0,30662488 | 0,43202064
Add2 Qoqyes-2 [f 0,223 0,610239380,61037213
Add3 Q9QYB5-2 |- -0,050 0,5222123 | 0,7543807
Adhs P28474 |- -0,184 [0,12659613| 0,2864139
Adk P55264 [ -0,294 [0,14023288| 0,2171441
Adnp Q97103 |4+ 0,237 | 0,22492776] 0,30801175
Ado Q6PDY2 |- 0,024 0,94667962 | 0,94314563
Adprh P54923 | 0,509 0,03588371 0,11634951
Adrm1 QIKV1 [ 0,203 0,22294912 0,33829499
Adsl P54822 |- 0,154 0,13438518 0,336
Adss P46664 | > 0,018 0,88509472 | 0,92187389
Afp P02772 | -0,150 |0,77219056|0,77487918
Agap3 Q8VHH5 | 0,112 |0,54544955] 0,62484195
Agfgl | Q8k2Ke-3 |& -0,207 | 0,28057022]0,36935287
Agk QOESW4 [ 0,256 0,46876132(0,47736187
Agrn A2AsQ1-3 22,303 ND ND
Ahcy P50247 | -0,192 0,32807727 | 0,40689836
Ahcyll Q80SW1 | -0,193 [0,202303770,33493664
Ahcyl2 Q68FL4_ |4 -0,265 | 0,06145907 0,16890476
Ahsal Q8BK64 0,36224815 0,68211966
Aifm1 Q970X1 |- -0,119 | 0,15497528|0,40316575
Aimp1 P31230 [ -0,235 0,0066276 | 0,12229508
Aimp2 Q8RO10 | -0,145 |0,03481061 | 0,26962735
Aip 008915 | -0,044 0,7259197 | 0,82572266
Akl Q9ROYS [> 0,055 0,40654598 | 0,6951281
Ak2 QIWTP6-2 |-> -0,052 | 0,673423090,78655164
Ak3 Q9WTP7 [-> 0,033 0,6262568 | 0,82546055
Akapl2 | Q9WTQ5-2 |- -0,176 0,0262685 |0,21217882
Akrlal Qe | 0,103 0,10695529 | 0,40976358
Akribl P45376 [& -0,259 [ 0,08979663]0,19717647
Akr7a2 Q8CG76 | -0,099 |0,381399920,56432242
Akt P31750 [ -0,185 |0,32949125|0,40920472
Akt3 Q9WUAE-2 |- -0,022 0,79170449 | 0,89330206
Alad P10518 |~ -0,002 0,98987234 0,99022549
Alb P07724 [ -0,222 0,12790875 | 0,25798192
Alcam Q61490 [ 0,084 0,76021632 0,79161379
Aldh16al Q57119 > -0,187 |0,173274210,31638068
Aldh18a1 | Q97110-2 |-> 0,033 0,82129452 0,88377468
Aldh1l1 Q8ROY6 0,23377918( 0,59122654
Aldh2 P47738 0,11190261| 0,6653927
AldhSal Q8BWFO | -0,167 | 0,35038633 | 0,44476016
Aldh6al Q9EQ20 | -0,106 [0,46732789|0,60001289
Aldh7al | Q9DBF1-2 |> 0,107 0,38579953 | 0,55373139
Aldh9a1 QU2 | -0,156 |0,15406245| 0,3412859
Aldoa P05064 0,37531005 | 0,51455404
Aldoc P0O5063 |- 0,104 0,03154745 0,36693134
Alg2 Q9DBE8 | -0,055 |0,25598786 | 0,65126736
Alyref 008583 | -0,410 |0,02462691|0,11722222
Amph Q7TQF7 | -0,119 [0,02666182| 0,3132
Anapcl P53995 [ 0,398 0,10570541 | 0,16441096
Anapc5 Q8BTZ4 [ 0,076 0,58752599 0,71049267
Ank2 Q8C8R3-2 [\ -0,266 | 0,00404833|0,11270968
Ank3 GSE8KS-2 [ -0,308 [ 0,056714930,15772093
Ankfyl Q81086 [ -0,369 | 0,222703690,25237956
Anp32a 035381 ) -0,371 [0,28755342|0,29203681
Anp32b QOESTS M 0,277 0,34627436 | 0,37284439
Anp32e P97822-2 |-> -0,007 |0,95588408 | 0,96852581
Anxa2 P07356 [ 0,228 0,37380665 | 0,40979785
Anxa5 P48036 | 0,098 0,81393362 0,83015741
Anxab P14824 | 0,058 0,81677004 | 0,85156299
Aplbl 035643 | -0,230 | 0,22353485] 0,31282421
Aplgl P22892 [ 0,096 0,75820803 | 0,78419494
Aplml P35585 |f* 0,446 0,1764742 | 0,19700488
Ap2al P17426-2 | 0,064 0,61041333 | 0,74673769
Ap2a2 P17427 | -0,143 |0,10551153|0,33590137
Ap2bl Q9DBG3 | 0,000 0,99370549 | 0,99648694
Ap2m1 P84091 | -0,175 |0,285953340,39244643
Ap3b2 Q9JMES _|-> 0,075 0,57644002 | 0,70494892
Ap3d1 054774 |- -0,026 0,8519666 |0,90057175
Ap3m1 Qakes [ 0,254 |0,07475247]0,19237209

Genename | 0 bs| (g2 pvalue | qalue
difference)
Apbal | B2RUJS-3 | 0,130 |0,51163361]0,59005686
Apeh | Q8R1462 [ 0,59 |0,44436626] 0,38613825
Apexi | P28352 | 0,213 | 0,3250889 | 0,38673016
| Apis | 035841 |f 0,217 | 0,135474 |0,26731034
Apmap | QOD7N9 |- 0,094 |0,59050038]0,67842867
Apoal | Qo0623 [ -0,430 |0,039451130,10989781
Apoalbp | Q8Kaz3 |V -0,434 | 0,01028219]0,08870968
Apoas | P06728 | 1,116 |0,15946857]0,15776991
Apoe P08226 |4 -0,345 |0,06640949] 0,15501215
Apoo | Q9DCza-2 [ 0,331 _|0,09342933| 0,1684893
‘Apool Q78IK4_ | 0,135 | 0,162372270,38238869
App | P12023-2 [ 0,221 |0,00803798]0,14276498
Appll | Q8K3HO [ -0,223 |0,16599446]0,27814984
Aprt P0B030 | -0,004 _|0,97982221| 0,97846688
Aap4 P55088 0,53152327] 0,51362103
Arcnl | Q5XIYS 0,10256406] 0,32881328
Arf3ATL | P61205 0,622053 | 0,62130687|
Arf5 84084 |- 0,074 |0,43183928|0,64220721
Arf6 P62331 |- -0,103 |0,50388721|0,61794127
Arfgapl | QOEPIS-2 | 0,193 |0,04252732]0,21129858
Arhgapl | QSFWK3 1688194
Arhgap35 | QO1YM2 3114227
Arhgdia_| Q9PTL 0,51594998] 0,66058901
Arhgef7 | QOES28 0,04719011] 0,15654962
Aridla_ | A2BH40 0,23547282] 0,34209449
A3 | QOWUL7 [ 0,201 |0,293524030,38172845
Arlgb__| Q9cQW2 [ 0,671 |0,05990873] 0,11186207
Armcl | Q9D7A8 | 0,191 | 0,4818203 | 0,52019048
Armcl0_| Q9DOL7-2 |- 0,050 | 0,66798535]0,78711643
Amc6 | Q8BNUO_ | 0,211 |0,09660812]0,23644015
Arpcla_| QOROQ6 | 0,179 |0,26357074]0,38159813
Arpc2_| Q9cvB6 | 0,763 |0,00991704]  0,0456
Arpc3 | QoIM76 [ -0,211 |0,28879324]0,37017697
Arpcd_ | P59999 | -0,303 | 0,13767565] 0,2130991
Arppl9 | PS6212 |- 0,140 | 0,34463478]0,47950484
Arrbl | Q8BWGS [ -0,291 |0,18800926]0,25905925
Asahl | QOWV54 |-> 0,068 |0,88750899]0,89248686
Ash2l | Qo1x20 | -0,250 |0,16944039]0,26864716
Asnal | 054984 | 0,110 |0,07692881]0,38167485
‘Asph Q8BSYO | -0,159 | 0,73971735 0,75260362
Asrgll | QBCOM9_|-> -0,163 | 0,46997909] 0,53033068
Atadl | Q9DSTO |- 0,001 |0,99385999]0,99361088
Atad3 | Qo251 |0 -0,206 |0,29449188]0,37773603
Atg3 QoCPX6_|U -0,246 | 0,07470584] 0,19326952
Atic Q9CWI9_|> 0,193 | 0,047736970,21601826
Atplal | Q8VDN2 | -0,217 |0,11302647]0,24318959
Atpla2 | Q6PIES |- -0,120 |0,40926763]0,53985069
Atpla3 | Q6PIC6 | 0,224 |0,10021244]0,22837751
AtpIbl | P14094 |- -0,075 |0,63737389]0,74140054
Atplb2 | P14231 | -0,018 |0,92981811]0,93913449
Atplb3 | P97370 [ -0,209 |0,17513239]0,29193846
Atp2a2 | 055143 | -0,033 | 0,66603277]0,83512864
Atp2bl | G5E829 |- 0,132 | 0,17079389]0,38676712
Atp2b2_| QOROK7 |- -0,190 |0,078211370,24330697
Atp2cl | Q80XR2 0,71023864 0,74520136
AtpSal | Q03265 0,02193767] 0,15750794
Atpsb | P56480 0,02356004 0,1659629
AtpScL | Q91VRZ | 0,167 |0,407736230,48819791
AtpSfL_| QocaQ7 |U -0,203 |0,56026723| 0,5738206
Atpsh | QoDCX2 | 0,403 |0,07769459]0,1563859
AtpS|__| QoCPOB | > 0,021 |0,82076408]0,90050564
AtpSo_| QoDB20 | 0,157 | 0,030652530,23829559
Atpbv0al | Q971G4-3 | -0,132 | 0,08421344]0,33961828
Atp6v0d1 | P51863 0,77996292 0,87569591
Atpbvia | P50516 0,17323887] 0,34004278
Atpbvib2 | P62814 0,14349717] 0,3274349
Atpévicl | Q971G3_|f 0342 | 0,1823927
Atpbvid | P57746 | 0,183 |0,31827502
Atpbvigl | QOCRSL | -0,044 | 0,7355968
Atpbvih | QSBVE3 [ 0,218 |0,06164406] 0,2033619
Atpda | 070228 |- 0,117 |0,71382854]0,74784906
Atrx Q61687 |- -0,104 | 0,32293233]0,52892609
Abnl0 | P28658 [§ 0512 [0,00833285] 0,074
Atn2__| 070305-2 [ -0,297 | 0,232455710,28354341
Atn2l | Q7TQHO-3 | -0,083 | 0,66810029] 0,74678003
Bagb QoZ1R2 | -0,101 | 0,40871758]0,57404474
Baiap2 | Q8BKX1-4 |- -0,030 |0,75476354] 0,86666824
Banfl | 054962 0,07562566] 0,11869231
Baspl | Q91XV3 0,933878970,95471099
Bax Qo7813 0,84676485 0,89560887
Bazlb | Qoz277 0,39539328 0,51853597
Bean Q61361 0,18391382 0,25976512
Beasl | Q8OYN3 0,14727072] 0,26870869
Bcas2 Q9D287 0,44679527 0,56262722
Bekdha | P50136 0,1127238 | 0,26937907
Bckdhb | Q6P3A8 0,29979472]0,27008904
Belafl | Q8K019-2 [ -0,221 |0,09122406]0,22108489
Bdh1 | QBOXNO | 0,198 |0,11343768]0,26874227
Binl 008539_|-> 0,027 | 0,61902918] 0,84946914
Birco | 088738-3 | 0,049 |0,68567042]0,79654081
Bimh Q8RO16_| -0,160 | 0,19331237]0,36529161
Bivib | Q92302 [ 0,380 |0,140540030,19123316
Bopl P97452 | > 0,086 |0,80985024]0,83075929
Bpntl | Qozos1 [ -0,394 |0,02747627]0,11377778
Brd3 Q8K2F0_[1)-22,336 ND ND
Brisbp | Q8BXV2 |- -0,115 |0,51738787| 0,61334066
Brsk2 | Q69298-4 | 0,053 |0,823431120,85970195
Bsg P18572-2 [ -0,363 | 0,02755575] 0,10680556
Btf3 | Q64152-2 | 0,401 |0,02424134] 0,1120354
Btf314__| QoCQH7 [f 0,584 |0,06423788]0,10754286
Bub3 | QOWVA3 | -0,101 |0,31482562]0,52771631
Bud3l | Q6PGHI |- -0,048 |0,84139324]0,87849679
Bzw2 | QOIVKL | 0,284 |0,10110538]0,19278392
Clabp | 035658 | 0,070 |0,65693114]0,75996013
ca2 P00920 |4~ 0,908 |0,07671126]0,11382456
ca8 28651 | -0,109 |0,44065449]0,57533223
Cab39 | Q06138 | 0,030 |0,80416056| 0,8835491
Cacna2d1 | 008532-2 |-> 0,187 | 0,03198122]0,20139423
Cacna2d2 | Q6PHS9-4 | -0,047 | 0,93197621]0,93033572
Cacybp | Q9CXW3 | 0,205 |0,23287492]0,33910519
Cad B2RQC6 | 0,123 |0,02214856]0,29188906
Cadml | Q8RSM8-4 | ) -0,041 | 0,75184195] 0,84064617
Cadm2 | Q8BLA9-2 [U -0,293 |0,02133237 0,1156648
Cadm3 | QO9N28 | -0,924 | 0,1668577 | 0,15714943
Cadm4 | QB8RA64 |- -0,159 | 0,06448699] 0,27701843

Levels in the|
Genename| Protein | Mutant | o e | Galue
uniprot IDs (log2
difference)
Cadps | Q80TIL-2 |- -0,023 |0,81461461[0,89456118
Calbl P12658 | -0,398 | 0,180096270,21503636
Calb2__| Q08331 | 0,076 |0,66047881] 0,7543282
Caimi | P62204 | -0,494 | 0,00185213]0,02492308
Calr P14211 | -0,010 | 0,87089068]0,93905486
Calu 035887 |- 0,006 |0,94481051]0,96523962
Camk2b | P28652 | -0,169 | 0,089622930,27860359
Camk2d | Q6PHZ2 | 0,160 |0,24912577]0,38744344
Camk2g | Q923793 [{ 0,334 | 0,2239663 | 0,26777202
Camk4 P08414 [ -0,413 |0,18380558|0,21700917
Camsap2 | Q8CIBI |-> 0,005 |0,97977355|0,97644421
Candl | Q62038 | 0,016 |0,81815058]0,91384237
Cand2 | Q62073 | 0,292 |0,15703545]0,23045908
Canx P35564 | ) -0,004 | 0,9715601 | 0,97608856
Capl P40124 | -0,227 | 0,03751499]0,16594152
Cap2 Q9CYT6 [ 0,236 | 0,28451131] 0,35008808
Capn2 | 008529 [ -0,232 |0,17574306]0,27925203
Capns1 | 088456 | -0,008 |0,98072436]0,97660338
Caprinl 0,62102141] 0,80788119
Capzal 0,2390075 | 0,64472375
Capzaz 3926038
Capzb | P47757-2 | 0,184 | 0,0793563!
Carkd Q9cz42-3 [ -0,517 | 0,13203405]0,16018375
Carm1 0,83335419] 0,91407598
Cars 0,04557976] 0,1054269
Cask 0,71626777] 0,78645902
Caskinl 0,10552169] 0,14805381
Casp3 0,39763344] 0,69352516
Cat 0,17078742] 0,38743578
Cbrl 0,97280814]0,97557429
Cbs 0,03312726]0,11099429
Cbx1 0,44514161] 0,52937857
Cbx3 0,28526148 0,37272989
CbxS 0,02462086] 0,23598459
Cearl 0,26015521] 0,37027723
Ccar2 0,46408216] 0,76349769
Cedc22 0,07447373] 0,13898077
Ccdc88a | Q5SNZ0-2 & -0,221 | 0,03268068] 0,16991617
cc2 0,45175054] 0,67282839
cct3 0,1446258 | 0,33785617
Cetd 0,1707305 | 0,40935768
Cts 0,373174430,49745865
Cctéa P80317 | 0,255 |0,14310371]0,24053232
Cct7 P80313 | -0,055 |0,14600815]0,62184287
Cct8 P42932 | -0,153 | 0,08768498]0,20762671
Cd200 | 054901 | 0,140 | 0,40240895] 0,51472727
Cd2bp2 | Q9CWK3 |4 21,377 ND ND
Cd47 0,46773626] 0,69826676
cd81 > 0,23008442] 0,38729062
Cdg > 0,48334385] 0,5774659
Cdc23 > 0,57212829] 0,69835162
Cdc37 & 0,08714749] 0,16840356
Cdc42 = 0,54378267 | 0,65833358
Cdca2 [+ 0,11250437] 0,15830588
Cdcd2bpb | Q7TTS50 |- -0,048 | 0,3428861 | 0,71090934
CdcSl | Q6A068 | 0,078 | 0,4761887 | 0,64556909
Cdh2 P15116 | -0,100 | 0,43848236]0,50127007
Cdks P49615 | 0,166 |0,21968571]0,36998054
Cdknib | P46414 | -0,060 | 0,595162250,74973773
Cdkn2aip | Q8BI72_| 0,425 | 0,2090943 |0,22498144
Cav3 0,67850655] 0,77071327
Celf2 0,51625411] 0,64782531
Cendl 0,4103667 | 0,51614414
Cenpv 0,02168091]0,17533894
Cep170 0,05304033 | 0,29743158
Cfdp1 0,945049930,95357634
cilL 0,877617470,93037844
Ciiz 0,16982906] 0,26916724
Chchd2 , 0,011137030,08333333
Chchd3 | QoCRB9 | -0,258 | 0,18122477]0,27067119
Chchdé 0,47150109 0,62151988
Chda 0,892625450,92727775
Cherp | Q8CGZ0 | 0,21918264 0,40862975
Chil 70232 |¥ 0,00352735] 0,10602817
Chmpab_| QoD8B3_| 0,11643082] 0,41004641
Chmp5 | QoD759 | > 0,09515706] 0,29232268
Chordcl | Qop1Pa_ | 0,07497999] 0,17439335
Chtop | Q9CY57-5 |& 0,12013146] 0,21691028
Ciapinl_| Q8WTY4 |- 0,86068344| 0,88476399
Cirbp P60824 | 0,74681433 0,85666469
Ckap4__| Q8BMK4 | 0,03900065| 0,3814965
Ckaps | A2AGTS-3 | 0,68846705] 0,78785157
Ckb Q04447 | 0,382457310,55750468
Ckm P07310 0,84195674] 0,85670826
Ckmtl | P30275 0,24515429] 0,41009362
Claspl | Q80TV82 | 0,57425116| 0,67608046
Clasp2 | QBBRTL | 0,34933447] 0,67159827
Clict Q97105 | 0,83239012]0,91372575
Clica Q9QvB1 0,00920436] 0,16545231
Clip2 QoZ0H8 0,48057797] 0,56276456
Clpp 088696 | 0,89483305] 0,0563428
Cptm1_| Q8VBZ3 | 0,59779258 0,76890708
Citb Q6IRUS | 0,42385956] 0,6243675
Citc Q68FD5_| > 0,13614275] 0,29766667
Cmas Q99KK2 |f 0,49561691 | 0,50234726
Cmpkl | QoDBPS | 0,42260984] 0,64481798
Cnbp P53996 |4 0,24468398 0,33958879
Cndp2 | QoD1A2 | 0,16461276| 0,38212178
Cnn3__| QUDAWS I 0,00034446] 0,09851429
Cnotl | Q6708 | 0,00131018] 0,04023529
Cnp | P163302 | 0,53607367 ] 0,62062558
Cnpy2 | Q90XTO_|f 0,39996415] 0,40813434
Cripl | QSM8NO |- 0,14788832| 0,28720126
Cntfr 0885071 0,23397085] 0,30779852
Cntnl P12960 | 0,35066952 0,46927326
Cntn2_| Q61330 |¥ 0,00783723]__0,0324
Commds | Q8R395_| ¥ ND ND
Comt 088587-2 |- 0,38734163 | 0,48039612
Comtdl | Q8BIG7 |§ 0,111537230,15627755
Copa Q8ClE6 | 0,13556943 | 0,57834483
Copbl QIIF7_|> 0,1692743 | 0,44778182
Copb2 | 055029 | 0,048 |0,36801508]0,71754489
Cope 089079 | -0,088 | 0,754438930,78585471
Copgl | Q9QZES [{ 0,424 |0,06763619]0,12857143
Copg2 | Q9QXK3-4 [f 0,257 | 0,04650276]0,16628571

119



Protein

Levels in the|
Mutant

Gene name uniprot IDs (l0g2 p-value g-value
Cops2 P61202 | 0,034 | 0,91348691|0,91867627
Cops3 088543 | 0,072 |0,40372425]0,63410415
Copsd. 088544 | -0,183 |0,00496237]0,16075177
Cops5 035864 | -0,050 | 0,85647724]0,88384678
Copsé 088545 0,25689301 0,60972196
Cops7a_| Qoczo4 | 0,15660442 0,31435193
Cops7b | Q8BV13 |+ 0,33057243 0,31409607
Cops8 Q8vVBvV7 | 0,41981714] 0,61817479
Copzl P61924 [ 0,28723977|0,29825113
Corola | 089053 | 0,00857227|0,05643243
Corolb | QOWUM3 | 0,60813928] 0,67891535
Corolc | Qowum4 [ 0,23085111] 0,41068225
Coro7 QoD2v7_ &+ 0,13119121] 0,15715589
CotlL Qocale |- 0,67390972 0,76407662
Coxdil P19783 | 0,78994802 0,91617788
Cox5a 12787 [ 0,13270669 | 0,21650862
Cox6al P43024 | 0,51010765 0,56239119
Cox6bl | P56391 | 0,34831991 0,50705515

Cpe Q00493 |[& 0,09795206| 0,1567012
Cplx2 P84086 |1 0,1495134 | 0,18058667
Cpne3 Q8BT60 [ 0,07143952| 0,17682486
Cpsfl QoEPU4_ [ 0,02009857 | 0,03866667
Cpsf6 Q6NVF9_[f+ 0,18618093| 0,28917941
Crip2 QoncT8_ | 0,89026528 0,91566889
Crk Q64010 _|U 0,12760152| 0,22601633
Crkl P47941 | 0,274852 | 0,44853065
Crmp1 P97427 | 0,6437521 | 0,83486267
Crot Q9ODC50 | 0,61643873 0,62437936
Crtcl Q68ED7_ [ ND ND
Cryz P47199 | 0,38193482| 0,44563895
Cryzll Q921w4 |- 0,7282347 | 0,804933
Cs Qoczue [ 0,23338652 0,28932919
Csdel | Q9IWS50 | 0,14947031| 0,41005508
Csell QOERK4 [ 0,23080937 | 0,52848142
Csk P41241 |+ 0,22656343 0,22883702
Csnklal | Q8BK63-2 [f ND ND
Csnkle | QovK2 [& 0,02831716 0,10831655
Csnk2al | Q60737 | 0,65572628 | 0,80803965
Csnk2a2 | 054833 | 0,69530123 0,72256944
Csrpl P97315 [ 0,18541318] 0,1922394
Cst3 P21460 [ 0,09620663 | 0,19256716
Cstf2 | Q8BIQS-2 [ 0,4179283 | 0,55361986
Ctbpl | 088712-2 | 0,62975476 0,88185873
Ctbp2 P56546 | 0,407547730,50264558
Ctcf Q61164 | 0,71121952| 0,76185043
ctif Q6PEE2 | ND ND
Ctnnal P26231 | 0,49644767| 0,57118599
Ctnna2_| Q61301 | 0,17689526| 0,50125185
Ctnnbl | Q02248 [ 0,22977118| 0,37863647
Ctnndl | P30999 [& 0,00970405 | 0,15886347
Ctnnd2 | 035927-2 [ 0,46950464 0,61014557
Ctps1 P70698 [ 0,58196102 0,57812016
Ctps2 P70303 |- 0,05180421[0,44801211
Ctsb P10605 [{F 0,26623469 0,34211827
Ctsd P18242 [ 0,030318990,10910145
Ctsz QOWUU7 | 0,37462681| 0,4972389
Cttn Q60598 | 0,30953151] 0,40670011
cu2 QIDaHg | 0,09769429]0,30792342
Cul3 QLvs | 0,85306381| 0,91398661
Culda Q3TCH7 [ 0,6180606 | 0,60568505
Culdb A2MA32 [ 0,93378899 0,95323523
Culs Q9DsVs | 0,70972388|0,77193544.
Cuta Qocasy | 0,56795905 | 0,60077751
Cxadr P97792 [ 0,03047885 0,17856522
CybSb Qocax2 [ 0,02652466 | 0,10609272
CybSr3 | Q9DCN2-2 [ 0,03871988 0,46357438
Cycl | Qopoms-2 [ 0,225536 | 0,24561922
Cycs. P62897 | 0,01994284| 0,11008
Cyfipl | Q7tmes [ 0,60407965 | 0,72416575
Cyfip2 Q55aX6 [ 0,0788755 [ 0,29321527
CypSlal | Q8KOC4 | 0,399248390,48161464
Cyth2;Cyth3 0,89945686 | 0,91925097
D10Jhusle | Q9D172 | 0,1266531 | 0,19375758
Dak Q8vc3o & 0,01468257 | 0,09472464
Dars Q92282 | 0,0471756 | 0,34008054
Dazapl | QOJIS-2 [ 0,21449611 0,39669778
Dbi P31786 |4 0,00785302|0,02945455
Dbnl | Qoaxs6-3 |- 0,62620761| 0,69266099
Dbnl Q624183 | 0,79478708 | 0,90060757
Dcakd Q8BHC4 | 0,24323281]0,35935385
Delkl QoILtM8 |- 0,21889486 | 0,42932636
Dclk2 | Q6PGN3-2 [f* 0,01564628 0,07116981
Deps Q9DAR7_[{ 0,0651934 | 0,20448456
Dctnl 008788 | 0,03204181] 0,23627079
Dctn2 Q99KI8 | 0,68386251 0,82464911
Dctn3 Qozovl |+ 0,12119551] 0,15330357
Dctnd Qscevg[& 0,00113722 0,112
Dctns Qoazey [ 0,35345194] 0,32564575
Dex. 088809 | 0,74538195 0,86956481
Ddahl | Qocwso [& 0,12521286 0,17618733
Ddah2 Qooog | 0,03977887| 0,17046154
Ddb1 QU4 | 0,20110477]0,38624601
Ddost 054734 |& 0,17320871] 0,28614308
Ddx1 Q9IRS [ 0,59726665 | 0,76672084
Ddx17 Q5016 | 0,03774355| 0,27914809
Ddx19 | Q61655 |& 0,00017137| 0,0453913
Ddx21 QoNks | 0,8946779 | 0,91195973
Ddx3%a | Q8VDWO | 0,46357284 0,55213047
Ddx3%b | Q9ZINS |& 0,03213987| 0,16642815
dx3x;D1Pas] Q62167 | 0,00583693|0,16391919
Ddx42 Q810A7 |- 0,21044062 | 0,43246694
Ddx46 Q56975 | 0,00597637| 0,054
Ddx5 Q61656 | 0,11328411]0,28657638
Ddx6 54823 [ 0,06737527 | 0,16863366
Dek Q7TNVO [ 0,20359322 0,40011441
Denr Qocas6 [¥ 0,20683465 0,26351832
Dher? 088455 | 0,00136406] 0,036
Dhx15 035286 | 0,03526503 0,21406335
Dhx29 | Q6PGC1 [ 0,90634672 0,91930011
Dhx30 | Q99PUS-2 [ 0,76283575|0,79903671
Dhx9 | 0701332 [ 0,42667864 0,73676451
Dip2b Q3UHE0 | 0,91267585 | 0,94007154
Diras2 QSPR73 | 0,182 |0,08432994]0,26270194
Dis3 QocsH3 [ 0,217 [0,20313953]0,30793529
Dkcl QOESXS |f 0,203 | 0,353942 | 0,4098698

Levels in the|
Gene name | Protein | MU | e | gvalue
uniprot IDs | (log2
difference)
Diat Q8BMF4_|> 0,149 |0,40108791]0,50218994
DId 008749 _|-> 0,192 |0,27728857]0,37967221
Dig2__| Q91xM93 | 0,190 |0,04073479]0,21138605
Digapd | B1AZP2-2 | ) -0,074 |0,67565192]0,76235497
Dist Q9D2G2 |4 0,316 |0,25890119]0,28843344
Dmxl2__| Q8BPN8-2 |- 0,92091996 | 0,92867438
Dnajal | P63037 0,10372509]0,22583231
Dnaja2_| QoQvI0 0,972770170,97425027
Dnaja3 | Q99M87-3 0,07137206| 0,2180766
Dnajbll | Q99KVI 0,90836912 | 0,93780131
Dnajcll | Q50458 0,09284109| 0,9916651
Dnajc2_| P54103 0,12391281 0,16945345
Dnajc5_|_P60904 0,32945616 0,44811682
Dnajc6_| Q80TZ3-2 0,79647698 | 0,88326389
Dnajc7 | _Qoqvi3 094336819 0,95813704
Dnajc8 | Q6NZBO 0,41977666 | 0,50149815
Dnml | P39053-3 0,5261724 | 0,79087829
Dnmil | Q8KIM6 0,24638184| 0,47946512
Dnm2__| P39054-2 |- 0,6368998 | 0,68302203
Dnm3__| Q8B798-2 0,27612528] 0,31837746 |
Dnmtl | Pi3864 0,88340099 | 0,91557262
Dnmt3a_| 088508 0,375309930,49202654
Dnpep | Q922W0 0,5772152 | 0,74640811
Dnphl | Q8OVi3 0,34320754] 0,33358345
Dock7 | Q8R1A4-2 0,747576030,84529094.
Dpf2 Q61103 | 0,069 | 0,554428480,70843885
Dpp3 QO9KK7_|- 0,51499868 | 0,65149225
Dpp6 Q97218 0,00479021|0,05236364
Dpy30 | Q99LTo 0,85966098 | 0,85212165
Dpysl2_| 008553 0,01149585  0,22470248
Dpysi3 | Q62188 0,231997630,50078816
Dpysld_| 035098 0,02690644 0,18289764
Dpysl5 | QOEQF6 0,05185517 0,22405749
Drgl P32233 0,18959105  0,16954407
Drg2 Q9QxB9 0,08301915 0,15183264.
Dstn QIROPS 0,31474496 0,43291417
Dtd1 Q9DD18 0,68919765  0,72388406
Dus3! QoIXI1 0,85342568 | 0,88351564
Dusp3 | Q9D7X3 0,83443728 0,8919107
Dyncihl | QOIHU4 0,01383518|0,55739693
Dyncli2 | 088487 0,39094401 0,53331095
Dyncllil | Q8RIQ8 0,691781950,76177513
Dynclli2_| Q6PDLO 0,63988235 0,75954072
DynllL P63168 0,74079475| 0,77972282
Dynll2__| Q9DOMS 0,09456012 0,16019649
Dynlrbl | P62627 0,27602865  0,30901466
Ebf3 | 0087912 0,53798663 0,67185539
Echl 0,2511557 | 0,51313201
Echs1 0,92544154|0,94248216
Ecil P42125 0,16235316 0,25958645
Eci2__| QOWUR22 0,22202316]0,35816021
Ecm29 | Q6PDIS2 |- 0,76845731| 0,7870202
Edca Q3UJB9 0,22762122[ 0,3858066
Eeal Q8BLE6 0,10042676] 0,1657351
Eeflal | P10126 0,02508512[ 0,1274555
Eefla | P62631 0,10048284| 0,19432061
Eeflb | 070251 034504133 0,59939355
Eefld | P577763 0,90423691 | 0,93800327
Eeflg | QODBNO 0,301108630,37922183
Eef2 P58252 0,00558929 | 0,16329252
Eftud2 | 008810 0,365817730,62160976
Egfr Q01279 0,21545412| 0,33915789
Ehdl__| QowWvKa 0,21203054] 0,3378374
Eif1 P48024 0,29601678 | 0,31480229
Eiflax | Q8BMU3 0,29059115 0,27781145
Eif2a Q8BIWG 0,46113889 0,56259322
Eif2b4 | Q61749 0,93708962 | 0,94656819
Eif2s1 | Q6ZWX6 0,44856182 | 0,79868244.
Eif2s2_| Q99La5 0,52177768|0,78398478
Eif2s3x | QOZON1 0,14333228|0,31363953
Eif3a P23116 0,66115385  0,76859974
Eif3b Q81za9 0,67563436 0,89505708
Eif3c Q8R1B4 0,72913414]0,87206792
Eif3d 070194 0,43795658 | 0,56419512
Eif3e P60229 0,19832025| 0,2342846
Eif3f Q9DCHA 0,42232907 | 0,57474031
Eif3g Q97101 0,69654_| 0,80067122
Eif3h | Qoiwk2 0,39502569 0,52807815
Eif3i Q9azD9 0,43916785  0,69846934
Eif3jLEIf3)2| Q3UGCT 0,72596237 0,78675079
Eif3k Q9DBZ5 0,08172579| 0,17001212
Eif3] Qsazv1 0,27545968| 0,458468
Eif3m Q99IX4 0,105475730,28523613
Eifdal P60843 0,69776163 | 0,76882857
Eif4a2 P10630 0,65037519] 0,67195643
Eifda3 | Qo1VC3 0,097263630,99738277
Eifab__ | Q8BGDY 093216315 0,94310367
Eifde P63073 0,0735426 | 0,19318367
Eifdgl | Q6NZI6 0,738847170,85793128
Eifdg2 | Q62448 0,82267054 | 0,89476625
Eif4g3 | Q8OXI3-2 0,27826557 | 0,37317788
Eifah | QOWUK2 0,47078039 0,65460677
Eif5 P59325 0,847987130,90662395
EifSa P63242 0,15910867 | 0,25867148
EifSb Qo5D44 0,54331059] 0,72584848
Eif6 055135 0,78619861 | 0,81887431
Elavil P70372 0,22122284]0,21643384
Elavi2_| Q60899 0,033582330,19652555
Elavi3_ | Q60900 0,06703496 | 0,13082927
Elavia__| Q61701 0,74504817 | 0,85182339
Elp2 Qo1WGA 0,1317483:
Emcl Q8C7X2 0,01637428|0,09828571
Emc2 | Q9CRD2 0,01617149| 0,11004444,
Emc3 Qo9Ki3 0,14180785 | 0,30784661
Emcs 070378 0,37059222| 0,60603352
Emd 008579 0,15608614] 0,228832
Emil__| QOSBC3-2 0,27843527| 0,33820452
Eml4__| Q3UMY5-2 0,01836978| 0,10604706
Enah | Q03173-6 0,18641798 | 0,36942962
Enol P17182 0,23435108| 0,46302982
Eno2 P17183 0,3883341 | 0,67440807
Enophl | Q8BGB7 0,0071936 | 0,12483422
Ensa | P60840-2 0,08773992| 0,2010988
Epbdl | P48193-2 0,0350469 | 0,17487778
Epb4lll_| QOZ2H5 | -0,075 | 0,54455199] 0,68449432

Levels in the
Gene name | Protein | MUB | e | gvalue
uniprotIDs [ (log2
difference)
Epbd1l2 | 070318 | 0,193 [0,26584951]0,36972881
Epbd1l3 | QOWV92-3 | 0,106 | 0,2758884 | 0,50424322
Ephb2 P54763 |& -0,337 | 0,021912960,10534247
Epm2aipl | Q8VEHS | 0,188 |0,03903665]0,21337089
Eprs Q8CGC7 | 0,038 | 0,49840371]0,77969604.
Eps15 P42567 |4 -0,224 | 0,2738674 | 0,35904639
EpsiSIl_| Q609022 [f 0,2368437 | 0,31836953
Eptl Q80TAL [ ND ND
Ercl Qo9mIL_ [ 0,87183661 0,89527955
Ergicl Q9oDC16 | 0,04891487|0,21187879
Erh P84089 | 0,07135466 | 0,17993531
Erlin2 Q8BFZ9 | 0,79677578| 0,86874178
Erp29 P57759 | 0,38391998 0,47993016
Erpad Q9D1Q6 |- 0, 0,99812817 0,99742589
Esd Q9ROP3 | 0,221129190,57310483
Etf1 Q8BWY3 | 0,046 |0,655376540,79404005
Etfa Q99LC5 | 0,147 [ 0,18326181]0,37324669
Etfb Q9DCW4 | -0,091 | 0,4750597 | 0,62082028
Etfdh Q92167 [ 0,208 [0,25721272|0,35981491
Evl P70429-2 | -0,227 | 0,067050620,19810169
Ewsrl Q61545 | -0,176 | 0,0464859 | 0,22929058
Exoc2 QoD4H1 |7 -0,015 | 0,96542725|0,96466951
Exocd 035382_| > 0,018 |0,69718619]0,89279131
Exoc8 Q6PGF7_| 0,4010892 | 0,53284025
Ezr P26040 | -0,105 | 0,04242119]0,36991495
Fabp5 Q05816 | -0,121 | 0,55303477)0,62317114
Fabp7 P51880 | -0,146 |0,274719830,41828391
Faf2 Q3TDN2 | 0,042 |0,60439933|0,78908475
FAM120A | Q6A0A9 & -0,330 |0,020392660,10391892
Fam123a | Q8CC4 |f 20,662 ND ND
Fam125b | Q6KAU4 |4 21,564 ND ND
Fam129b | Q8RIFL | 0,062 |0,44092133]0,67934478
Fam192a | Q9IWE2 [f 21,703 ND ND
Fam40a | Q8C079-4 [ 22,477 ND ND
Fam49a | Q8BHZO | -0,067 |0,15081556]0,57402826
Fama9b | Q921M7 [ 0,376 |0,11630818]0,16844058
Fam63a | Q761592 [¥-21,376 ND ND
Fam96b | QoD187 [{ 22,785 ND ND
Fam98a | Q3Tz6 | -0,010 | 0,8757874 [0,93971926
Fam98b | Q80VD1 | -0,005 |0,96301632| 0,9763411
Farpl F8VPU2 | -0,089 |0,28600597|0,54517647
Farsa > 0, 0,29443742| 0,48866286
Farsb | QOWUA2 | -0,214 | 0,47734145|0,50188126
Fasn P19096 | -0,078 | 0,02726593]0,45701301
Fbl P35550 | -0,131 | 0,4591056 |0,55787212
Fdftl P53798 | 0,120 |0,50344998]0,60097506
Fdps Q920E5 | -0,133 | 0,53862601 | 0,60886804
Fenl 39749 | 0,368 | 0,1550379 |0,20194258
Fermt2 | Q8CIBS | 0,069 |0,08336124| 0,5344127
Fh P97807-2 [ 0,097 |0,07840428]0,40908976
Fhi1 P97447 | 0,077 |0,714697170,77242811
Fiplll | QoD824-3 | 0,099 [0,56417259]0,65391304
Fis1 Q9CQ92 | 0,194 |0,05937586] 0,2187563
Fkbpla P26883 | 0,055 |0,62938122[0,76790594
Fkbp3 Q62446 | -0,007 | 0,84146461| 0,94605819
Fkbpd P30416 | -0,087 |0,40331543|0,60612271
Fkbp8 035465 |-, 0,72870051] 0,81528098
Fina 0,193146580,42460314.
Finb Q80X90 | -0,083 | 0,686974920,75981079
Flot1 008917 | 0,199 | 0,3226735 | 0,39602673
Flot2 Q60634 [T 0,230 [0,014743920,15376271
Fmrl | P35922-3 | -0,159 |0,20228158]0,36890244
Fscnl Q61553 | 0,149 | 0,16513733]0,36334171
Fsd1 Q7TPM6 | 0,053 | 0,64682314] 0,7744251
Fto Q8BGW1-2 | -0,127 | 0,35637003|0,50091682
Fubpl Q91WJ8 | 0,101 | 0,55302653 0,64508601
Fus P56959 |- -0,108 | 0,4376639 | 0,57521452
Fxrl Q61584-3 | 0,192 | 0,03720128|0,20242686
Fxr2 QOWVR4_|I} -0,255 | 0,042955350,16273898
Fxyd6 | QoD164-2 | 0,095 |0,74301704]0,77414103
G3bpl P97855 | -0,226 | 0,037098620,16545773
G3bp2 P97379 |1 -0,366 | 0,046088030,12522751
G6pdx Q00612 | -0,136 | 0,17219857]0,38249013
Gaa P70699 [&-18,992 ND ND
Gabl Q9QYY0 | 0,179 | 0,07598098] 0,25871199
Galkl QORONO | 0,336 | 0,04542901 0,13982775
Gamt 035969 |fF 0,309 [0,06105944] 0,1573633
Ganab_ | Q8BHN3 | -0,003 | 0,9701598 |0,97662559
Gap43 P06837 | 0,80670455 | 0,88337803
Gapdh P16858 | 0,45187539 | 0,49698589
Gapvdl | Q6PARS [ 0,82783153| 0,89773824
Gars Qoczp3 | 0,07178002| 0,38788222
Gart Q64737 | 0,11419623| 0,34083377
Gatad2b | Q8VHRS |[& 0,03009656 | 0,12456842
Gbel Q9D6YS |4 ND ND
Genlll | E9PVAS | 0,09262785 | 0,44834608
Gdapl 088741 | 0,39315485 0,48184942
Gdaplll | Q8VE33 [ 0,623804590,78075414
Gdil P50396 | 0,048460740,21247427
Gdi2 Q61598 | 0,12700399 | 0,36027799
Gdpdl | Q9CRY7 | 0,20088257| 0,21872234
Get4 Q9D1H7 |- -0,086 |0,83120268]0,84643029
Gfap P03995 |4 -0,360 | 0,0852158 [0,15959124
Gfptl | P47856-2 | 0,109 |0,48744463]0,60609569
Ggt7 Q99JP7_|f 0,429 | 0,35206139]0,33877551
Gitl Q68FF6 | -0,011 | 0,95388175| 0,9606549
Gldc Qo1w43 [ 1,368 | 0,0037428 0
Glgl Q61543 | -0,123 | 0,55359271]0,62117321
Glol Q9CPUO_[4F 0,743 | 0,07451106] 0,10860606
Glod4. QOCPV4_|-) 0,004 | 0,96660939]0,97760762
GIn3 Qocam9 | -0,098 [ 0,33482712]0,54605004
Glrxs Q80Y14 | -0,135 [0,73311458]0,75775518
Gls D377P3 | 0,075 |0,22984254]0,56761905
Glud1 26443 0,19984879 0,64578141
Glul P15105 | 0,65826552 | 0,80900928
Glyr1 Q922P9 | -0,180 |0,18278709]0,33401648
Gmfb qocaiz | -0,214 [0,02347789] 0,1673955
Gmps Q3THK7 | 0,013 | 0,88232973]0,93398795
Gnal3 P27601 | 0,087 |0,19029073|0,51377778
Gnail B2RSH2 |U -0,296 | 0,17471149]0,24422684
Gnai2 P08752 | -0,121 |0,31995344]0,49711488
Gnai3 Q9ODCS1 | 0,056 | 0,50291278]0,72548414
Gnaol P18872 |& -0,583 |0,04928288|0,11405405
Gnaol | P18872-2 [ 0,209 [0,09034116]0,23298039
Gnaq P21279 [ -0,014 |0,55534616]0,89884611
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Levels in the|
Genename | Protein | MUt | e | gvalue
uniprot IDs | (log2
Gnas P63094 [f* 0,271 0,31722586 | 0,36089682
Gnaz 070443 |- 0,101 0,736431040,76902277
Gnb1 P62874 | -0,153 0,08359731| 0,2921896
Gnb2 P62880 [ 0,110 0,52914255 0,62129746
Gnb2I1 P68040 0,972147940,97593056
Gnb4 P29387 0,48562225 0,48
Gng2 P63213 0,18101442 | 0,30581009
Gng3 P63216 0,7992051 | 0,83314495
Gngd P50153 ND ND
Gorasp2 | Q99JX3-2 0,27585623 | 0,62270038
Gotl P05201 0,24849478| 0,2337357
Got2 P05202 0,28752232 0,59159256
Gpcl Q9QzF2 0,2220286 | 0,38632611
Gpd1l Q3uuo 0,65124875 | 0,70544258
Gpd2 Q64521 0,26371275| 0,5368377
Gphn Q8BUV3 0,8675515 | 0,91556024
Gpi P06745 0,07743422 0,16996386
Gpméa P35802 0,03499016 | 0,10667456
Gpméb P35803-8 0,0310985 |0,11156757
Gprinl Q3UNH4 0,05654462 | 0,16632588
Gps1 Q99LD4 0,02237526| 0,1576875
Gpsm1 Q6IR34 0,36775337 0,56426555
Grb2 Q60631 0,09675426 | 0,12296703
Gria2 P23819-4 0,00787289 0,038
Grm3, Qsqays2 0,17614897 | 0,31236364
Grwd1 Q81006 ND ND
Gsk3b Q9WVE0 0,26318208 | 0,53796325
Gsptl Q8R050-2 | 0,48131043 | 0,62178151
Gsr P47791-2 0,60066742 | 0,75049832
Gstkl Q9DCM2 0,93537289 0,94039434
Gstm1 P10649 0,22188638 | 0,32700139
Gstm5 P48774 0,36074816 | 0,60049196
Gstol 009131 0,26230547 | 0,26177856
Gstpl P19157 0,4563225 | 0,61758879
Gtf2e2 Q9D902 0,57278047 0,61034231
Gtf2i QESZ8-5 0,02500587 | 0,25107353
Gtpbpl 008582 0,68744705 | 0,74945161
H2afy Q90708 0,13413302 0,28233548
H2afy2 Q8CCKO 0,330710470,47041879
H3f3a;H3f3c| P84244 0,0356309 |0,11772043
Hacd3 Q8K2€9 0,19376883 | 0,21637802
Hadh Q61425 0,01361895| 0,07512727
Hadha Q8BMS1 0,31922746| 0,463357
Hadhb Q99JY0 0,50172995 | 0,61233465
Hars Q61035 0,65549531 0,76852276
Hatl Q8BY71 0,03077656 | 0,21287119
Hba P01942 0,1553805 | 0,22036667
bb-b1;Hbb-bj P02088 0,10771055 | 0,17944865
Hees P53702 0,08492229| 0,1057561
Hcfcl Q61191 0,583403140,67299567
Hdac2 P70288 0,75774501 0,88333411
Hdac6 Q972V5 0,29438444 0,40964378
Hdgf P51859 0,93686319 0,95344421
Hdgfrp2 Q3umMug 0,55796449 | 0,61356795
Hdgfrp3 QIIMG7 0,375632610,57473527
Hdhd2 Q3UGRS 0,09583397 | 0,16248029
Hdlbp Q8vDJ3 0,19889306 | 0,47047656
Hepacam Q640R3 0,05250023 | 0,10778947
Hexb P20060 0,66335366 | 0,7870603
Hibadh Q99L13 0,616423550,76977173
Hibch Q80751 0,48734236 0,63025152
Hid1 Q8R1F6-2 ND ND
Hint1 P70349 0,71403156 | 0,78072081
Hipl Q8VvD75 0,26665054 | 0,41023897
Histlhla P43275 0,25972037 0,27748322
Hist1hlb P43276 0,008665210,11163218
Histlhlc P15864 0,538572410,68163143
Histlhle P43274 0,38586859 | 0,66107331
;Histlh2bh;H Q8CGP2 0,7686892 | 0,78390386
Histlhda P62806 0,54804807 | 0,6031936
Hk1 0,4414549 | 0,74801886
Hm13 0,35099474 | 0,50283209
Hmgbl P63158 0,09638364 0,10678014
Hmgb2 P30681 0,06297886 | 0,10192593
Hmgb3 054879 0,05024548 | 0,14342593
Hmgcl P38060 0,817213810,84107069
Hmgesl Q8JZK9 0,674214650,81251295
Hmgn5 QoIL35 0,19826228 | 0,25482609
Hmox2 070252 0,09248692 | 0,21510805
Hnl P97825 0,73365208 | 0,86676778
Hnrnpa0 Q9CX86 8827624 | 0,73535934
Hnrnpal P49312 ,02528108 | 0,11779167
Hnrnpa2bl| 088569 0,55826168 | 0,69807303
Hnrnpa3 Q8BGO5 0,77108815 | 0,85894849
Hnrnpab Q99020 0,14891564 | 0,2863616
Hnrnpc Q97204-2 0,77807294 0,84479375
Hnrnpd Q60668-3 0,39133372| 0,57542197
Hnrnpd! Q97130 0,08818355 0,10322148
Hnrnpf Q972x1 0,04278758 | 0,1669125
Hnrnph1 035737 0,41013891 0,55642393
Hnrnph2 P70333 0,15264992 | 0,36016389
Hnrnpk P61979-2 0,19226148 | 0,31436805
Hnrnpl Q8RO81 0,84722617 | 0,91449693
Hnrnpll Q921F4 0,553625 | 0,7345634
Hnrnpm Q9DOEL 0,48881164 | 0,75938544
Hnrnpu Q8VEK3 0,1771118 | 0,38203302
Hnrnpull | Q8VDM6 0,042977320,19187629
Hnrnpul2 QO0PI9 0,00544202 | 0,10579641
Homer3 Q99IP6 0,23651747 | 0,23456751
Hook3 Q8BUK6 0,30801192 | 0,48929389
Hplbp3 | Q3TEA8 0,68375666
Hpca P84075 0,79231975 0,83386001
Hpcall P62748 0,314454210,41237053
Hprt1 P00493 0,40860055 | 0,50217844
Hsd17b10 | 008756 0,39286859 | 0,51038462
Hsd17b12 070503 0,1523104 | 0,60994783
Hsd17b4 P51660 0,122745740,27794958
Hsdl1 Q8BTX9 0,0001161 0
HsdI2 Q2TPA8 0,34606323 | 0,4402444
Hsp90aal P07901 0,02731048 0,11439216
Hsp90abl P11499 0,07067896 | 0,25264469
Hsp90b1 P08113 0,18454043 | 0,29758663
Hspal2a Q8Kou4 0,32405885 | 0,67024419
Hspald Q99M31 0,21992631 0,50471536
Hspa2 P17156 0,31484046 | 0,46333003

Levels in the|
Gene name | Protein | MU | e | gvalue
uniprotIDs | (log2
difference)
Hspad Q61316 |-> 0,042 0,31257695 | 0,73556498
Hspa4l P48722 |- 0,098 0,09040252 | 0,41032666
Hspa5 P20029 |4} 0,381 0,00616607 | 0,0859375
Hspa8 P63017 [ -0,191 0,17693283 | 0,31436571
Hspa9 P38647 | 0,053 |0,49051655] 0,73064011
Hspbp1 Q99P31 |4+ 0,817 | 0,14334821]0,15574249
Hspd1 P63038 > 0,029 0,73946642 | 0,86445203
Hspel Q64433 | -0,107 |0,36561773 | 0,53935652
Hsph1 Q61699 |~ -0,167 [ 0,04670269 | 0,24376604
Htatsf1 Q8BGCO 0,050 0,76472574 | 0,83445593
Huwel Q7TMY8 | -0,157 |0,15128169]0,33775597
Hyoul QIIKR6 [ 0,618 0,00181172 0
lahl Q9DB29 0,71620091| 0,7743815
lars Q8BU30 0,01189721 0,16639252
lars2 Q8Bl6 0,02125015 | 0,10904202
Ide Q9JHR7 0,67959817 8026938
Idh1 088844 0,2247302 | 0,34010724
Idh2 P54071 0,29054158 | 0,51519563
Idh3a Q9D6R2 0,00274847 | 0,16018909
Idh3g P70404 0,01888722| 0,1596087
Idi1 P58044 0,81555203 | 0,88176587
lgsf21 Q7TNR6 0,11438396 0,36392424
Igsf3 Q6ZQA6 0,01801189 0,04745455
1k Q971mM8 0,77228355| 0,81157064
Ikbkap Q71737 0,77046125 | 0,85924497
1If2 Q9CXY6 0,12825322 0,56310321
1If3. Q9z1x4 0,0179583 | 0,19754455
113 055222 0,42055636 | 0,48943923
Immt Q8CAQ8-2 | -0,195 0,27962503 | 0,37801195
Impal 055023 0,32022929| 0,27654516
Impdh2 P24547 0,30337289 0,37222515
Ina P46660 0,38829689 | 0,46099203
Inppl P49442 0,02480008 | 0,11293023
Inppda Q9EPWO 0,56962642 | 0,60167763
Ints3 Q7TPDO 0,54225961 | 0,60170833
Ipoll Q8K2ve 0,13372473|0,15311392
Ipod Q8175 0,09371583 | 0,21447577
IpoS Q8BKC5 0,00170385| 0,0522
Ipo7 QIEPL8 0,62852964 8385814
Ipo9 QI1YE6 0,08460685 | 0,31149708
lggapl Q9JKF1 0,51617044 0,61735409
Irgq Q8viM9 0,0510827 | 0,10450633
Isocl Q91ve4 0,23115319| 0,43265213
Isoc2a P85094 0,75602894 | 0,89468565
Isynal Q9JHU9 0,79333485| 0,8024472
Itch Q8C863-2 |4 20,073 ND ND
Itgbl P09055 0,38813041 | 0,62269325
Itpa Q9D892 0,35578746 0,64977219
Itprl P11881-7 0,14271026 | 0,29248541
Itsn1 Q970R4 0,39206997 | 0,43351452
Ivd Q9JHIS 0,45459437 | 0,58294754
Iws1 Q8C1D8 ND ND
Kars Q99MN1 0,72449382| 0,77027125
Kcenjé P48542-2 0,31425911 0,30175334
Ketd12 Q6WVG3 0,30961428 | 0,44004077
Kdmila Q62088 0,85288563 | 0,85178359
Khdrbs1 Q60749 0,16734497 0,16749186
Khsrp Q3uov1 0,38275693 1860263
Kiaa1468 Q148v7 0,21669512 0,64187829
Kifla P33173 4 0,19830182 0,51055545
Kif21a QoaxL2-3 [ -0,318 |0,01764138]0,10462585
Kif21b Q9axL1 0,73065571| 0,83567777
Kif2a P28740 0,715241 | 0,7736451
KifSb Q61768 0,50736125 0,72314068
KifSc P28738 0,10940064 | 0,32835912
Kifap3 P70188-2 [§* 0,237 0,46777274 0,48562991
Klcl 088447 [ -0,097 0,5475423 | 0,64511869
Kic2 088448 | -0,115 | 0,28340118] 0,48990805
Kpnal Q60960 | -0,147 |0,41305823|0,51146569
Kpna2 P52293 [ 0,435 0,01664901| 0,1032
Kpna3 035344 [ -0,053 0,61892096 | 0,76908333
Kpna4 035343 |4 -0,300 |0,388587250,38725141
Kpnaé 035345 | -0,129 |0,40742225)0,52818456
Kpnbl P70168 |4 0,533 0,01728275| 0,08626667
Kras P32883-2 [~ 0,010 0,97311778 0,97373036
Ktnl Q61595-16 [ > 0,085 0,52975837 0,65881645
Llcam P11627 0,01167015 0,048
Lampl P11438 0,01824835 | 0,08485246
Lamtorl Q9cQ22 0,02509075 | 0,10876712
Lamtor3 088653 ND ND
Lancll 089112 0,38919854 0,58137796
Lancl2 Q9JIK2 0,27658533 | 0,61923292
Lap3 Q9CPY7-2 0,3907517 | 0,81376355
Larp7 QO5CL8 0,31358757 0,36936296
Lars Q8BMJ2 0,35566342 | 0,64447917
Laspl Q61792 0,50292689 0,72149374
Lbr. Q3U9G9 0,28207354 | 0,43967689
Ldha P06151 0,05907168 | 0,16685897
Ldhb P16125 0,90316775| 0,9172919
Letm1 Q97210 0,86635123 | 0,88503345
Lgmn 089017 0,94690298 | 0,94220563
Ligl P37913 0,81028802 | 0,89839365
Limch1 Q3UH68-3 | 0,87447729|0,91181839
Lin7c 088952 0,79546181| 0,85239524
Lmanl Q9DOF3 0,69562077 0,76916743
Lman2 Q9DBHS5 0,67440267 | 0,6447946
Lmnbl P14733 0,71200223 | 0,88758089
Lmnb2 P21619 0,44981689 | 0,61756006
Lonpl Q8CGK3 0,7302671 | 0,77674121
Lonp2 Q9DBNS 0,21566813 | 0,34395294
Lpcatl Q3TFD2-2 0,8559256 6527991
Lppr3 Q7TPBO 0,89084465 | 0,94007613
Lrpl Q917X7 0,304413 |0,39088018
Lrpapl P55302 0,5488645 | 0,72774673
Lrpprc Q6PB66 0,18046871| 0,48937643
Lrrc40 Q9CRC8 0,03150323 | 0,09611765
Lrrcd7 QS505F5 0,09620154| 0,2187907
Lrre57 Q9D1G5 0,15540509 | 0,19206138
Lrre59 Q92208 0,89994467 0,93712411
Lsamp Q8BLK3 0,2548565 | 0,28702839
Lsm12 Q9DOR8 0,86860298 | 0,92779006
Lsmlda Q8K2F8 0,7233844 | 0,75607229
Lsm14b Q8CGC4 0,35039922 1856855
Lsm2 035900 0,07921495 0,30018507
Ltagh P24527 0,03586584 | 0,16384983

Levels in the
Gene name | Protein | MUB | e | gvalue
uniprotIDs [ (log2
difference)
Luc712__| Q7TNC4-2 | -0,057 | 0,11586614]0,60838443
Luc713 Q5SUF2_[ -0,101 | 0,33446992]0,53749301
Lxn 70202 [& -0,425 [0,11069972]0,16076056
Ly6h Q9WUC3 | -0,280 | 0,176692030,25450909
Lyar Q08288 | 21,417 ND ND
Lypla2 | QOWTL? 0,634 |0,09113313[0,11514124.
Lzic Q8k3C3 | 0,079 |0,86698544]0,88218925
Lztfil QOJHQS | 0,103 [0,45051029]0,59170526
Macfl | Q9Qxz0 | -0,145 [0,023054390,25284095
Madd | Q80U28-3 | -0,527 |0,00605352| 0,0348
Maoa Q64133 | 0,236 | 0,23263704]0,31533333
Mapla | Q9QYR6 | 0,081 |0,227039290,54770026
Maplb P14873 | 0,041 |0,39082427]0,75927418
Mapls | Q8C052 | -0,101 |0,51093995]0,62199541
Map2 20357 0,091 _|0,14935412[0,48115111
Map2k? | Q63932 | 0,132 |0,61899401]0,65435762
Map2k4 | P47809 [ 0,523 |0,38144498]0,34256842
Map2k6 | P70236 |4 0,318 |0,03125236|0,12618378
Mapd 2 0,44010492 0,7686985
Mapd > 0,79415156 0,89108893
Mapdk4 | P97820 | 0,060 |0,61541087]0,76075582
Mapé Q7712 | -0,028 | 0,78841966 0,88385349
Mapk1 P63085 |+ 0,298 |0,042942530,15507692
Mapk10 | Q61831-2 [{* 0,698 |0,05242976|0,11538776
0,18988364) 0,31837288
0,33486357 | 0,4095222
0,58913185 0,77436724
0,45342653 0,4755443
> 0,41684941 0,61552702
B 0,05369432| 0,24540741
> 0,52636256 0,54953184
Marcks P26645 | 0,223 |0,34226709|0,39051121
MarckslL | P28667 | -0,009 | 0,70810585]0,93065275
Mark3 | Q031412 | -0,376 | 0,01823275]0,11943396
Mars Q68FL6 | 0,119 |0,45719882]0,57124333
Mat2a Q3THS6 | -0,083 |0,19255143[0,52732021
Mat2b | Q99LB6-2 | 0,054 |0,67271305]0,78414956
Matr3 B 0,66193875 | 0,76875916
Maz [ 0,11565009 | 0,17578409
Mbd3 > 0,27887063 | 0,3886382
Mbp 0,71361258] 0,7923985
Mcccl 0,60173173|0,61819614
Mccc2 0,23826236 0,35825681
Mcm2 0,31351282| 0,57554012
Mcm3 0,98790854| 0,990066
Mcmd4 0,14491861] 0,62192536
Mcms 0,52016495 | 0,64533036
Mcmé 0,11704386 | 0,16807895
Mcm7 0,998794740,99725822
Mdh1 0,05321461 0,10805882
Mdh2 0,25140069 | 0,46284577
Mdk ND ND
Mel 0,05574725 0,24288806
Me2 0,10951725] 0,12934673
Mecp2 0,31817917] 0,40962116
Memol 0,20874067| 0,368838
Mesdc2 0,222331410,37732057
Metapl 0,37789898| 0,46938039
Metap2 0,0515317 [0,10539474
Metti26 ND ND
Mfapl | Qocqul 0,57496437 0,68091583
MFf Q6PCPS 0,695182630,76472178
Mgea5 | Q9EQQY 0,01435957| 0,16691765
Mgl 035678 0,38616652 | 0,40121239
Mia3 QsBIs4 0,45586082 | 0,63414017
Mif P34884. 0,38682557 | 0,31792968
Miec Q6zQi3 0,62909415 | 0,76610554
Miitd Q9QzQ1 0,48338166 | 0,60625879
Mms19 | Q9D071-3 0,03280429 0,07036364
Mogs | Q80UM7 0,23068586 | 0,30948755
Mpc2 Q9oD023 0,113633 |0,15572294
Mpi Q924M7 0,97391828|0,97693185
Mpst Q99199 0,84583999 | 0,86647004
Mrpi39 | QOIKF7 ND ND
Mrps23 | Q8VE22 ND ND
Msh2 43247 0,41523958 0,40863568
Msh6 P54276 0,15914234]0,29158959
Msi1 Q61474 0,30301174] 0,49022945
Msi2__| Q920063 | 0,28366787 | 0,54758276
Msn P26041 0,20929728|0,27776159
Mtal Q8kaB0 | 0,64019657 | 0,76132891
Mta2 Q9R190 0,31624275| 0,46318416
Mtap Q9CQ65 0,436729990,43991828
Mtap7dl | A2AI0 ND ND
Mtch2 Q791V5 0,02002737| 0,23
Mtcol P00397 0,11451655 | 0,19705679
Mtco2 P00405 0,19676812|0,21625751
Mtdh Qsow)7 0,15039168| 0,2682517
Mtfrll | Q9CWEQ 0,68053777| 0,77983663
Mthfdl | Q92208 0,03620993|0,15557025
Mthfdll | Q3V3R1 0,4333018 | 0,40055507
Mtor Q9JLN9 0,002856440,04628571
Mtpn P62774. 0,051297540,10606897
Mtx1 47802 0,22191594 0,40099669
Mut P16332 0,13481898 0,1942481
Mvd Q99IFS 0,61785864] 0,74429076
Mybbpla | Q7TPV4 0,56176656 | 0,71779387
Myef2 Q8C854. 0,83558888 | 0,9358358
Mygl Q9IK81 0,020328340,15711197
Myh10 | Q61879 0,9577934 | 0,95475884
Myh9 Q8VDD5 0,2170364 | 0,50723091
Myl12b;Myld  Q3THE2 0,28847295| 0,38591445
Myl6 | Q60605-2 0,61145027 | 0,66583516
Myol8a | Q9IMH9-4 0,81802623 | 0,89099083
Myolb P46735 0,24916682 | 0,43306528
MyoSa Q99104 0,70370182| 0,84630631
Myo6 Q64331 0,90814969 | 0,93026278
Naals | Q80UM3 0,13648514 0,21829769
Naca Q60817 0,062928110,24320599
Nacad | QSSWP3 0,52569886 | 0,53723944.
Nael Q8VBW6 0,81975171] 0,9039685
Nampt | Q99KQ4 0,46830536 | 0,69861506
Nap1l1 P28656 0,0743102 |0,19172308
Naplld | Q787A7 0,18018491 0,36923985
Napa Q9DBOS 0,06379823| 0,1780813
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Levels in the|

Genename | Protein | MUt | e | gvalue
uniprot IDs [ (log2
Napb P28663 0,02421911] 0,114688
Napg Qocwz7 0,98632092| 0,9897065
Nars Q8BP47 0,09441973| 0,50213133
Nasp Q99MDY 0,623796110,76183411
Nbea | QOEPN1-4 0,00708489| 0,119
Ncald Q91X97 0,06888019 | 0,10698507
Ncaml | P13595-2 ND ND
Ncam2 | 035136 0,47133492| 0,57452073
Ncan P55066 0,85593718| 0,88628145
Ncapd2 | Q8kaz4 0,4576114 | 0,56658745
Ncbpl | Q3UYV9 0,04546046 | 0,16893023
Ncdn | Q9Z0E0-2 0,41659371 0,55605802
Ncehl Q8BLFL 0,79213035| 0,81201232
Nckapl | P28660 0,53700653 | 0,77108926
Nel P09405 0,09814696 | 0,20223389
Ncoa5 | Q91w39 0,31195109]0,37818571
Ndell 0,36450134] 0,35862354
Ndrgl ND ND
Ndrg2 0,092953520,27655518
Ndrg3 0,48416643 | 0,54557649
Ndrgd | Q8BTG7-2 | -0,203 | 0,45571831]0,49679773
Ndufalo | Q99LC3 [ -0,109 |0,17385047[0,43905133
Ndufal3 | QOERS2 | -0,077 |0,54262593]0,68166215
Ndufad | Q62425 [ 0,2870566 | 0,4963016
Ndufas Q9CPP6 |- -0,059 | 0,477573790,70493427
Ndufa6 | Q9cazs [ -0,231 |0,40483495[0,43261698
Ndufa7 | Q9z1P6 [ 0,117 |0,54668912[0,62247167
Ndufa8 | Q9DCI5 [ 0,305 |0,30427589]0,33544186
Ndufa9 | Q9DC69 [ 0,835 |0,03971915[0,08730159
Ndufb10 | QoODCS9 [ -0,028 |0,80342566]0,88286771
Ndufbll | 009111 [ 0,016 | 0,9095731 [0,93698579
Ndufb4 | Q9cac7 | -0,045  [0,51315099]0,76601714
Ndufb7 | Q9CR61 |U -0,205 | 0,52048372]0,53630635
Ndufb8 | QoD6J5 | 0,026 | 0,82660446]0,89369503
Ndufb9 | Qocaus [f 0,200 | 0,3751204 |0,43210811
Ndufs1 | Q91vD9 | 0,175 |0,10822283]0,28579487
Ndufs2 | Q91WDS | 0,027 |0,38445104]0,81556047
Ndufs3 | QopcT2 0,226 | 0,00760815]0,13965217
Ndufs8 | Q8K3)1 | -0,272 |0,66275229]0,63767946
Ndufvl | Q91YT0 0,579 |0,03258377]0,10068293
Ndufv2 | Q9D6J6 0,207 | 0,26887904 0,36580176
Necapl | Q9CR95 | 0,075 [0,70589657]0,77036423
Neddd P46935 | 0,02618578 0,16640777
Nefh P19246 | 0,16377711] 0,18155496
Nefl P08S51 [{F 0,30036668 | 0,3073432
Nefm PO8553 | 0,57276855| 0,61865325
Neol | P977985 | 0,29032241] 0,44839759
Nes Q6PSH2_ | 0,46239138| 0,68302703
NfL Q04690-2 | 0,74947035| 0,77363144
Nfasc Qs10u3 [ 0,26264169 0,36011765
Nfia Q027803 | 0,90424342|0,91532071
Nfib P97863-2 [ & 0,035569140,18337895
Nfix P70257-1 | 0,08908157 0,17669231
Nful Q9az23 | 0,00331387]0,11027778
Nhp2I1 Q9poTL | 0,06723491| 0,288575
Nipsnapl | 055125 | 0,98495853 0,98552231
i Q9CQEL [f* 0,15122852| 0,16698851
Nit2 QOHW2 | 0,268782730,51331142
Nin Qo1YP2_ | 0,51602308 0,60668576
Nmel P15532 [+ 0,10970744] 0,11449438
Nme2 Q01768 | > 0,39121817] 0,5131558
Nmrall | Q8K2T1 |~ 0,05058263 | 0,11303571
Nmt1 070310 | > 0,90511728| 0,9397361
Nmt2 070311 |& 0,02538673 0,06646154
Nomol | Q6GQT9 [ 0,13159249] 0,36346532
Nono Q99K48 | 0,22568043 | 0,50009765
NopS6 | Qop6zi |- 0,06358262 0,36057727
NopS8 | Q6DFW4 | 0,08091379 | 0,16694805
Noval QOIKN6 [ 0,019799820,15551667
Npepps Q11011 [ 0,06259533 | 0,21579443
Nplocd | P60670 |& 0,40293079 0,40872727
Npm1 Q61937 | 0,10261113[0,21651259
Npm3 QocPPO_ [ 0,23559523| 0,36641096
Nptn P97300-3 [& 0,45167535 0,46571709
Nras P08556 |1 0,00554441| 0,036
Nrbpl Q99)as | 0,8959728 | 0,92944714
Nrcam | Q810U4-2 | 0,12471851] 0,27190525
Nrd1 Q8BHG1 | 0,84950098| 0,89868174
Nrxnl | Q9CS84-4 | 0,47487028| 0,52891868
Nsdhl QORLO | 0,85205399 | 0,89846154
Nsf P46460 [ 0,03964921| 0,18300792
Nsfiic Qoczas | 0,03572274] 0,27058065
Nsun2 Q1HFZ0 | 0,8987934 | 0,9282624
NtSde3 | Q3UHB1 [ 0,77740467] 0,7945175
Ntm Q99PI0_ | 0,69004721]0,77121244
Nucbl Q02819 | > 0,5213954 | 0,60977637
Nudc 035685 |4 0,21193004] 0,31473745
Nudcdl | Q6PIPS [ 0,57788523 0,67331594
Nudcd2 | Q9caas | & 0,33058865 | 0,38179669
Nudt21 | Qocar3 [ 0,40527703 0,56706198
Nudt3 QoNd6 | 0,53131613 0,71098883
Nup133 | Q8ROGO [f 0,15301959 0,24853039
Nup155 | Qoopss [ 0,17699927 0,21105778
Nup160 | Qozows [ 0,46561876| 0,53877895
Nup210 | Q9Qvel [ 0,78343524 0,83524712
Nup214 | Q80U93 |+ 0,01781817]0,08021429
Nup35 | Q8R4R6 | 0,34321213] 0,41014634
Nup93 Q8BI71 | 0,0634577 | 0,18010638
Nup98 | Q6PFD9 | 0,37504548 0,56093197
Nutf2 P61971 | 0,8639232 | 0,89824717
Oat 29758 | 0,2832867 | 0,43194639
Ociadl | Q9CRDO_|f* 0,35146506| 0,31639149
Ogdh Q60597-3 | 0,07267272| 0,2427514
Ogfr Q99PG2 | 0,238293 | 0,2625193
Ogt Q8cev8 | 0,30209372|0,45422668
Olal Q9cz30 | 0,37167999] 0,48207907
Opal | PS8281-2 | 0,29565437| 0,57812961
Optn Q8K3K8 | 0,39704866 | 0,49676981
Osbp Q38722_|§ 0,20385513 0,25952518
Osbplla | Q91XL9-3 | 0,04869492|0,10943511
Osbplg BOEIS6 | 0,96016563 | 0,97158789
Ostfl Q62422 0,12676375 0,21262022
Otubl a7TaB 0,1984315 | 0,38476477
Otud6b | Q8k2H2 0,93478122] 0,9394354
Oxctl Q9DOK2 0,71719506 0,8522903

Levels in the|
Gene name | Protein | MU | e | gvalue
uniprotIDs | (log2
difference)
Oxrl | Q4KMM3-4[ 0,127 | 0,4634475 | 0,56375063
Oxsrl Q6P9R2_|> 0,112 [0,46052781] 0,58276495
P4hb P09103 [ 0,014 |0,74135598]0,91130756
Pa2g4 P50580 | -0,064 |0,44763458] 0,67558879
Pabpcl P29341 | -0,173 |0,07178613]0,26205954
Pabpnl Q8CCS6-2 |- -0,165 | 0,18052603 | 0,34882705
Pacs1 Q8k212 [ 0,211 [0,07192502]0,21590351
Pacsinl | Q61644 |4 -0,305 |0,10379458]0,18455352
Pacsin2_ | QIWVES [ -0,105 |0,60773316]0,67584173
Pafl Qsk218 [ 20,936 ND| ND!
Pafah1bl P63005 |- -0,126 |0,12086127|0,37267146
Pafahlb2 | Q61206 0,048 |0,71500373] 0,81020247
Pafahlb3 | Q61205 0,106 | 0,35809562 0,53621603
Paics Q9DCL9 0,091 [0,45672662|0,61781761
Pak1 088643 0,257 | 0,1671719 | 0,26186195
Pak2 Q8CINg_ | 0,648170240,74612289
Palm Q9Z0P4-2 0,08614083 [ 0,30173214.
Papola | Q61183-2 ND ND
Papss1 Q60967 0,98810882 0,98849948
Park7 Q99LX0 0,95016899 0,96021772
Parpl P11103 0,12222839]0,29764671
Parva QQEPC1 0,76346564| 0,77723785
Pax6 P63015 0,85835004 0,8984086
Pbdc1 Q9D0B6 0,354102740,38733183
Pbx1 P41778-2 0,34396387 | 0,40679913
Pc Q05920 0,04509604 0,27868439
Pcbpl P60335 0,13382727] 0,3435
Pcbp2 Q61990 0,83575673 0,87330837
Pcbp3 | P57722-2 0,59140572 0,63458308
Pcbpa P57724 0,5064211 [ 0,65833309
Pcca Q917A3 0,092849990,21737691
Pcch Q99IMN9 0,02060812 0,14170616
Pck2 Q8BHO4 0,04924077] 0,1619
Pemtl P23506 0,46008207 | 0,6312829
Pcna P17918 0,21739542 | 0,42962083
Pcp2 P12660 0,14652622 0,16940896
Pcskln | Q9QXVO 0,08358227] 0,10730952
Pcyoxl | Q9CQF9 0,16898351] 0,2441203
Pcyoxll | Q8C7K6 0,85557363 [ 0,90254648
Pdap1 Q3UHX2 0,04180989 0,14409302
Pdcd1l | Q6NS46 0,8051761 | 0,81837255
Pdcd4 Q61823 0,22198097(0,33783784.
PdcdS P56812 0,95107584] 0,96013896
Pdcd6 P12815 0,13016446 | 0,38626866
Pdcd6ip | QOWU78 0,21475322] 0,36686783
Pde12 Q3TIV4 0,60684236| 0,83481868
Pdelc | Q64338-2 0,59710221]0,73660383
Pdhal P35486 0,20978002 0,38214771
Pdhb Q9D051 0,18256535 0,37794749
Pdia3 P27773 0,058233830,17819074.
Pdia4 P08003 0,07271309] 0,1670184
Pdia6 Q922R8 |- 0,16380838 0,35831169
Pdlim3 070209 0,31889194 0,38594444
Pdlims Q8Cl51 0,40213724]0,40848328
Pds5a Q6A026 0,15484692| 0,21358014.
Pds5b Q4VAS53 0,63266891 0,72516736
Pdxdcl | Q99K01-2 | -0,161 | 0,46516502]0,52866253
Pdxk Qsk183 | 0,226 0,26339707 | 0,34348624
Pdxp P60487 |4 -0,372 | 0,08558553]0,15795489
Peals Q62048 | -0,154 | 0,63287773] 0,65005765
Pebpl P70296 | -0,150 |0,43557617]0,52267504
Pelpl 0,05308201 | 0,26487805
Pex19 0,87423491 | 0,92698069
pfas 0,26247002| 0,3193427
Pfdns 0,99200814 0,99025969
Pfkl 0,223349250,38115286
Pfkm 0,03732833[0,21851883
Pfkp 0,02198489| 0,0755122
Pfnl 0,16664154 0,33730861
Pfn2 0,704787530,80443397
Pgam1 0,111460840,21415453
Pgapl 0,48348831| 0,4399959
Ped 0,58487356 0,75264966
Pgkl 0,17446403| 0,5832339
Pgls 0,64234723[0,83472727
Pgm1 0,10420376] 0,28809877
Pgm2 0,22619388 | 0,30688922
Pgm2I1 0,23296111| 0,3967386
Pgm3 0,84745438| 0,88300405
Pgp 0,47780071]0,56242568
Pgrmcl 0,15069427 0,27617021
Pgrmc2 0,38260706 0,43542035
Phb 0,573282190,61632864.
Phb2 0,56835636 0,61812753
Phgdh 0,37527751]0,60216051
Phpt1 0,03980176 0,06776471
Phyhipl 0,79824768| 0,84579832
Picalm 0,20687472| 0,21454875
Pigs 0,22732312[0,21152784.
Pigu 0,494929520,47099317
Pih1d1 0,32387864| 0,368978
Pik3rd ND ND
Pinl 0,421939470,62149846
Pin4 0,28181597( 0,58971707
Pitpna 0,4124922 [0,65439528
Pitrm1 Q8K411-2 |- 0,102 0,36012745 | 0,55233333
Pkm 0,61824598| 0,7999204
Plaa 0,79275285 0,89006889
Plcb1 0,82796032] 0,89759683
Plcgl 0,82138973[0,88730075
Plexd3 0,90518441 0,94365461
Plec 0,22175834] 0,68257082
Plekho2 | Q8k124 | -0,008 |0,962931740,96995853
Plin3 QoDBG5 [ 0,568 |0,05391741]0,11362602
Plpl P60202 [ 0,275 0,34063691 | 0,36984951
Pirgl Qo22va | -0,129 [0,35300596] 0,50357638
Pixnb1 Q8CIH3 |4-22,441 ND ND
Pixnb2 B2RXS4 |- -0,097 |0,01407815|0,36534336
Pmpcb QoCxT8 | 0,290 [0,38387196 0,38681532
Pmvk Q9D1G2 |4 21,599 ND ND
Pnn 035691 |4 0,598 |0,07051803[0,10335484
Pogz Q8BzH4 | 0,188 | 0,25370609] 0,36988235
Pold1 P52431 | 0,334 |0,15022943]0,21428704
Poldip3 | Q8BG81 | -0,166 |0,14759945]0,32563231
Polr2a P08775 |- 0,012 0,95796317 | 0,96036946

Levels in the
Gene name | Protein | MUB | e | gvalue
uniprotIDs [ (log2
difference)
Polr2b Q8CFI7_| > -0,070 | 0,62432768|0,74482768
Por P37040 0,01860457| 0,128
Ppal Q9D819 0,69272894 0,80850927
Ppa2 Q91VM9 ND ND
Ppap2b | Q998 0,529117040,64535922
Ppfia2 Q88559 0,90401178]0,92218484.
Ppia P17742 0,68319269 | 0,69802821
Ppib 24369 0,01394586 | 0,06587234
Ppid Q9CR16 0,00285539 | 0,04971429
Ppill Q9DOWS 0,11402437| 0,23114286
Ppmla 49443 0,27060041]0,36340554
Ppmle | Q80TLO 0,35557639 0,61210726
Ppmlg | Q61074 0,11140583 | 0,53925198
Ppmih | Q3UYCO 0,64148199 | 0,72099236
Ppmel | Q8BVQS 0,877892220,93956522
Ppplca P62137 0,00155172| 0,0435
Ppplcb | P62141 0,53706657 | 0,51408711
Ppplcc P63087 0,61125316 0,67050182
Ppplri2a 0,49734996 | 0,6121576
Ppplridb 0,25946418| 0,26768858
Ppp1rldc 0,082103430,15827941
Ppp1rl8 0,02768305 | 0,1575316
Ppplr2l 0,18021575 0,34128402
Ppplr7 0,46357395 0,59978422
Ppplr8 0,094471790,16321379
Ppp1rob 0,26481785 ] 0,5017164
Ppp2ca 0,73158059 | 0,86541745
Ppp2ria 0,34204939 0,55278559
Ppp2r2a 0,23232773] 0,4045614
Ppp2rd 0,05698236 0,23327559
Ppp2rSc 0,49663947 | 0,53888792
Ppp2rse 0,021036610,09755224
Ppp3ca 0,21234678] 0,5255914
Ppp3ch 0,36819605 | 0,6232481
Ppp3rl 0,68456795 | 0,72466621
Pppar2 0,57478189 0,76492632
Ppp5c 0,28570286| 0,38097674
Ppp6e 0,91664823 | 0,93703987
Ppp6r3 0,155326810,43946939
Prep ND ND
Prdx1 0,53484864 0,59545763
Prdx2 X 0,276536410,37282892
Prdx3 P20108|-» -0,034_|0,79803601]0,87182894
Prdxd. 008807 | 0,033 [0,37847711]0,77997968
Prdx5 | P99029-2 | -0,071 |0,59182926]0,72332687
Prdx6 008709 | 0,127 |0,20503919]0,40971551
Prep Q9QUR6 | 0,050 | 0,5407668 | 0,76081225
Prex1 Q69zK0_|f* 0,779 [0,00395034 0
Prkaal | QSEG47 [ 0,564 |0,16514791| 0,1674384
Prkaca | P05132-2 [& -0,277 |0,14061762]0,22451852
Prkach P68181 | 0,155 |0,06655895]0,27983766
Prkarla | Q9DBC7 [ & -0,221 |0,220281940,31600566
Prkar2a | P12367 | 0,287 | 0,2382362 | 0,2873605
Prkar2b | P31324 | 0,166 |0,12915998]0,31365457
Prkcb | P68404-2 | -0,169 |0,03995372(0,23097416
Prkce P16054 | -0,416 | 0,0749519 | 0,14355963
Prkeg P63318 | -0,520 |0,004853340,04015385
Prkcsh 008795 | 0,005 [0,94788244]0,97159192
Prmtl | QOJIFO-2 | -0,066 |0,22196411]0,60151481
Prmts Q8CiG8 |f 0,280 [ 0,15363491]0,23343811
Prpfl9 | Q99KP6 | 0,126 |0,28719694]0,46363815
Prpf31 | QBCCFO-2 |f 0,312 | 0,0940977 | 0,17632676
Prpf4 | Q9DAW6 [ -0,208 [0,09146669]0,23461748
Prpfa0a | QOR1C7 [& -0,422 |0,03002699]0,11076667
Prpfab Q61136 | 0,032 |0,92781209]0,93182867
Prpf6 QO1YR7 | -0,122 |0,12087774]0,38270118
Prpf8 Q99PVO | 0,042 |0,25799524]0,72542007
Prps1 Q907G0_|¥ 0,243 | 0,01220391]0,13019417 |
Prps2 Q9csa2 |I -0,253 | 0,116003470,21855158
Prpsapl | Q9DOM1 | 0,178 |0,45854599]0,51284307
Prpsap2 | Q8RS74 |4 0,766 | 0,04867352]0,09862069
Prrcl Q3UPHL_|f* 0,205 |0,61208329]0,61723341
Prrc2c | Q3TLH4-5 | -0,180 | 0,29604224]0,39576366
Prune Q8BIW1 | -0,031 |0,76630171]0,86749031
Psap Q61207 |4 -0,833 | 0,0130489 | 0,036
Psatl Q99K85 | 0,101 | 0,46489839]0,60716879
Psd3 | Q2PFD7-5 | -0,280 |0,134283420,21687179
Psipl Q99IF8 | 0,124 |0,49282055]0,58275896
Psmal | QORIP4 | -0,028 |0,68932572] 0,8571734
Psma2 P49722 | 0,349 |0,025910890,10402597
Psma3 070435 |& 8605223 0,15521285
Psmad | QOR1PO [ 00658432 0,07015385
Psma5 | Q972U1 [ 0,171 |0,01210732]0,19138303
Psma6_ | Q9QUM9 | -0,028 | 0,7966733 | 0,88361043
Psma7 | Q92200 | 0,112 |0,35304071]0,52907665
Psmb1 009061 | -0,121 | 0,09412828|0,36996069
Psmb2 | Q9R1P3 [ 0,350 |0,13973803]0,19688452
Psmb3 | Q9RIP1 | -0,004 |0,96623725]0,97742434
Psmb4 P99026 | -0,164 | 0,29954684]0,41020043
Psmb5 055234 | -0,312 | 0,06161311]0,15915152
Psmb6 Q60692 | 0,149 | 0,72548327[0,74458192
Psmb7 P70195 [ 0,101 |0,58680685]0,66778717
Psmcl P62192 | 0,084 |0,08562501]0,47366472
Psmc2 P46471 | -0,040 |0,427136710,76528252
Psmc3 088685 |fF 0,214 | 0,00065134]0,10410191
Psmc4 P54775 | 0,144 |0,52274536|0,58185294
Psmc5 P62196 | 0,125 |0,31832867]0,48912869
Psmcé P62334_ | 0,069 |0,52246463|0,69328895
Psmd1 Q3TX57 | -0,143 | 0,268907930,42124239
Psmdll | Q8BG32 | 0,146 |0,13207494]0,34393194
Psmd12 | QoD8W5 |f 0,261 |0,106636480,21487558
Psmd13 | Q9WVJ2 | 0,040 [0,79527444]0,86002835
Psmd14 0,083954210,23738432
Psmd2 0,35167983 | 0,61852469
Psmd3 0,01458722 0,44147304
Psmd4 0,4971086 | 0,58228805
Psmd5 0,68445205 0,73781719
Psmd6 0,00364817 | 0,06318367
Psmd7 0,030737370,21837792
Psmdg 0,02312147] 0,14696364.
Psmd9 0,10945036 | 0,24129032
Psmel 0,03207425 0,33596721
Psme2 0,03220285 0,08449123
Pspcl 0,31778273 0,44606883
Ptbpl P17225 0,23179725]0,23382879
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Ptbp2 Q91731 | 0,041 |0,67852301[0,81348431
Ptges? | Q8BWMO | 0,169 | 0,7331786 | 0,74508844
Ptges3 Q9R0Q7 | 0,24733852] 0,43553498
Ptk7 Q8BKG3 | 0,38745639 | 0,42114046
Ptma P26350 | 0,03024621] 0,12919588
Ptms Qo018 |& 0,0695375 | 0,16132384

Ptn P63089 | 0,85997385 0,89165158
Ptpn1 P35821 [ 0,7411223 | 0,82828816
Ptpn1l P35235 | 0,46477793| 0,69887887
Ptprs | BOV2N14 | 0,60231545  0,66326901
Ptprzl BOEKR1 [ 0,05019692(0,11831776
Puf60 | Q3UEB33 | 0,79195065 | 0,88275304
Puml | Q80U783 | 0,58603025 0,67234153
Pura P42669 |1 0,31848893 0,33874659
Purb 035295 | 0,37139799 0,51267092
Pycr2 Q92204 | 0,83957454]0,91827177
Pygb Qsciod [+ 0,06275891| 0,16803922
Qdpr QsBvi4 [ 0,34798021| 0,3703362

Qki Q9QYs9-8 [ 0,75285415 0,88235797
Rab10 P61027 | 0,281243840,37950769
Rabllb | P46638 0,24761691|0,53736148
Rab12 P35283 0,09523757| 0,38259624
Rab14 Q9141 0,01955543| 0,11090598
Rab18 P35203 0,16873604 0,50265797
RablA 62821 0,07992714]0,11283478
Rablb | Q9DIGL 0,02315286 0,06347368
Rab2a P53994. 0,18857949 0,40659519
Rab35 | Q6PHN9 0,49263306 | 0,64496274
Rab3a P63011 0,656670940,76531229
Rab3c P62823 0,50949499 0,53422026
RabSa | Q9CQD1 0,64110592 0,90224099
RabSb P61021 0,13637123 0,21604301
RabSc P35278 0,0737303 | 0,23813077
Rab6b 61294 0,46011986| 0,7356411
Rab7a P51150 0,19073324] 0,38583372
Rab8a P55258 0,04607849 0,16434722
Rabgapl | A2AWA9 0,4931856 | 0,65858529

Racl;Rac2 | P63001 0,11761962 0,18763542
Rad21 Q61550 0,35427758| 0,46360675
Rad23b | P54728 0,67908138| 0,76165206
Rala P63321 0,91758176 0,91577086
Raly Q64012-2 0,21205844] 0,37877251
Ran P62827 0,35497618| 0,55323736
Ranbpl | P34022 0,77610549 0,89205956
Ranbp2 | Q9ERU9 0,01138211]0,11027692
Ranbp3 | Q9CT10 0,10990124 0,22490984
Rangapl | P46061 0,02058178| 0,14629864
Rapla P62835 0,176873140,21697624
Raplb Q99lI6 0,07714254| 0,19272
Rap2a Q8071 0,90474775| 0,90668389
Rars Q9D0I9 0,48587537| 0,67727495
Raverl | Q9CW46 0,4652341 | 0,58306916
Rbbpd Q60972 0,01785964] 0,32415105
Rbbp7 Q60973 0,09951072| 0,16743574
Rbbp9 088851 0,49460674 0,63506274
Rbm12 | Q8RAX3 0,68391783 0,77443489
Rbm14 | Q8C2Q3 0,60760381] 0,73710731
Rbm22 | Q8BHS3 0,0816611
Rbm25 B2RY56 0,00363174
Rbm3 089086 0,0856554
Rbm39 | Q8VH51-2 0,09159614 0,24366229
Rbm8a | Q9CWZ3-2 0,41685764] 0,60975238
Rbmxl1_| Q91VMS 0,13100474] 0,33865426
Recl Q8VE37 0,47729857| 0,66127965
Rec2 Q8BK67 0,01360442 0,12030769
Renl Q05186 0,56739738| 0,61908217
Ren2 Q8BP92 0,61575342 0,73096286
Reor2 Q8C796 ND ND
Rdx P26043 0,48364626 | 0,66882156
Rerl Q9cQu3 0,879097780,91105104
Rfc3 Q8R323 0,02544724]0,04937143
Rfcd Q9962 0,13686365| 0,114
Rhoa Q9QUI0 0,22285679] 0,2860828
Ribp1 Q97275 0,92426455 0,95356643

Rnaseh2b | Q80ZV0 0,16207268 | 0,21237383

Rnaseh2c | Q9cQ1s ND ND
Rnf14 Q9lI90 0,68340627| 0,77228129
Rnf2 Qocasa 0,01945101]0,11455738
Rnf214 | Q8BFU3 0,79628727 0,85180691
Rnh1 Q91VI7 0,06640632 0,38715765
Rnmt QoDOL8 0,53275297| 0,61875252
Rnpep Q8vCT3 0,00319443| 0,06192
Rnpsl | Q99M28 0,03978646 0,21233097
Rpal QBVEE4 0,25309309 | 0,37085217
Rpa2 Q62193 0,82880557 | 0,85208815
Rpa3 Q9cQ71 0,10382534(0,11614679
Rpf2 Q91180 0,26698528|0,40907391
Rph3a P47708 0,59332717|0,75024226

Rpl10;Rpl 10 _Q6ZWV3 0,49555812 0,56245971
Rpl10a P53026 0,18160065 | 0,27646711
Rpl11 QIcxXW4 0,19053992 | 0,40152486
Rpl12 P35979 0,01203586 | 0,19849275
Rpl13 P47963 0,07734438] 0,212
Rpl13a P19253 0,123299390,39913873
Rpi14. Q9CR57 0,10964416 | 0,3705006
Rpl15 Q9czm2 0,56330105| 0,6777151
Rpl17 QICPR4. 0,00978168|0,12057143
Rpl18 P35980 0,94656658 | 0,96575386
Rpl18a P62717 0,76959089 | 0,90629663
Rpl21 009167 0,05367965 | 0,10722078
Rpl22 P67984. 0,79830481 0,81452735
Rpl22/1 | Q9D757-2 0,11913521]0,21537182
Rpl23 P62830 0,23632597 | 0,43363543
Rpl23a P62751 0,02779281|0,28798764
Rpl27 P61358 0,18457487| 0,23783908
Rpl27a P14115 0,01523547|0,16699379
Rpl28 P41105 ND ND
Rpl3 P27659 0,2563082 | 0,74026721
Rpi30 P62889 0,75548457 | 0,85069378
Rpi32 P62911 0,08851258| 0,15708297
Rpl37a P61514 | 0,79774883| 0,85959338
Rpi38 Qo |[& 0,01957225| 0,08162712
Rpld. QoD8E6 | 0,79750919 0,90247833
RplS P47962 | 0,08624727 0,15247059
Rpl6 P47911 |f* 0,46780641 | 0,40704139

Levels in the|
Gene name | Protein | MU | e | gvalue
uniprot IDs | (log2
difference)
Rpl7 14148 | 0,074 |0,73443036]0,78526928
Rpl7a P12970 | -0,135 |0,50246783]0,57794079
Rpl3 P62918 | 0,117 |0,44585099]0,56672925
Rpl9 P51410 | -0,446 | 0,02429741] 0,12029787
Rplp0 P14869 | 0,138 | 0,04062739]0,28596491
Rplp1 P47955 |4 0,340 0,1173515 | 0,17962865
Rplp2 P99027 |- -0,189 | 0,09805514] 0,26696707
Rpnl Qo1vQ5 [ -0,233 | 0,048020530,17667403
Rpn2 QIDBG6 |~ -0,049 | 0,76595447] 0,83575456
Rprdlb | Q9CSU0-2 0,45181136 0,64035489
Rps10 P63325 0,697923230,84896048
Rps1l P62281 0,12749611| 0,17998942
Rps12 P63323 0,03754481 0,10269231
Rps13 P62301 0,49443742 0,61546039
Rpsld P62264 0,17681109] 0,33447593
Rps15 P62843 0,35194254 0,39036872
Rps17 P63276 0,10517248| 0,1161768
Rps2 P25444 0,47929064| 0,6960424
Rps23 P62267 0,75180152|0,77097158
Rps24__| P628492 0,20461157| 0,16746974
Rps26 P62855 0,04927814]0,10219718
Rps27 | Q6ZWUS 0,02848921|0,14476636
Rps27a;Ubb;U[ _P62983 0,03334594 | 0,11552475
Rps28 P62858 ND ND
Rps3 P62908 0,36624671| 0,5462487
Rps3a P97351 0,83471202| 0,8867908
Rpsdx P62702 0,14250306 0,17583146
Rps5 P97461 0,18278125| 0,17630595
Rps6 P62754 0,7199793 | 0,7937043
Rps6ka3 | P18654 0,78125582 | 0,83537122
Rps6kas | Q8C050-2 0,10060261 | 0,21640938
Rps7 P62082 0,07379196 0,15707489
Rps8 P62242 0,02171075] 0,12853333
Rps9 | Q6ZWNS 0,29706846 | 0,44662892
Rpsa P14206 0,51279395 0,76505967
Rraga QB0X95 ND ND
Rrbp1 Q99PL5 0,00060279| 0,04176
Rrm1 P07742 0,12267173|0,18241885
Rslldl | Q8BVYO 0,13440204 0,23268119
Rsul Q01730 0,0466813 | 0,09946988
Rtcb Qo9LF4 0,09925388 0,35935302
Rtnl Q8KOTO X 0,47418899 | 0,63004693
Rtn3 | QUES97-3 | ) -0,055 |0,175108530,62669295
Rtnd. Q99P72_| > 0,011 | 0,82398794] 0,93149067
Rufy3 | QD394 |4 -0,208 |0,02631154]0,16889143
Ruvbll | P60122 | 0,057 |0,71430878]0,79501438
RuvblZ | QOWTMS | -0,084 |0,11705511]0,49264711
Saall QoD2C2 0,15617296 | 0,30063378
Sael QORIT2 0,35086555 | 0,51603968
Safb D3VYXK2 0,30707877 | 0,54359099
Samm50 | Q8BGH2 |4 -0,204 | 0,00020662|0,10279245
Sapl8 | 055128 |4 1,372 |0,04735459]0,07651852
Sarla P36536 |4F 0,273 |0,40688732]0,41030769
Sarlb_| Q9CQCO | -0,089 |0,69523448 0,75944
Sarml | Q6PDS3 0,012 |0,94336159] 0,95326033
Sarnp Q9DU3 | -0,716 | 0,11185392] 0,1294898
Sars P26638 | 0,177 | 0,341187 |0,42925392
Sartl Q97315 _|- -0,173 | 0,0414167 | 0,22619959
Sart3 Qo8| 0,041 _|0,70781042]0,82581418
Sbds P70122 | 0,139 |0,22230128[0,40290549
SbfL Q6ZPE2_| 0,085 |0,83301175] 0,84718705
Scampl | Q8K021 | -0,386 | 0,11678507| 0,16949849
Scarb2 | 035114 |4 -0,494 |0,10781405] 0,15691803
Sccpdh | Q8R127 |4 0,226 |0,55669147]0,56103653
Scfdl | Q8BRF7-3 | -0,185 |0,62087432]0,62476958
Scp2__| P320202 |4 0,812 |0,04797718]0,10863158
Scrib Q80U72_|) 0,192 |0,65127426]0,64623111
Scrnl Q9CZC8_|-> 0,080 | 0,27327916 0,56529866
Scn2_| QBVCA8 |- 0,120 |0,709236450,74511337
Sdf2ll | QoESP1 |4 21,381 ND ND
Sdha Q8K2B3 | 0,012 | 0,79597764 0,92246987
Sdhb Q9COA3 |- -0,150 | 0,51240605] 0,57189342
Sdhc Q9CzBO | 0,021 | 0,74137699] 0,88673272
Secl3 | QODIMO |§ 0,751 | 0,0150375 |0,03728571
Sec22b | 008547 | 0,074 _|0,64386801] 0,74705755
Sec23a_| Q01405 |4 -0,214 | 0,07629354] 0,21596537
Sec23b | QoDe62 | -0,261 | 0,19612259]0,27961333
Sec23ip | Q6NZC7_ | -0,057 | 0,6947478 | 0,78616761
Sec3la | Q3UPLO-2 | 0,032 |0,81096613| 0,8822548
Secblg | P60060 |4+ 0,917 |0,02915772 0,068
Sec62 | Q8BU4 {20,193 ND ND
Sehll | Q8R2U0-2 [§ -0,251 |0,27452089]0,33961186
Selll Q97266 | 0,123 | 0,3844129 | 0,52747001
SelenbpL;Selenl] P17563 |4 -0,294 | 0,0560313 | 0,15045185
Sephsl | Q8BH69 | 0,097 |0,54523288]0,64538806
Septl0 | Q8C1B7-3 | 0,065 |0,133741460,57439073
Sept2 P42208_ |4 0,255 |0,06814336]0,18117204
Sept3 Qoz1s5 |- -0,181 |0,11440495] 0,2827916
Septs | Q97206 | -0,136 | 0,45578964]0,55191058
Sept6 | QORLT4-2 | 0,132 |0,22489854]0,41058174
Sept7 055131_| -0372 | 0,04769115] 0,12417021
Septs | QBCHHO | 0,079 |0,48313959]0,64567532
Septd | Q80UGS-3 [{ 0,575 | 0,12322562|0,15564228
Serbpl | QoCYS58 |4 0,411 |0,03349581]0,10619259
Serpinalc;Serpinl Q00896 | -0,031 | 0,91993521] 0,9272936
Serpine2 | Q07235 [ -0,427 | 0,2129402 | 0,22711382
Serpinhl | P19324 |4 -0,369 | 0,03550999] 0,10707879
Set | Q9EQUS-2 | 0,196 | 0,03573871] 0,19657143
SfL Q642132 | ) -0,192_|0,12894957] 0,28040843
Sf3al Q8K4Z5_| -0,175 | 0,06633003]0,25191985
Sf3a2 Q62203 | 0,382 | 0,05628043] 0,12985075
Sf3a3 | QoD554 |- -0,134 |0,19998531]0,39905543
Sf3bl | QUINB9 | -0,140 |0,05774029]0,29276829
Sf3b3 | Q921M3 | -0,075 |0,19540439]0,55625619
Sfbd | Q8QzY9 | -0,106 | 0,4348542 |0,57721582
Sf3b6 P59708 | 0,058 |0,56858029]0,74677131
Sfpq Q8VI6 |4 -0,289 | 0,02958586] 0,14066667
SfxnL Q99RL_[+ 0,358 | 0,10133262]0,16902532
Sfn3_ | Q91V61-2 | 0,153 |0,17008713]0,36120152
Sfxn5 | Q925N0_|& -0,211 |0,00060545] 0,10375155
Sgipl__| Q8VD37-2 |- 0,065 | 0,42271886] 0,66494375
Sgta__| Q8BIUO2 | -0,107 |0,03573632]0,36125888
Sh3bgrl | QouUB | -0,013 |0,95835334]0,96017949
Shagll | Q62419 [ -0,239 |0,33271119]0,38304583
Sh3gll | Q62420 [ -0,264 |0,19721819]0,27774958

Levels in the
Gene name | Protein | MUB | e | gvalue
uniprotIDs [ (log2
difference)
Shmtl P50431 |+ 0,272 |0,07223858] 0,1753649
Sirt2__| Q8vbQs-2 | -0,010 | 0,78320874]0,93064254
skiv2l2 | a9czu3 [¥ -0,260 |0,06770983[0,17818082
Skp1 QOWTX5 [f 0,246 |0,23515095[0,31209913
Slc12a5 | Q91v14-2 [ 0,52570762 0,56382155
Slcl6al | P53986 | 0,08352148|0,47786978
Sicla2 P43006 | 0,62599101 0,76819608
Sic1a3 P56564 | 0,97538585 | 0,97691658
Siclad 035874 | 0,00820038 0
Sic25a11 | Q9CR62 |4 0,087436990,21394896
Sic25a12 | Q8BHS9 | > 0,11377847]0,38831496
Sic25a18 | Q9pBAl | 0,40047437 0,50658953
Slc25a22 | Q9D6M3 [ 0,74372063| 0,7801963
Slc25a3 | Q8VEMS [ 0,3276032 | 0,32119495
Sic25a4_| P48962 | 0,05103997| 0,38671264
Slc25a5 | P51881 | 0,19083237]0,47058456
Slc29al | QoIM1-2 [ 0,72373549] 0,7646363
Sic2a3 P32037 | 0,79723975| 0,88227972
Sic32al | 0356332 [& ND ND
Sic3a2 P10852 | 0,10525136 0,21990852
Slc4al0 | QsDTL9-2 [ ND ND
Sicdad 088343 [+ 0,19375896| 0,21462832
Slc6al P31648 | 0,08622177 0,12920792
Sic7as Q97127 | 0,818727940,88162515
Slcoa3rl | P70441 | 0,64597735| 0,71829408
Sitm Q8CH25-2 [ 0,0933966 | 0,26139929
Smad Q62432-2 | 0,34038445 0,46427273
Smarca4_| Q3TKT4 0,63578353 | 0,89405233
Smarca5_| Q91zZw3 | 0,30262138 0,76046543
Smarcbl | Q970H3-2 [ 0,15302099 | 0,28590415
Smarccl | P97496-2 | 0,44944216 0,53830675
Smarcc2 | Q6PDG5-2 [ 0,3112365 | 0,40994397
Smarcdl | Q61466 | 0,68943151| 0,76265076
Smarcel | 054941 |§ 0,07410457] 0,19320301
Smcla | QoCU62 | 0,07313401 0,24898893
Smc2 Q8CG48 | 0,03462469 | 0,16741003
Smc3 Qocwos | 0,07413106| 0,19298263
Smca Q8CG47 | 0,253150640,38716913
Smchdl | Q6PsD8 | 0,266843080,27852941
Smekl | Q6P2K6 | 0,4322241 | 0,59079092
Smndcl | Q8BGT7 | 0,98594334 0,98460294
Smpd3 QY3 [ 0,5029187 | 0,67026201
Sms P97355 | 0,05220886 | 0,10344304
Smul Q3UKI7 | 0,18856091 0,42066387
Snap25 | P60879 | 0,30411079 0,45859481
Snapd7 | Q8RS70 | 0,15896515 0,33831522
Snap91 | Q61548-3 | 0,41594051 0,61405031
Snca 055042-2 | 0,27510641] 0,3403545
Snd1 Q7epPY7_ | 0,92159455 0,96047914
Snmp200 | Q6P4T2 | 0,53555865 | 0,77933929
Snrp40 | Q6PEOL [ 0,19788159] 0,6454437
snmp70 | Q62376 | & 0,23739018 0,29832881
Snrpa Q62189 | 0,893333760,93115304
Snrpal P57784 [{F 0,25420758| 0,28675039
Ssnrpb2 | Q9cal7 [ 0,81228663 | 0,82538556
Snrpd1 P62315 | 0,07615518 0,11509091
Snrpd2 P62317 |- 0,59304757 ] 0,6811449
Snrpd3 P62320 0,31852354]0,52901779
Snrpe P62305 0,32128073 0,48544722
Snwi QOCSNI 0,20895158 0,23474219
Snx2 Q9CWKS 0,11735662 | 0,28053722
Snx27__| Q3UHD6-2 0,03500677 | 0,15855094
Snx6 Q6P8X1 0,12815291 0,18106952
Sod2 P09671 0,8856643 | 0,91385388
Soga3 Q6NZLO 0,0161593 |0,10584615
Son QoQax47-3 0,79415276 0,84322938
Sorbsl | Q62417-5 0,06774963 | 0,15963636
Spag7. Q7TNE3 0,05958597 | 0,16306475 ]
Sparcl1 P70663 | 0,223 |0,154506310,27598651
Spast | Q9Qvys-2 [& -0,314 | 0,08267858]0,16796226
Spats2 | Q8KINA & -0,208 |0,24538663]0,34394785
Spcs2 Q9CYN2 _|fp 22,527 ND ND
Spr Q64105 | -0,126 | 0,22684566 0,42973931
Sptanl P16546 | -0,113 |0,22271227]0,45872927
Sptbnl | Q62261 | -0,128 |0,11625343]0,36930703
Srcinl | QOQWI6 | -0,175 | 0,0545646 | 0,23945802
Srek1 Q8Bzx4-2_ [ 21,486 ND ND
Srgap2 Q91767 0,42701302 | 0,53668352
Srgap3 | Q812A2 0,56009047 | 0,67560231
sri Q6P069-2 0,00457327|0,11288189
Srm 0,78008762 | 0,85037896
SrpS4 P14576 0,110005440,12794118
Srp68 | Q8BMA6 0,1202846 | 0,26670609
Srprb P47758 0,11144123] 0,2452616
Srr Q907x7-2 0,07608524 0,11227746
Srrm2. Q8BTI8 0,032263130,16377855
Srrt Q99MR6-3 0,42210187| 0,67193324
srsf1 Q6PDM2 0,22220007 | 0,45881954
Srsfl0 | Q9ROUO-3 0,93465253 0,95302691
srsf2 Q62093 0,30521155 0,43987705
srsf3 P84104-2 0,17989122| 0,2390019 |
Srsfa. Q8VE97 0,92198187]0,93639387
Srsfs. 035326 0,59417388 | 0,69875989
Ssb P32067 0,394211240,44467411
Ssbpl Q9CYRO 0,5101769 | 0,50196122
Ssrd Q62186 0,08195086 | 0,15775385
Ssrpl Q08943 0,21342643|0,32219608
St13 Qo9La7 0,099361040,19669438
Stag2 035638 0,30016672 | 0,28568889
Stam 70297 0,32882003| 0,3847935
Stipl. Q60864 0,62278654 ] 0,76542989
Stk24 Q99KH8 0,02682454 0,08303448
Stk39 Q9z1W9 0,050425320,15441702
Stmn1 P54227 0,134212730,25917563
Stmn2 P55821 0,300110350,59016234
Stoml2 Q99)82 0,37231405| 0,38760909
Strap Q97172 0,20375802| 0,386848
Strbp | Q9IWML | 0,88976089 | 0,90112126
Strnd__| P58404-2 |- 0,94264803 | 0,97459947
Stubl | QOwUD1 0,91244993 0,9427315
Stx12 QOER00 0,4495694 | 0,59541519
Stxlb P61264 0,76424041] 0,8446787
Stx7 070439 0,01430485 | 0,32606954
Stxbpl 008599 0,27688522 | 0,61426457
Subl P11031 0,54170023 0,61668125
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Sucla Q97219 | -0,139 | 0,0508404 |0,28923364 Tufm Q8BFRS_ | -0,237 | 0,14610379] 0,25047143 Xrees P27641 0,19405823 0,35950968
Suclgl | QOWUMS | -0,217 | 0,33776602|0,39044295 Twfl QOIYRL | 0,171 |0,007029160,17585475 Xm2 | QODBR1-2 0,68563045 0,84013976
Suclg2 | Q72182 | 0,120 |0,57566135| 0,63637651 Tw2 Qoz0P5_|{ 0,504 | 0,3934455 | 0,35997967 Yars Q91Wa3 0,2457958 | 0,52520538
Sugtl D 0,10373011] 0,36053061 Txina | Q6PAMI | 0417 |0,02163921|0,11422222 Y1 P62960 0,36182445] 0,49249336
Sun2 0,0392867 | _0,1564 Txn P10639 | -0,277 |0,29799499]0,33955733 Ybx3__ | QOIKB3-2 [ 0,150 _|0,310727660,44012692
Supt16h 0,12735934 0,28803756 Txndc12 | Q9CQUO |3 0,505 | 0,06094085| 0,104 Yipml | Q9ROI7 ND ND
Suptsh | 055201 | 0,07158593 0,32561667 Txndc5 | Q9IWS0 | -0,037 |0,53877625] 0,787555 Vthdf3 | Q8BYKG 0,096224070,15677612
Surfd Q64310 |§- 0,27451006] 0,33449657 Txnll__| QB8CDN6 |-> 0,031 |0,61371893(0,83454745 Ywhab | QocQva-2 0,43002372]0,67203755
Sv2a Quiiss_ | 0,81505868| 0,86458289 Txnlda | P83877 |f 21,103 ND. ND Ywhae | P62259 0,5889864 | 0,84096261
Syapl | QoDSV6 | 0,64317629] 0,67820057 Txnrdl | QOIMHG-2 |- 0,029 | 0,74079223| 0,86496113 Ywhag | P61982 0,10079372] 0,1306599
Sympk | Qsoxg2 | 0,62674607] 0,63434691 U2afl_| Qo883 0,86557115] 0,88173862 Ywhah | P68510 |- 0,35416755
Synt 088935 | 0,99999006] 0,99983525 U2af2 P26369 0,31866064] 0,46378346 Ywhag_| P68254 0,50994429 |
Syn2 Q64332 | 0,26502723 0,40630011 U2surp | Q6NV83-2 0,40268487 | 0,40857701 Ywhaz | P63101 0,33441206 0,5669498
Syn3 QsizP2_ | 0,11767622] 0,15903249 Ubal Q02053 0,21020907 ] 0,50976881 Zbtb18 | QOWUK6 0,070552930,15 8|
Syncrip | Q7TMK9-2 |- 0,79954985] 0,94005444 Qo71F9 0,89954028 0,94279719 Zc3h1s | Q3TIVS 0,24177727] 0,39058586
Syne2 | Q6zwao | & 0,1860653 | 0,25934414 0,4610361 | 0,70316468 Zc3h18 | Qope78 0,79913367] 0,8568441
Synj Q8CHCA | 0,05789899] 0,28291143 0,0221034 | 0,14375587 Zcche8 | QICYAG ND ND
Synrg | Q55V85-2 [ 057184383 0,69628006 0,80026541] 0,84127942 zfr 088532 0,58389425 0,67560259
Sytl P46096 |- 0,75548217] 0,88725662 0,74478327 ] 0,81462408 Zic2 Q62520 0,30167183 0,34439687
syt2 P46097 | ND ND 0,43999128] 0,53944112 Znf22_| QUERU3 0,05316668| 0,16684
Tagi2 | QOWVA4 | 0,09487067] 0,36438432 0,07374961] 0,15641379 Znf326 | 088291 0,30692581] 0,37039206
Tagih3 | QOR1Q8 | 0,20137848] 0,53702358 0,53287565] 0,69834153 Znf428 | QsciM2 0,93525158] 0,94013644
Taldol | Q93092 | 0,07474156] 0,26223944 0,32778702| 0,32464246 Znf512_ | Q69299 0,1578671 | 0,28360835
Taokl | QSF2E8 | 9085002 0,50377196 0,610996830,77516913 Znf638 | Q61464-4 0,81474601 0,89464615
Tardbp | Q921F2 0,28499705] 0,64505689 0,94262183] 0,96340053 Zranb2 | Q9R020 | ¥ -0,232_|0,03060548]0,16340541
Tars Q9DOR2 0,15613151 0,21901266 0,69158492 0,83536804 QoD882_|-» 0,197 | 0,26275467| 0,37073606

Tbcldi0b | Q8BHL3 ND ND 0,06965022 | 0,10469333 Q9CQE8 [§ 0,224 |0,45644933[0,48317692

Tbeld24 | Q3UUG6E-2 0,36516279 0,42983975
0,21327735( 0,26624306
0,05664033 | 0,21267925
0,61410316 0,74669371
0,0601455 2550538
0,03600382 0,10470588
0,18829546 0,27363514
0,13557543(0,31375287
0,00471835 0,03367742
0,61973126(0,68166119
0,46613644 | 0,54340087
0,02469536(0,10311111

0,02917285 | 0,26053901
0,213426270,18901818
0,05615799( 0,12679167
0,74503222 | 0,78048631
0,60555272 0,76572596
0,28225961 | 0,27684488
0,9322304 | 0,94682391
0,00469156 0,072

0,41427402 0,53843433
0,92552702 | 0,94064572
0,03068225 | 0,08461538
0,15308869 | 0,29787952

Tcergl Q8CGF7-2

g
f=]
8
2

e e R TR

Tecprl QsovPo |4 ND ND 0,33229744 0,37044444
Tf Q92111 |4 -0,328 [ 0,03858425 0,13 0,45255323 | 0,52954862
Tfrc Q62351 » 0,144 | 0,279460440,42981211 0,04711671| 0,156032

Thoc2 B1AZI6 0,039 0,79779204 0,86219835 0,57933071 0,77059082

Thoc6 Qsu4D9 ND
Thopl Q8C1AS 0,036 | 0,60385776| 0,80887214

0,68840861 | 0,77493196
0,09668045 | 0,11502222

=
~
=
1
S
>
z
S

Thrap3 | Q56926 |9 0,07826112] 0,15583871 0,20942141] 0,2155262
Thyl PO1831 | 0,27508264 0,28888062 0,166231810,24303911
Tial P52912 |- 0,01251518| 0,2121435 0,88378304| 0,91413036
Timm13 | P62075 [ 0,58933472] 0,58200653 0,01184168] 0,10094118
Timms0 | QoD880_| 0,44281164] 0,6451151 0,0690849 | 0,10643373
Tiprl Q8BH58 |4 0,46032715] 0,48976122 0,32324948] 0,74295711
Tipl P39447 |- 0,134 |0,36945455|0,50330159 0,03856375 0,17006098
Tip2 Q9Z0U1_[4- 0,250 | 0,16365611]0,26286014 0,599972730,72325607
Tkt P40142 |4 0,203 | 0,045624050,19779612 0,62325935] 0,64374494
Tin1 P26039 |- 0,030 |0,85732972|0,89871964 Usol Q97120 |- 0,118 | 0,0177727 |0,29829003
Tin2 Q71LX4_| ) 0,063 | 0,54617585| 0,7229792 Usp10 P52479 |4 0,217 _|0,21429305|0,31636984
Tmosf2_| P58021 |9 -0,236 | 0,0912226 | 0,21210643 Uspld | QOIMAL | ) 0,028 |0,75004108]0,87081829
Tma7 Q8K003 |4 23,588 ND ND Usp24 0,151 _|0,37310218]0,48401153
Tmed10 | QoDID4 | 0,160 |0,34978255] 0,45650501 Usp39 ) 0,016 _|0,92019759]0,93996948
Tmed2 | QOROQ3 |} 0,132 |0,30196154]0,46335114 Uspd P35123 |4 0,374 |0,44379612|0,41015418
Tmed9 | QO9KFL |- 0,088 |0,43534062]0,61547962 Uspd7 | Q8BY87-2 |4 -0,239 | 0,053894410,17769399
Tmem33 | Q9CR67 | -0,004 | 0,96870999]0,97725793 Usps 0,37634858] 0,79402124
Tmem35 | QD328 |§- 0,421 | 0,35466574]0,34007497 Usp? 0,04273563 0, 16647678
Tmemd3 | QODBSI |4 -0,292 |0,15422471] 0,2288583 Usp9x 0,28627246 0,56828047
Tmod2 | QOIKK7 0,824 | 0,05666419] 0,10764045 Vacl4 0,5055212 | 0,5823287
Tmpo Q61033 |4 -0,313 | 0,07522604]0,16739799 Vamp2 0,65169566] 0,7674047
Tmpo Q61029 |4 0,270 | 0,02011625] 0,1305 Vapa 0,00883156| 0,04275
Tmx2 Q9D710 |- 0,080 | 0,53346994] 0,67241189 Vapb 0,30033286] 0,29698498
Tnc QBOYXL_|& -0,415 | 0,01569345]0,10109091 Vars 0,00152639] 0,14273585
Tnfaip8 | Q92175 |4 0,617 _|0,31478406]0,27662295 Vasp 0,87977696] 0,91192613
Tnik P83510 | 0,050 |0,44835442|0,73491558 Vatl 0,08471501 0,31281503
Tnpol | Q8BFY9-2 | -0,040 |0,67317831|0,81480689 Vatil 0,01648242] 0,05082353
Tnpo2 | Q99LG2 | 0,097 |0,25174882| 0,5116234 Vbpl 0,68168363 0,80753932
Tnpo3 | Q6P2B1 | 0,194 |0,33771943|0,40892441 Vcan 0,27055819] 0,52854756
Tomm22 | Q9CPQ3 |4 0,438 | 0,01830737|0,09976744 Vel 0,518292820,69758316
Tomm40 | QOQVA2 |- 0,108 _|0,20906848] 0,46346825 Vep 0,20340071] 0,46885967
Tomm70a | QOCZWS | -0,029 |0,66597455| 0,84845242 Vepipl 0,06469988| 0,15621577
Topl Q04750 |9 0,255 | 0,12808652]0,22929839 Vdacl 0,00480381] 0,1470991
Top2a | Q01320 | 0,136 | 0,5693302 | 0,61910254 Vdac2 0,97926965] 0,99343021
Top2b | Q64511 | 0,125 |0,45052732|0,56114092 Vdac3 0,01949667 | 0,16689032
Tp53bpl | P70399 | 0,005 |0,96695543]0,97669243 Vim 0,56621898] 0,77313329
Tpil P17751 |% 0,343 |0,00085582| 0,0645 Vps26b 0,04645687 | 0,1099661
Tpm3 | P21107-2 [& -0,254 | 0,05470438]0,16790533 Vps28 0,04877845] 0,30069151
Tpm4 Q6IRU2 > -0,160 0,44411714| 0,5159712 Vps29 0,56072001 | 0,69244287
Tpp2 | Q645142 | 0,067 |0,59512185]0,73506722 Vps35 0,0204901 | 0,23416279
Tpr F62DS4 |4 -0,353 | 0,07427298)0,15833463 Vps37b 0,91717248] 0,9392968
Tptl P63028 | & 0,453 |0,02723007| 0,11308 Vpsda ND ND
Tra2b P62996 |4F -0,622 | 0,00561218]0,02314286 Vps51 ND ND
Trapl | Q9CQNI | -0,194 | 0,3216956 | 0,40046069 Vsnl1 0,0209537 | 0,11113178
Trappc3 | 055013 |- 0,028 |0,81126812|0,88512046 Vtal 0,18281738] 0,27692257
Trim2 QQESN6 | -0,143 [ 0,15656271] 0,37047264 VwaSa ND ND
Trim28 | Q62318 | -0,005 | 0,930022030,96837021 Wars 0,70925369] 0,79270883
Trim3 448375 Wasfl 0,10730318] 0,16795376
Trio QOKLO2-3 | 0,333 |0,35769375| 0,365285 Wasl 0,74266582] 0,77391763
Trip12 G5E870 4} -0,240 0,10428723 0,21858475 Wdrl 0,20522885| 0,29701349
Trmt1l2 | QDCGY |4 0,210 |0,49082921]0,51266847 Wdrll ND. ND
Trmtza | Q8BNVI |4 21,313 ND ND Wdr13
Trntl Q8K16_|-) -0,196 | 0,08301017|0,24083333 Wdr37 0,32422676] 0,31594334
Trove2 | 008848 |1 0,503 | 0,43564444|0,38736312 Wdrd3 ND ND
Trrap Q80YV3_[4-20,703 ND ND Wdrd7 0,054 | 0,61812247]0,76711546
Tsfm Q9CZR8 | 0,128 | 0,31237793]0,47996902 Wdrd8 | Q8BH57 |- 0,106 | 0,363249830,53993755
Tsglol | Qe1187 | 0,030 |0,88998371]0,91133707 Wadrs P61965 |4 -0,294 |0,06721273|0,16752787
Tsn Q62348 | ) 0,149 | 0,02753559]0,25120734 Wdr6 | QO9ME2 |- 0,314 |0,17336409]0,23222134
Tsnax__| QOQZE7 |- -0,043 | 0,7979731 | 0,85735231 Wdr61 | QOERF3 |- 0,195 |0,47746701]0,51327059
Tst P52196 | -0,150 |0,051971550,27822222 Wdr7__| Q920192 |4 0,325 | 0,32016891]0,33915478
THl2 | Q3UDE2 [T 0,230 |0,62596102]0,61813831 Wdr77_| Q99109 | 0,035 | 0,8798425 | 0,90081623
Tubala | P68369 |4 0421 |0,00357953]0,07371429 Wdrs2 | Q8BFQ4 |4 0,585 |0,15724606] 0,16579618
Tubalb | PO5213 |4+ 1,505 |0,16634486] 0,1476347 Whscl | QBBVES |4 -0,220 |0,28366304] 0,36043766
Tubal3_| Q3UX10 |4 26,234 ND. ND. Wibg | Q8CHPS-2 [{- 0,207 |0,05862239]0,16017582
Tubb2b | QOCWF2 | 0,142 |0,32678673|0,46381441 Wnk2 | Q3UH66-6 | > -0,143 | 0,302566 | 0,44620061
Tubb3 | QOERD7 | -0,005 |0,96353728|0,97373397 Xkr7 Q5GH64 |3 -0,331 | 0,17044351] 0,22154357
Tubbda | QODGF9 | 0,484 | 0,0500505 | 0,10247853 Xpnpepl | Q6P1B1 |{- 0,610 |0,14985092|0,16146341
Tubbdb | P68372 | 0,034 |0,69964091]0,84116184 Xpol Q6PSF9_| > 0,080 | 0,1229509 | 0,5019576
Tubb5 P99024 | 0,188 |0,09065266 0,2604405 XpoS Q924C1_|) 0,052 | 0,59832868] 0,76478004
[Tubg1;Tubg2|  P83887 | 0,121 | 0,1571716 | 0,40108168 Xpo7 QOEPK7 |- -0,052 | 0,696420940,79352559

Supplementary table 1. Total proteomics. Normalized intensities of the 1982 proteins detected by total
proteomics and their relative abundance levels in the En1-Cre; Srd5a3"” mutant cerebellum.
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Supplementary table 2. Glycoproteomics

Spread sheet 1. Reference glycoproteomic dataset (Qualitative dataset)

Also found in Zielinska et

Positions

Also found in Zielinska et

Leading | PO | 21 2010 or predicted by
Gene names " within (
proteins | Wt | unprot (release
31/01/2018)
A2m Q61838 1385 YES
A2m Q61838 568 YES
A2m Q61838 881 YES
Abcal P41233 96 YES
Abcal P41233 1637 NO
Abcal P41233 98 YES
Abcal P41233 196 YES
Abcal P41233 400 YES
Abca2 P41234 432 YES
Abca2 P41234 1549 YES
Abca2 P41234 1557 YES
Abca2 P41234 1678 YES
Abca3 Q8R420 228 YES
Abca5 Q8K448 190 YES
Abca7 Q91v24 299 YES
Ace P09470 719 YES
Ace P09470 116 YES
Ace P09470 514 YES
Ace P09470 700 YES
Ache P21836 296 NO
Acp2 P24638 267 YES
Acp2 P24638 167 YES
Acp2 P24638 177 YES
Adam10 035598 552 YES
Adam10 035598 279 YES
Adam10 035598 440 YES
Adam17 Q9Z0F8-2 264 YES
Adam17 Q9Z0F8-2 606 YES
Adam22 | Q9R1V6-19 517 YES
Adam22 | Q9R1V6-19 632 YES
Adam23 Q9R1V7-4 661 YES
Adam23 Q9R1V7-4 97 YES
Adam9 Q61072 381 YES
Adcy3 Q8VHH7 828 NO
Adcy9 P51830 964 YES
Adgrf5 G5E8Q8 665 YES
Adgrfs GS5E8Q8 648 YES
Adgrfs G5E8Q8 254 YES
Adgrf5 G5E8Q8 270 YES
Aebpl Q640N1-2 533 NO
Afp P02772 503 YES
Afp P02772 498 YES
Afp P02772 247 YES
Ahsg P29699 156 YES
Ahsg P29699 176 YES
Ahsg P29699 99 YES
Alcam Q61490 265 NO
Alcam Q61490 499 YES
Alcam Q61490 361 YES
Alk P97793 328 YES
Alpl P09242 140 NO
Alpl P09242 430 YES
Anpep P97449 114 YES
Anpep P97449 606 YES
Anpep P97449 817 YES
Antxr2 Q6DFX2 260 YES
Aplp2 Q06335-2 485 YES
Apmap Q9D7N9 159 YES
Apod P51910 98 YES
Apoe P08226 130 YES
Apoh Q01339 162 YES
Apoh Q01339 105 YES
Apoh Q01339 117 YES
Arsb P50429 292 YES
Arsb P50429 280 YES
Arsb P50429 189 YES
Asahl Q9WV54 258 YES
Asahl Q9WV54 341 YES
Asahl Q9WV54 347 YES
Astnl Q61137-2 975 YES
Astnl Q61137-2 733 NO
Astnl Q61137-2 734 YES
Astnl Q61137-2 976 YES
Astnl Q61137-2 721 YES
Astn2 Q80Z10-2 792 YES
Astn2 Q80710-2 791 YES
Astn2 Q80Z10-2 1029 YES
Astn2 Q80z10-2 779 YES
Atf6 FE6VANO 570 YES
Atféb 035451 673 YES
Atféb 035451 607 YES
Atp13a3 QSXF89 1046 YES
Atp13a3 Q5XF89 1052 YES
Atp13a3 QS5XF89 1038 YES
Atplbl P14094 158 YES
Atplbl P14094 163 YES
Atplbl P14094 158 YES
Atplbl P14094 193 YES
Atplbl P14094 266 YES
Atplb2 P14231 250 YES
Atplb2 P14231 96 YES
Atplb2 P14231 118 YES
Atplb2 P14231 193 YES
Atplb2 P14231 197 YES
Atplb2 P14231 197 YES
Atplb2 P14231 238 YES
Atp1b3 P97370 124 YES
Atp1b3 P97370 197 YES
Atp6apl | QOR1Q9 255 YES
Atp6apl Q9R1Q9 164 YES
Atp6apl Q9R1Q9 267 YES
Atp6apl | _QORIQ9 344 YES
Atpbapl | _QORI1Q9 351 YES
Atp6v0a2 P15920 484 YES
Atp6vOel Qocaps 70 YES
Atp6v0e2 Q91XE7 70 YES
Atp8bl Q148W0 174 YES
Atp8bl Q148W0 175 YES
Atraid Q6PGDO 73 YES
Atraid Q6PGDO 133 YES
Atrn Q9WU60 382 NO
Atrn Q9WU60 913 YES
Atrn Q9WU60 263 YES
Atrn Q9WU60 415 YES
Atrn Q9WU60 1042 YES

Gene names| eading [ Wit | al, 2010 or predicted by
proteins | e uniprot (release
31/01/2018)
Atrn Q9WU60 1197 YES
Atrn Q9WU60 299 YES
Atrn Q9wWuUe0 913 YES
Atrn Q9WU60 922 YES
Atrnll Q6A051-3 151 YES
B3galntl Q920v1 154 NO
B3galntl Q920v1 153 YES
B3galntl Q920v1 198 YES
B3galt6. Q91792 127 YES
B3galtl Q8BHT6 327 YES
B3galtl Q8BHT6 78 NO
B4galntl Q09200 78 NO
B4galntl Q09200 79 YES
Bai3;Bai2 Q80ZF8 625 YES
Bcan Q61361 129 YES
Bcan Q61361 336 YES
Bgn P28653 271 NO
Bmpr2 035607 55 YES
Bpi Q67E05-2 320 YES
Brinpl Q920P3 630 YES
Brinpl Q920P3 599 NO
Brinpl Q920P3 156 YES
Brinp2 Q6DFY8 626 YES
Brwd1 Q921C3-2 57 YES
Brwd1 Q921C3-2 60 YES
Bscl2 Q922E9 88 NO
Bsg P18572-2 190 YES
Bsg P18572-2 154 YES
Btbd17 Q9DB72 61 YES
Btd Q8CIF4 326 YES
Btd Q8CIF4 180 YES
Btd Q8CIF4 96 YES
Clga P98086 146 YES
Cab P01029 224 YES
Cad Q64444 214 YES
Cabsl Q8C633 102 YES
Cachdl Q6PDJ1-2 601 YES
Cachd1l Q6PDJ1-2 913 YES
Cacna2dl | 008532-2 656 NO
Cacna2dl | 008532-2 657 NO
Cacna2dl | 008532-2 979 YES
Cacna2dl | 008532-2 324 YES
Cacna2d1 008532-2 136 YES
Cacna2d1 | 008532-2 762 YES
Cacna2dl | 008532-2 805 YES
Cacna2dl 008532-2 869 YES
Cacna2d1 | 008532-2 876 YES
Cacna2d2 | Q6PHS9-4 1022 YES
Cacna2d2 | Q6PHS9-4 696 YES
Cacna2d2 | Q6PHS9-4 1033 YES
Cacna2d2 | Q6PHS9-4 692 YES
Cacna2d2 | Q6PHS9-4 205 YES
Cacna2d2 | Q6PHS9-4 627 YES
Cacna2d2 | Q6PHS9-4 692 YES
Cacng8 Q8VHW2 53 YES
Cacng8 Q8VHW2 56 YES
Cadm1 Q8R5M8-5 311 YES
Cadm1 Q8RSM8-5 104 YES
Cadm1 Q8R5M8-5 168 YES
Cadm1 Q8RSM8-5 307 YES
Cadm1 Q8R5M8-5 116 YES
Cadm1 Q8R5M8-5 70 YES
Cadm2 Q8BLQY-2 58 NO
Cadm2 Q8BLQY-2 220 YES
Cadm2 Q8BLQYS-2 296 YES
Cadm2 Q8BLQY-2 300 YES
Cadm2 Q8BLQY-2 60 YES
Cadm2 Q8BLQYS-2 296 YES
Cadm3 Q99N28 288 YES
Cadm4. Q8R464 67 YES
Cadm4. Q8R464 262 YES
Cadm4 Q8R464 286 YES
Calerl Q9R1WS5 122 YES
Calerl Q9RIWS 127 YES
Calcrl Q9RIWS 128 YES
Calerl Q9R1WS 122 YES
Calcrl Q9RIWS 65 YES
Calm1 P62204 98 YES
Calu 035887 131 YES
Carkd Q9Cz42-3 220 YES
Casc4 Q6P2L7-3 151 NO
Casc4 Q6P2L7-3 114 YES
Casc4 Q6P2L7-3 115 YES
Casc4 Q6P2L7-3 150 YES
Casdl Q7TN73 241 YES
Casd1l Q7TN73 141 YES
Casdl Q7TN73 175 YES
Casdl Q7TN73 187 YES
CbIn1;Cbln2| Q9R171 79 YES
Cd163 Q2VLH6 122 YES
Cd163 Q2VLH6 872 YES
Cd164 Q9ROLY 103 YES
Cd164 Q9ROLY 98 YES
Cd180 Q62192 78 YES
Cd180 Q62192 394 YES
Cd180 Q62192 402 YES
Cdid1 P11609 183 YES
Cdid1 P11609 38 YES
Cd200 054901 181 YES
C€d200 054901 190 YES
Cd276 Q8VE9I8 104 YES
Cd320 Q971P5-2 159 YES
Cd38 P56528 124 YES
Cd38 P56528 223 YES
Cda4 P15379-2 59 YES
Cda7 Q61735-2 71 YES
Cda7 Q61735-2 73 YES
Cda7 Q61735-2 80 YES
Cd63 P41731 172 YES
Cd68. P31996-2 251 YES
Cd86 P42082-2 148 NO
Cd86 P42082-2 140 YES
Cd93 089103 102 YES
Cdo7 Q9Z0M6-2 205 YES
Cd97 Q9Z0M6-2 301 YES

Positions | A5 found in Ziefinska et
Leading " | al, 2010 or predicted by
Gene names| . within "
proteins |0 ins uniprot (release
31/01/2018)
Cd97 | QozomE-2 | 367 YES
Cdh10 70408 532 YES
Cdh10 P70408 534 YES
Cdh10 P70408 438 YES
Cdh10 70408 456 YES
Cdh1l P55288 538 YES
Cdh13 | QOWTRS 639 YES
Cdh13 | QIWTRS 638 YES
Cdh13 | QOWTRS 489 YES
Cdh13 | QOWTRS 500 YES
Cdh13 I9WTR! 530 YES
Cdh13 | QOWTRS 598 YES
Cdh13 Q9WTRS 671 YES
Cdh2 P15116 402 YES
Cdh2 P15116 692 VES
Cdh20 Q9zom3 420 YES
Cdha 39038 554 NO
Cdhs P55284 59 VES
Cdh5 P55284 523 YES
Cdhé 97326 536 YES
Cdhé 97326 399 VES
Cdhé P97326 237 VES
Cdhé P97326 455 YES
Cdh7 Q88M92 449 NO
Cdhs 97291 263 VES
Celsr1 035161 2160 VES
Celsrl 035161 2155 YES
Celsr2 | Q9ROMO-2| 1077 NO
Celsr2 | Q9ROMO-2 | 1502 VES
Celsr2__| Q9ROMO-2 | 1566 ES
Celsr2 | Q9ROMO-2 | 1037 YES
Celsr2 | QOROMO-2 | 2062 VES
Celsr3 Q91210 2465 VES
Celsr3 Q917I0 2042 YES
Celsr3 Q91710 1213 YES
Celsr3 Q917I0 2185 YES
Cemip Q8BI06 889 VES
Cemip Q8BI06 165 YES
Cers2 Q92474 19 YES
Cersé Q8C172 18 VES
Cfh P06909 1225 ES
Cfh P06909 676 YES
Cfh P06909 773 YES
cfi Q61129 514 YES
Chadl £9Q7T7 424 YES
Chd9 Q8BYH8-2 198 YES
Chdo | Q8BYHS-2 203 YES
ChiL 70232 580 YES
Chl1 P70232 767 YES
chiL 70232 984 YES
ChiL 70232 87 YES
Chl1 P70232 196 YES
ChiL 70232 299 YES
Chil P70232 476 YES
chi1 P70232 562 YES
ChiL 70232 822 VES
Chrna3 | _Q8RAGY 166 YES
Chst12 | Q99LL3 139 YES
Chstls | Qo1xas 142 YES
Chst2 Q80WV3 152 YES
Chst2 | Qsowv3 243 YES
Clen2 Q9R0OAL 411 YES
Clens | Qowvba 408 YES
Cldnd1 | Qocaxs 42 YES
Cldnd1 Q9Caxs 72 YES
Clecl0a | P49300 74 YES
Cimp Q8R373 72 YES
Cimp. Q8r373 73 YES
Cimp Q8R373 196 YES
Clptm1 Q8vBz3 295 YES
Clptm1l Q8BXAS 91 YES
Clptmll | Q8BXAS 230 YE!
Clu Q06890 102 VE:
Cnn3__| QIDAWS 240 YE!
Cnnm3 | Q32NY4-2 73 VE!
Cnpy3 Q9DAUL 153 YES
Cnrl P47746 78 VES
Cnrl P47746 84 YES
Cntn1 P12960 472 VES
Cntnl 12960 593 NO
Cntnl P12960 457 YES
Cntn1 12960 208 YES
Cntnl 12960 294 VES
Cntnl P12960 935 YES
Cntn2 Q61330 500 YES
Cntn2 Q61330 777 YES
Cntn2 Q61330 78 NO
Cntn2 Q61330 463 YES
Cntn2 Q61330 200 YES
Cntn2 Q61330 200 YES
Cntn2 Q61330 206 VES
Cntn2 Q61330 942 VES
Cntnd Q69726 65 YES
Cntnd Q69726 191 VES
Cntnd Q69226 954 ES
Cntné | QoIMB8-2 748 YES
Cntné Q9JMB8-2 878 YES
Cntn6 | QoIMBS-2 914 YES
Cntnapl | 054991 277 VES
Cntnapl 054991 290 NO
Cntnapl | 054991 277 NO
Cntnapl | 054991 127 VES
Cntnapl 054991 1148 YES
Cntnapl | 054991 598 YES
Cntnapl 054991 764 YES
Cntnapl | 054991 129 YES
Cntnapl | 054991 121 YES
Cntnapl 054991 844 YES
Cntnap2 | Q9CPWO 1117 YES
Cntnap2_|_Q9CPWO 437 YES
Cntnap2 | Q9CPWO 436 YES
Cntnap2 | Q9CPWO 289 YES
Cntnap2_|_Q9CPWO 630 VES
Cntnapd | _Q99P47 540 NO
Cntnap4 | Q99P47 708 YES
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Also found in Zielinska et

Leading | P10 | 41 2010 or predicted by
Gene names| . within N
proteins. (D uniprot (release
31/01/2018)
Cntnapd | Q99P47 287 YES
CntnapSa | QOV8T9 496 YES|
CntnapSa | QOV8T9 768 YES|
Cntnap5a | QOV8T9 1021 YES
Colllal | Q61245-2 1553 YES
Col12al | Q60847-4 1519 YES
Col2al | P28481-2 1201 YES|
Col6al Q04857 801 YES
Col6a2 Q02788 155 YES
Col6a2 Q02788 800 YES|
Colec12 | Q8K4Q8 271 YES|
Colec12 | Q8K4Q8 416 NO
Colec12 | Q8K4Q8 159 YES
Colec12 Q8K4Q8 386 YES
Colec12 | Q8K4Q8 168 YES|
Colgaltl | Q8K297 91 NO
Cp Q61147 757 NO
Cpd 089001 975 YES
Cpd 089001 866 NO
Cpd 089001 625 YES|
Cpd 089001 626 YES|
Cpd 089001 409 YES
Cpd 089001 1067 YES
Cpd 089001 398 YES|
Cpd 089001 810 YES|
Cpe Q00493 139 NO
Cpe Q00493 390 YES
Cpq QOWVI3-2 382 YES
Cril Q64735-2 252 YES
Creld2 Q9CYAD 188 YES|
Crhrl P35347 98 YES
Csmdl | Q92313-2 2795 NO
Cspga Q8VHYO 349 YES
Cspgd. Q8VHYO 1454 YES|
Cspgd. Q8VHYO 2080 YES
Cspg5__| Q71M36-2 57 YES
Ctbs Q8R242 283 YES
Ctsa P16675 239 YES
Ctsa P16675 140 YES
Ctsb P10605 38 YES|
Ctsc 97821 275 NO
Ctsc 97821 276 YES
Ctsc 97821 53 YES|
Ctsd P18242 134 YES|
Ctsd P18242 261 YES|
Ctsf QoR013 138 YES
Ctsl P06797 221 YES
Ctso Q8BM88 % YES
Cxadr 97792 201 NO
Cxadr 97792 106 YES|
Cyp26al | 055127 9% YES
Dagl Q62165 639 YES
Dagl Q62165 647 YES|
Dbh Q64237 476 YES|
Dcc P70211-2 478 NO
Dcc P70211-2 60 YES
Dchsl E9PVD3 250 YES
Dchs1 E9PVD3 1989 YES
Dchs1 E9PVD3 1514 YES
Dchs1 E9PVD3 2754 YES
Den P28654. 206 YES
Deplb | Q3U564-2 129 YES|
Dgcr2 P98154 147 YES|
Dkk3 Q9QUNY 120 NO
Dkk3 Q9QUNY 121 NO
Dkk3 Q9QUN9 106 YES
Dner Q8izMa 208 YES|
Dner QsizMa 204 YES
Dner Q8izMa 223 YES
Dppl0 | Q6NXK7 112 YES
Dppl0 | Q6NXK7 120 YES
Dppl0 | Q6NXK7 749 YES|
Dpp4 P28843 144 YES|
Dpp4 28843 145 YES
Dpp6 Q97218 112 YES
Dpp6 Q97218 113 YES|
Dpp6 Q97218 410 YES|
Dpp6 Q97218 258 YES
Dpp6 Q97218 343 YES
Dpp6 Q97218 505 YES
Dpp6 Q97218 752 YES
Dpp7 Q9ET22 325 NO
Dpy1913_| Q71807 118 YES|
Dpy19i4 | A2AJQ3-2 121 YES
Dpy19l4 | A2AJQ3-2 122 YES
Dscam QOERC8 748 YES|
1c;Dsgla;Ds{ Q7TSFO-2 110 YES|
Ecel | Q4PZA2-3 193 YES|
Ecel | Q4PZA23 232 YES
Ecel | Q4PZA23 234 YES
Ecel | Q4PZA2-3 366 YES
Ecel | Q4PZA23 149 YES|
Ednrb 48302 60 YES
Efna5 | 008543-2 162 YES
Efnbl P52795 139 YES|
Efnb3 035393 210 YES|
Egfr Q01279 124 NO
Egfr Q01279 603 YES
Egfr Q01279 128 YES
Egfr Q01279 352 YES
Eif3a P23116 586 YES
Eifah QOWUK2 223 YES|
Eifah QOWUK2 227 YES
Eifah QOWUK2 229 YES
Elfn2 Q68FM6 80 YES|
Elfn2 Q68FM6 85 YES|
Elovie Q9205 2 YES|
Eltd1 Q923X1 298 YES
Emb 21995 101 YES
Emb 21995 70 YES
Emb 21995 118 YES
Emb. 21995 216 YES
Emb. 21995 221 YES
Emb 21995 62 YES
Emcl | Q8C7X2-2 914 YES|

Positions Also found in Zielinska et
Leading. e al, 2010 or predicted by
Gene names| n within o
proteins (D uniprot (release
31/01/2018)
Emilinl Q99K41 456 YES
Emilinl Q99K41 795 YES
Empl P47801 43 YES
Eng Q63961 307 YES
Eng Q63961 322 NO
Eng Q63961 135 YES
Enpep P16406 754 YES
Enppl P06802-2 323 YES
Enpp2 Q9R1E6 410 YES
Enpp3 Q6DYE8 594 NO
Enpp4 Q8BTJ4-2 246 YES
EnppS Q9EQG7 158 YES
Enpp5 Q9EQG7 329 YES
Entpd1 P55772 73 YES
Entpd1 P55772 291 YES
Entpd2 055026 129 YES
EntpdS Qswuz9 231 YES
Eogt Q8BYWS 354 YES
Epdrl Q99IM71 182 YES
Epha4 Q03137-2 235 YES
Ephb2 P54763 265 YES
Ephb2 P54763 482 YES
Ephb2 P54763-4 483 YES
Erapl Q9EQH2 403 YES
Erbb2 P70424 125 YES
Erbb4 Q61527-3 576 YES
Erbb4 Q61527-3 138 YES
Erbb4 Q61527-3 548 YES
Ergic2 Q9CR89-2 212 NO
Erlin2;Erlinl| Q8BFZ9 106 YES
Eroll Q8R180 276 YES
Erollb Q8R2E9 140 YES
[ Erollb | QsR2E9 145 YES
Erollb Q8R2E9 140 YES
Esam Q925F2 239 NO
Extl2 Q9ES89 75 YES
Extl3 Q9WVL6 591 YES
F3 P20352 37 YES
Fam171a2 A2A699 66 YES
Fam20c Qsmis3 465 YES
Fat2 Q5F226 2597 YES
Fat2 Q5F226 996 YES
Fat2 Q5F226 3770 YES
Fat2 Q5F226 3774 YES
Fat2 Q5F226 3432 YES
Fat2 Q5F226 568 YES
Fat2 Q5F226 2470 YES
Fat2 Q5F226 3278 YES
Fat2 Q5F226 2387 YES
Fat2 Q5F226 3127 YES
Fat2 Q5F226 39 YES
Fat4 Q2P7L6 1828 YES
Fat4 Q2PZL6 2923 YES
Fcgr3;Fcgr2 | P0O8508 91 YES
Fetub Q9axc1 139 YES
Fgb QBKOES 384 YES
Fgfrl P16092-6 77 YES
Fgfrl P16092-6 262 YES
Fgfr2 P21803 318 YES
Fkbp10 Q61576 390 NO
Fkbp10 Q61576 392 YES
Fkbp10 Q61576 406 YES
Fkbp10 Q61576 69 YES
Fkbp7 054998 41 YES
Fkbp9 Q97247 174 YES
Fkbp9 Q97247 397 YES
Flt1 P35969 197 YES
Flt1 P35969 165 YES
Fnl P11276 542 NO
Fnl P11276 528 YES
Fnl P11276 430 YES
Fnl P11276 1006 YES
Fras1 Q80114 2684 YES
Frasl Q80T14 2666 YES
Frem2 Q6NVDO 2225 NO
Frem2 Q6NVDO 2110 YES
Fstll Q62356 221 NO
Fstll Q62356 225 NO
Fstll Q62356 178 YES
Fstll Q62356 173 YES
Fstll Q62356 142 YES
Fstl5. Q8BFR2 318 YES
Fuca2 Q99KR8 371 YES
Futl0 QS5F2L2-2 110 YES
Futll Q8BHCY 162 YES
Futll Q8BHC9 313 YES
Futll Q8BHC9 314 YES
Futll Q8BHCY 439 YES
Gaa P70699 926 YES
Gaa P70699 470 YES
Gabbrl Qowvis 501 NO
Gabbrl Qowvis 513 YES
Gabbrl Qswvig 439 YES
Gabbrl Qowvig 83 YES
Gabbr2 Q80T41 388 YES
Gabra2;Gabra| P26048 138 YES
Gabra3 P26049 163 YES
P16305-4 117 YES
Gabrbl P50571 105 YES
Gabrb2 P63137-2 104 YES
Gabrb3 P63080 105 YES
Galnt1 008912 552 YES
Gba P17439 165 YES
Gba P17439 289 YES
Gba P17439 78 YES
Gdel Q9ILS6 168 YES
Gdpd2 Q9ESM6 416 NO
GdpdS Q640M6 336 YES
Gfral P97785-2 401 YES
Gfra2 008842 357 NO
Gfra2 008842 52 YES
Ggex Q9qyc7 570 YES
Ggh Q970L8-2 160 YES
Ggh Q070182 186 YES
Ggt7. Q99IP7 198 YES

Positions Also found in Zielinska et
Leading. . al, 2010 or predicted by
Gene names| N within a
proteins retelng uniprot (release
31/01/2018)
Ggt7. Q99JP7 523 YES
Gla P51569 139 YES
Gla P51569 192 YES
Glce QIEPS3 225 YES
Glce QIEPS3 304 YES
Glgl Q61543 782 YES
Glgl Q61543 161 YES
Glgl Q61543 206 YES
Glt8d1 Q6NSU3 257 YES
Glt8d1 Q6NSU3 249 YES
Gnptab Q69ZN6-2 1062 YES
Gnptg Q655C2 88 YES
Gns Q8BFR4 379 YES
Gns Q8BFR4 175 YES
Gns Q8BFR4 103 YES
Gns Q8BFR4 109 YES
Gns Q8BFR4 271 YES
Gns Q8BFR4 354 YES
Golm1 Q91XA2 108 YES
Golm1 Q91XA2 109 YES
Gpcl Q9QzF2 116 NO
Gpc5 Q8CALS 527 YES
Gpméa P35802 164 YES
Gpnmb Q99P91 246 NO
Gpnmb Q99P91 249 YES
Gpnmb Q99P91 275 YES
Gprl07 Q8BUVE 64 NO
Gpri25 Q77736 676 YES
Gpr126 Q6F3F9 720 YES
Gpr56 Q8K209 303 NO
Gpr56 Q8K209 234 NO
Grial P23818 363 YES
Grial P23818 406 YES
Grial P23818 249 YES
Grial P23818 257 YES
Grial P23818 401 YES
Grial P23818 406 YES
Gria2 P23819-4 256 YES
Gria2 P23819-4 370 YES
Gria2 P23819-4 406 YES
Gria2 P23819-4 413 YES
Gria3 Q972w9 374 YES
Gria3 Q9z2w9 409 YES
Gria3 Q9z2w9 416 YES
Griad Q972W8 258 YES
Gria4 Q972w8 371 YES
Griad Q972W8 407 YES
Gria4 Q972w 414 YES
Grid2 Q61625 716 YES
Grid2 Q61625 426 YES
Grik2 P39087-2 430 YES
Grik2 P39087-2 423 YES
Grik2 P39087-2 430 YES
Grik2 P39087-2 412 YES
Grik2 P39087-2 73 YES
Grik2;Grikl [ P39087-2 275 YES
Grik3 B1AS29 415 NO
Grik3 B1AS29 278 YES
Grik3 B1AS29 426 YES
Grik3 B1AS29 433 YES
Grik3;Grik2 | B1AS29 752 YES
Grinl P35438-2 440 YES
Grinl P35438-2 350 YES
Grinl P35438-2 276 YES
Grinl P35438-2 368 YES
Grinl P35438-2 771 YES
Grin2b Q01097 348 YES
Grin2b Q01097 341 YES
Grin2b Q01097 444 YES
Grin2b Q01097 74 YES
Grin2b;Grin2¢;Gr| Q01097 688 YES
Grin2d Q03391 712 YES
Grml P97772 223 YES
Grml P97772 397 YES
Grm3 Q9qQys2 238 YES
Grm3 Q9Qys2 414 YES
Grm3 Q9qQys2 439 YES
Grm4 Q68EF4-2 569 YES
Grm5 Q3UVX5-2 88 YES
GrmS Q3UVX5-2 209 YES
Grm7 Q68ED2 458 YES
Grn P28798 263 YES
Gusb P12265 416 YES
Gusb P12265 627 YES
Gxyltl Q3UHH8 242 YES
Gxyltl Q3UHH8 201 YES
Gxyltl Q3UHH8 351 YES
H2-D1 P01899 110 YES
H2-K1 P01901 107 YES
Hegl E9Q7X6-2 99 YES
Hepacam Q640R3 189 YES
Heph Q97074-2 53 YES
Heph Q97074-2 54 YES
Heph Q97074-2 49 YES
Hexa P29416 157 YES
Hfe P70387 166 YES
Hgsnat [ Q3UDW8-2 105 YES
Hgsnat | Q3UDW8-2 125 YES
Hgsnat | Q3UDW8-2 77 YES
Hpx Q91X72 186 YES
Hs2st1 Q8R3H7 108 YES
Hs6st3 QoQyk4a 379 YES
Hsd11bl P50172 162 YES
[ Hspoob1 | P08113 445 YES
Hsp90b1 P08113 62 YES
Hsp90b1;Hsp90y P0O8113 107 YES
Hspg2 Q05793 358 YES
Hspg2 Q05793 2336 YES
Hspg2 Q05793 89 YES
Hspg2 Q05793 3098 YES
Hyal2 035632 103 YES
Hyal2 035632 74 YES
Hyoul Q9JKRE 222 YES
Hyoul QIJKRE 869 YES
Hyoul Q9JKRE 515 YES
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Hyoul Q9IKRE 596 YES
Hyoul Q9IKRE 830 YES|
Hyoul Q9IKRE 862 YES|
Hyoul Q9IKRE 931 YES
icam1 P13597 47 YES
Icam2 P35330 158 YES
Icam2 P35330 176 YES|
Icam2 P35330 82 YES
Icam2 P35330 49 YES
Ids Q08890 117 YES|
lgdccd Q9EQS9 156 NO
Igflr Q60751 748 NO
Igflr Q60751 608 YES
Igflr Q60751 623 YES
lgfir Q60751 914 YES|
lgfar Q07113 740 YES
Igf2r Q07113 2129 YES
Igfar Q07113 1532 YES
Igf2r Q07113 1649 YES
lgfar Q07113 107 YES|
lgfar Q07113 944 YES|
Igf2r Q07113 430 YES
Igf2r Q07113 1809 YES
igf2r Q07113 1305 YES|
lgfar Q07113 575 YES|
Igfbp7 Q61581 170 YES
Igfbpll | Q80W15 158 YES
IglonS Q8HW98 288 YES
lgsfl__| Q7TQALS 662 YES
lgsf21 Q7TNRE 407 YES|
lgsf21 Q7TNRE 165 YES
Igsf3 Q62QA6 655 YES
Igsf3. Q6ZQA6 1077 YES
lgsf3 Q67QA6 700 YES|
Igsf3 Q67QA6 842 YES
Igsf3 Q62QA6 961 YES
Igsf8 Q8R366 137 NO
lgsf8 Q8R366 461 YES
Igsfs Q8R366 325 YES
Tkbip Q9DBZ1 151 YES|
Ikbip | Q9DBZ1-2 325 YES
117rd Q8JzL1 62 YES
lGst Q00560 83 YES|
lgst Q00560 225 YES|
ligst Q00560 157 YES|
Gt Q00560 43 YES
Impadl | Q80V26 257 YES
Insr P15208 910 YES
Insr P15208 138 YES|
Insr P15208 242 YES
Insr P15208 445 YES
Islr2 QSRKR3] 338 YES
Isir2 QSRKR3! 121 YES|
Isir2 QSRKR3! 365 YES|
Islr2 QSRKR3! 52 YES|
Itfgl Q99KW9 356 YES
Itfgl Q99KW9 368 YES
itfgl Q99KW9 369 YES
Itfgl Q99KW9 351 YES
itfgl Q99KW9 145 YES
Itfgl Q99KW9 150 YES
tfg3 Q8coz1 120 YES|
tfg3 Q8coz1 116 YES|
Itgal Q3V3R4. 882 YES
Itgal Q3V3R4. 531 YES|
Itgal Q3V3R4 459 YES
Itgal Q3V3R4 418 YES|
Itgal Q3V3R4 217 YES
Itgal Q3V3R4 100 YES
Itgal Q3V3R4 100 YES
Itgal Q3V3R4 105 YES
Itgal Q3V3R4 1113 YES|
Itgal Q3V3R4. 112 YES|
Itga2 Q62469 109 YES
Itga2 Q62469 1054 YES
Itga2 Q62469 1071 YES|
Itga2 Q62469 102 YES|
Itga2 Q62469 457 YES
Itga3 | Q624703 575 YES
Itga3 Q62470-3 906 YES
Itgad Q00651 487 YES
Itgas P11688 715 YES|
Itgas P11688 727 YES|
Itgas P11688 185 NO
Itgas P11688 678 YES
Itga6 | Q617392 927 YES|
Itga6 | Q617392 731 YES|
Itga6 | Q617392 284 YES|
ltga7 | Q617384 740 YES
Itga7 | Q617384 979 YES|
Itga8 | A2ARAS-2 176 YES
Itgam | P05555-2 58 YES|
Itgam | PO5555-2 617 YES
Itgam | P05555-2 905 YES
Itgav P43406 615 YES|
Itgav P43406 869 NO
Itgav P43406 835 NO
Itgav P43406 941 YES
Itgav P43406 851 YES
Itgav P43406 74 YES
Itghl P09055 212 YES
Itgbl P09055 481 YES|
Itgbl P09055 669 YES
Itgb5 070309 705 YES
1tih3 Q61704 580 YES|
Itihg A6X935-2 835 YES|
Itihg A6X935-2 577 YES|
itih5 Q8BID1 231 YES
itihs Q8BID1 508 YES
Itm2b 089051 170 YES|
Ttprl P11881-8 2420 NO
Itprl P11881-8 2448 YES
Itprl P11881-8 2655 YES
Itprip | Q3TNL8-2 27 YES
Jam2 Q9JI59 186 YES|

Leading | P10 |3} 2010 o predicted by
Gene names| n within o
proteins (D uniprot (release
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Jam3 Q9D8B7 192 YES
Kdelcl | QOJHP7-2 152 YES
Kdr P35018-2 98 YES
Kiaa0319] | Q8K135 889 YES
Kiaall61 | Q692Q1 239 YES
Kiaall61 | Q69zQ1 249 YES
Kiaall61 | Q69zQ1 455 YES
Kiaal324 | A2AFS$3-3 497 YES
Kiaald67 | Q8BYI8 398 YES
Kiaal467 | Q8BYI8 239 YES
Kiaal549 | Q68FD9 1113 NO
Kiaal549 | Q68FD9 1215 YES
Kirrel3 | Q8BR86-3 167 YES
Kit P05532-2 466 YES
Kit P05532-2 146 YES
Kngl 008677-2 242 YES
Kngl 008677-2 82 YES
Krt28 AGBLY7 92 YES
Krt28 AGBLY7 93 YES
Licam P11627 432 YES
Licam P11627 978 YES
Licam P11627 670 YES
Licam P11627 848 YES
Licam P11627 246 YES|
Licam P11627 478 YES
Licam P11627 968 YES
Licam P11627 293 YES
Licam P11627 725 YES
Licam P11627 1073 YES
Licam P11627 1107 YES
Licam P11627 489 YES
Licam P11627 875 YES
Lamal P19137 1344 YES
Lamal P19137 1812 YES
Lamal P19137 2046 YES
Lamal P19137 1659 YES
Lamal P19137 2027 YES
Lamal P19137 2526 YES
Lama2 Q60675 1696 YES
Lama2 Q60675 919 YES
Lama2 Q60675 1897 YES
Lama2 Q60675 2013 YES
Lama2 Q60675 1610 YES
Lama2 Q60675 1806 YES
Lama2 Q60675 2024 YES
Lama4 P97927 803 YES
Lama4 P97927 550 YES|
Lama4 P97927 735 YES|
Lama4 P97927 780 YES
Lamas Q61001 2395 NO
Lamb1 P02469 1643 YES
Lamb1 P02469 1336 YES|
Lamb1 P02469 1343 YES
Lamb1 P02469 1279 YES
Lamb1 P02469 1542 YES
Lambl P02469 677 YES
Lamb2 Q61292 1309 YES
Lamcl P02468 1203 YES
Lamcl P02468 648 YES
Lamcl P02468 1020 YES
Lamcl P02468 1105 YES
Lamcl P02468 1221 YES
Lamc3 Q9ROB6 1514 YES
Lamc3 Q9ROB6 1196 YES
Lamp1 P11438 78 YES
Lampl P11438 248 YES
Lampl P11438 252 YES
Lamp1 P11438 115 YES
Lampl P11438 159 YES
Lamp1 P11438 177 YES
Lampl P11438 252 YES
Lamp1 P11438 296 YES
Lampl P11438 296 YES
Lamp1 P11438 311 YES
Lampl P11438 97 YES
lamp2 | P17047-3 234 YES
Lamp2 | P17047-3 232 NO
Lamp2 | P17047-3 247 YES
Lamp2 | P17047-3 156 YES
Lamp2 | P17047-3 322 YES
Lamp2 | P17047-3 361 YES
Large Q9z1IM7 122 YES
Leat P16301 44 YES
Lepreld | Q8K2BO 79 NO
Lepreld | Q8K2BO 367 YES
Lgals3bp | Q07797 69 YES
Lgals3bp | Q07797 543 YES
Lgil QaJIAL 277 YES
Lgil QaJIAL 422 YES
Lgi2 Q8K4Z0-2 268 YES
Lgmn 089017 265 YES
Lgmn 089017 265 YES
Lgmn 089017 274 YES
Lifr P42703-2 385 YES
Lingol Q9D1TO 138 YES
Lingol Q9D1TO 536 YES
Lingo2 Q3URE9 130 YES
Lingo3 | Q6GQU6 509 YES
Lipa Q970M5 159 YES
Lman2 | Q9DBH5 185 YES|
Lnpep Q8C129 256 YES
Lnpep Q8129 525 YES
Lnpep Q8C129 145 YES
Lnpep Q8C129 215 YES
Lnpep Q8C129 447 YES
Lnpep Q8129 682 YES
Lphnl | Q80TR1-2 624 NO
Lphnl | Q8OTR1-2 629 YES
Lphnl | Q8OTR1-2 355 YES
Lphn2 Q8Jzz7 524 YES
Lphn2 Qs8izz7 735 YES
Lphn3 | Q80TS3-4 646 YES
Lphn3 | Q80TS3-4 601 YES
Lpprl | Q8BFZ2-2 148 YES
Lpprl | Q8BFZ2-2 150 YES
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Lrfnd. Q80XU8 376 YES
LrfnS Q8BXAQ 339 YES
Lrigl P70193 76 YES
Lrig2 Q52KR2 172 YES
Lrpl Q912X7 1557 YES
Lrpl Q912X7. 2503 NO
Lrpl Q912X7 2906 YES
Lrpl Q912X7 3664 YES
Lrpl Q917X7 1559 YES
Lrpl Q912X7. 2473 YES
Lrpl Q912X7 3663 NO
Lrpl Q912X7 1734 NO
Lrpl Q912X7 1734 NO
Lrpl Q912X7. 1724 YES
Lrpl Q912X7. 1826 YES
Lrpl Q912X7. 2621 YES
Lrpl Q912X7 4126 YES
Lrpl Q912X7 3058 YES
Lrpl Q912X7 3840 YES
Lrpl Q912X7 1764 YES
Lrpl Q912X7 2118 YES
Lrpl Q912X7. 3789 YES
Lrpl Q912X7 3954 YES
Lrpl Q912X7, 4365 YES|
Lrpl Q912X7. 447 YES
Lrpl Q912X7 137 YES
Lrpl Q912X7 1576 YES
Lrpl Q912X7 2128 YES
Lrpl Q917X7 240 YES
Lrpl Q912X7 3049 YES
Lrpl Q912X7 3334 YES
Lrpl Q917X7. 4076 YES
Lrpl Q912X7 730 YES|
Lrplb QoJI18 1636 YES
Lrplb QoJI18 3316 YES
Lrplb QolI18 3310 YES
Lrplb Qo8 1145 YES
Lrplb Q9)I18 3164 YES
Lrp4 Q8VIS56-2 498 YES
Lrp4 Q8VI56-2 501 YES
Lrpapl P55302 271 YES
Lrrc25 Q8K1T1 133 YES
Lrrc36 | Q3VOM2-2 334 YES
Lrrcd Q99PH1 409 YES
Lrrcd Q99PH1 362 YES
Lrrcab P0OC192 376 NO
Lrrcdb P0C192 226 YES
LrreBa | Q80WGS 66 YES|
LrrcBa | Q80WGS 83 YES
Lrrc8b | Q5DU41-2 78 YES
Lrrd1 Q8COR9 211 YES
Lrrnl Q61809 69 NO
Lrrnl Q61809 517 YES
Lrrn3 Q8CBC6 579 YES
Lirtm2 | Q8BGA3 57 YES
Lsamp Q8BLK3 40 YES
Lsamp Q8BLK3 279 YES
Lsamp Q8BLK3 287 YES
Lsamp Q8BLK3 287 YES
Ly75 Q60767 529 NO
Ly75 Q60767 1393 YES
Ly75 Q60767 1077 YES
Ly75 Q60767 1594 YES
Ly75 Q60767 1104 YES
Ly75 Q60767 135 YES
Ly75 Q60767 865 YES
Lyvel Q8BHCO 52 YES
Mépr P24668 117 YES
Mépr P24668 114 YES
Mépr P24668 108 YES
Mépr P24668 84 YES
Mag P20917-2 450 YES
Mag P20917-2 454 YES
Mag P20917-2 99 YES
Man2a2 | Q8BRK9 1095 YES
Man2b1 009159 693 YES
Man2bl | 009159 497 YES
Man2bl | 009159 367 YES
Manba Qsk214 89 YES
Manba Q8K214 77 NO
Mbtps1 | QOWTZ2 148 YES
Mcam | Q8R2Y2-2 58 YES
Mdgal | QOPMG2 811 YES
Mdgal | QOPMG2 235 YES
Mdgal | QOPMG2 307 YES
Mdgal | QOPMG2 331 YES
Mdgal | QOPMG2 90 YES
Mdga2 P60755 610 YES
Mdga2 P60755 92 YES
Megfg P60882 1271 YES
Megf8 P60832 810 YES
Megf9 Q8BH27 302 YES
Megf9 Q8BH27 303 YES
Megfo Q8BH27 426 YES
Megf9 Q8BH27 357 YES
Mertk Q60805 165 YES
Mertk Q60805 202 YES
Mettl9 QIEPLA 35 YES
Mfap4 Q9D1H9 89 NO
Mfapd | Q9D1H9 139 YES
Mfge8 | P21956-2 279 YES
Mfge8 | P21956-2 280 YES
Mgat3 Q10470 263 YES
MgatSb Q765H6 236 YES
Mgatsb | Q765H6 127 YES
Mgatsb | Q765H6 93 YES
Mia3 Q8BIg4 631 YES
Q8BI84 252 YES
P34884 54 YES
Minppl | Q97216 236 YES
Mmrn2 | A6H6E2 249 NO
Mpzll | Q3TEW6-2 50 YES
Mrcl Q61830 1204 YES
Mrcl Q61830 104 YES
Mrc2 Q64449 1133 YES
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Mrc2 | aeaaas 8 VES
Mrc2 | aeaaas | 363 VEs
Naga | Q9QWRS | 201 VEs
Naga Q9QWR8 177 YES
Neaml | _P13595 479 No
Neaml | P13595 22 NO
Neaml | P13595 450 VES
Neaml | P13595 453 YES
Ncam2 | 035136 168 NO
Neam2 | 035136 177 Ves
Neam2 | 035136 | 474 Ves
Neam2 | 035136 177 VEs
Neam2 | 035136 | 219 YES
Nean | P55066 | 1175 VES
Nean | P55066 1 Ves
Ncn | svcwms | 428 Ves
Nestn | P57716 611 VES
Nestn | P57716 128 NO
Nestn | P57716 529 VES
Nestn _|_P57716 386 VEs
Nestn _|_P57716 434 VEs
Nestn _|_P57716 51 VES
Nestn | P57716 561 VES
Nestn | _P57716 572 Ves
Neerl | 080224 | 260 Ves
Negrl | Q80224 | 269 VES
Negrl | Q80224 | 269 YES
Negrl | Q8ozaa | 280 VES
Negrl Q80224 288 YES
Nel2 | Q61220 56 VES
Neol | P977085 | 221 VES
Neol | P977085 | 501 YES
Neol | Po77985 | 84 YES
Neol | 977985 | 520 Ves
Neol | P977985 | 746 Ves
Nfasc | as1ous | 778 YES
Nfasc | _Qglous | 483 YES
Nfasc | Q8ious | sst VES
Nfasc | Qsious | 1015 Ves
Nfasc | Q810U3 | 305 VES
Nfasc | Q810u3 | 866 VES
NidL | 10493 a15 NO
Nid2 | oss322 | est Ves
Nkain1 | QoD035 | 100 Ves
Nignl | QooK10 109 NO
Nomol | Q66QT9 | 210 NO
Nomol | Qe6aro ) VES
Nomol | Q66QT9 | 361 Ves
Notchi | Q01705-2 | 1404 NO
Nocl | 035604 | 598 VES
Npcl | 035604 | 1063 YES
Npcl | 035604 | 868 VES
Npcl | 035604 185 Ves
Npcl | 035604 | 414 VEs
Nptn | P973001 | 80 VEs
Nptn | P973001 | 112 VES
Nptn P97300-1 167 YES
Np2 | 070340 136 Ves
Nptxr | Q9985 2 VES
Nrap | Q80XB4-3 | 403 YES
Nrcam | Q810042 | 700 VEs
Nrcam | Q810042 | 786 Ves
Nrcam | Q810042 | 427 VEs
Nrcam | Q810042 | 217 VEs
Nrcam | Q8toua2 | 77 VEs
Nrcam | Q810042 | 1003 YES
Nrcam | Q810042 | 270 Ves
Nrcam | Q810042 | 308 Ves
Nrcam | Q810042 | 501 VES
Nrcam | Q810042 | 842 YES
Nrpl | P97333 522 VES
Nrpl | P97333 150 VEs
Nrpl | P97333 261 VES
Np2 | 0353755 | 152 VES
Nrp2 | 0353755 | 157 VES
Nrxni | Qocssaa | 125 Ves
Nxni | Q9Cs84d | 190 Ves
Nxn3 | QePoks2 | 825 VEs
Ntm | Qg8pi0 a YES
Ntm | Q98pi0 284 VES
Ntm | Q99pi0 292 VES
N3Nl | QOR1A3 | 387 VES
Ntngl | Q8RAGO-6 | 320 VES
Nwk2 | P152092 | 178 YES
Nk | P152092 | 325 Ves
Nirk2 | P152092 | 205 Ves
Nuk2 | P152092 | 2at Ves
Nuk2 | P152092 | 254 VES
Nik2 | P152092 | 67 YES
Ntk2 | P152092 | 95 Ves
Nirk3 | QevNs13 | 163 Ves
Nk | QevNsi3 | 388 VES
Nudcd2 | Qocads | 144 VES
Nup210 | Qoavsl | 405 YES
Nup210 | aoavsl | a4t Ves
Nup210 | aoavsl a Ves
Nup210 | aoavel | 1135 Ves
Ogfod3 | QoD136 | 263 YES
Olfmi_| 0889983 | 260 Ves
Olfmi_| 0889983 | 279 Ves
Olfmi_| 0889983 | 75 Ves
Omg | Q63912 152 VES
Omg | Q63912 103 YES
Omg | aqeso12 | 23 VEs
09 | askecr2 | 177 Ves
Ostmi_|_asBGT0 | 234 VEs
Ostmi_|_Q8BGTO | 139 VEs
P2rx4 Q9)JX6-3 131 NO
Pand | QoIX63 75 VES
Pand | QoiXe3 | 208 Ves
Pang | QoziMo | 187 VES
Pang | aoziMo | 213 YES
P |_QsziMo 7a VES
P4hal Q60715-2 113 YES
Pahtm | Q88GS8 | 349 VEs

Leading | P10 | 41 2010 or predicted by
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Panx1 Q9JIP4 254 YES|
Pbxipl Q3TVIs 455 YES|
Pcdh19 | Q80TF3 546 NO
Pcdh8 Q7TSK3-3 616 NO
Pcdhgad | 088689-3 893 NO
Pesk2 P21661 374 YES
Pesk2 P21661 523 YES|
Pcyoxl | Q9CQF9 353 YES
Pcyoxl | Q9CQF9 196 YES
Pcyoxl | Q9CQF9 323 YES|
Pdgfrb P05622 467 YES|
Pdia3 P27773 90 YES|
Pecaml | Q084812 141 YES
Pecaml Q08481-2 360 YES
Pecaml | Q084812 74 YES|
Pgapl | Q3uuQ7y 234 YES|
Pgapl | Qsuuaz 363 YES
Pgapl | Qsuuaz 558 YES
Piezol E2JF22 2310 YES
Pign QOR1S3-2 191 YES|
Pign QOR1S3-2 192 YES|
Pign Q9R1$3-2 128 YES|
Pigo Qa6 37 YES
Q6PD26 370 YES|
Q8BXQ2 168 YES|
Q9IMB7 857 YES
035245-2 360 YES
QBVEB4. 289 YES
QBVEB4. 398 YES
Q8BG07-2 239 YES|
QIROE2 539 YES|
Q9ROBY 696 YES
Q9ROE1 66 NO
P55065 245 YES|
P55065 398 YES|
P55065 143 YES
P55065 64 YES
Qo1zv7 81 YES.
P70207 163 YES|
P70208 1074 YES|
P70208 60 YES
Q80UG2 1006 YES
Q80UG2 441 YES|
Q8CIH3 543 YES|
Q8CIH3 1251 YES|
B2RXS4 735 NO
B2RXS4 1005 YES|
B2RXS4 1053 YES|
B2RXS4 1103 YES|
B2RXS4 127 YES|
B2RXS4 393 YES
B2RXS4 451 YES
B2RXS4 761 YES|
B2RXS4 919 YES|
Q9QY40 889 YES|
Q9QzC2 587 YES
Q9QzC2 86 YES
Q9qzc2 141 YES|
Q9qzc2 143 YES|
Q9qzc2 407 YES
Q9qzc2 717 YES
Q9qzc2 896 YES|
Q9qzc2 901 YES|
Q3UH93 1134 YES|
Q3UH93 1120 YES
Q3UHI93 585 YES
Q8CAE9-3 330 YES|
Q91ZW2 165 YES|
Q8VHI3 259 YES
Q8BYBY 373 NO
Q8BYB9 53 YES
Q8R2R1 471 YES|
Q8BGQ4-2 583 YES|
Q8BGQ4-2 98 YES|
Q62086 322 YES
Q62086 254 YES
Q62086 323 YES|
Q62009-5 601 YES|
P24369 148 YES
Q8BHNO 117 YES
088531 197 YES
088531 212 YES|
035448 289 YES|
035448 60 YES
Prkcsh 008795 72 YES
Prop P04925 196 YES|
Proml | 054990-6 323 YES|
Proml | 054990-6 282 YES|
Proml | 054990-6 264 YES
Psap Q61207 333 NO
Psap Q61207 334 YES
Psap Q61207 214 YES|
Psap Q61207 459 YES
Psap Q61207 80 YES
Ptchdl | Q14862 77 YES|
Ptdss2 | Q971X2-2 159 YES|
Ptgfrn | Qowvol 618 YES|
Ptgfrn | Qowvol 300 YES
Ptgfrn_ | QOWV9L 600 YES
Ptk7 Q8BKG3 397 NO
Ptk7 Q8BKG3 108 YES
Ptk7 Q8BKG3 559 YES|
Ptk7 Q8BKG3 98 YES
Ptma P26350 29 YES|
Ptprc P06800-3 287 YES|
Ptprc P06800-3 288 YES|
Ptprd | Q64487-1 714 YES|
Ptprf A2A8L5 957 NO
Ptprf A2A8L5 941 NO
Ptprf A2A8LS 721 YES
Ptprg Q05909 113 YES
Ptprg Q05909 244 YES
Ptprj Q64455 662 YES
Ptprj Q64455 78 YES
Ptprj Q64455 267 YES|

Positions Also found in Zielinska et
Leading. . al, 2010 or predicted by
Gene names| N within a
proteins retelng uniprot (release
31/01/2018)
Ptprj Q64455 313 YES
Ptprj Q64455 317 YES
Ptprj Q64455 437 YES
Ptpr] Q64455 572 YES
Ptprj Q64455 576 YES
Ptprj Q64455 668 YES
Ptprk P35822 139 YES
Ptprm P28828 249 YES
Ptprm P28828 131 YES
Ptprn Q60673 524 YES
Ptprn2 P80560 550 YES
Ptpro E9Q612 154 YES
Ptprs BOV2N1-6 674 YES
Ptprzl BOEKR1 501 YES
Ptprzl BOEKR1 317 YES
Ptprz1 BYEKR1 324 YES
Ptprzl B9YEKR1 232 YES
Ptprz1 B9YEKR1 105 YES
Ptprzl BOEKR1 552 YES
Ptprz1 BYEKR1 223 YES
Ptprz1 BYEKR1 1058 YES
Ptprz1 BYEKR1 134 YES
Ptprzl B9EKR1 685 YES
Pttglip Q8R143 22 YES
Pttglip Q8R143 51 YES
Pvrll QIJKF6 202 YES
Purl2 P32507-2 315 YES
Purl2 P32507-2 128 YES
Pvrl2 P32507-2 138 YES
Pvri3 QIILBY 186 YES
Pvri3 Q9ILBY 83 YES
Pxdn Q3uQ28 1277 YES
Pxdn Q3uQ28 1175 YES
Ramp2 Q9WUPO 99 YES
Renl Q05186 47 YES
Ren3 Q8BHI97 140 NO
Reln Q60841-3 1267 NO
Reln Q60841-3 290 YES
Reln Q60841-3 291 YES
Reln Q60841-3 1600 YES
Reln Q60841-3 3016 YES
Reln Q60841-3 306 YES
Rfx4 Q7TNK1-4 89 YES
Rgma Q6PCX7-2 99 YES
Rnaset2 Q9CQo1 80 YES
Rnf13 054965-2 88 YES
Rnf13 054965-2 75 YES
Rnf130 Q8VEM1 135 YES
Robol 089026 781 YES
Robo2 Q7TPD3-2 123 YES
Robo2 Q7TPD3-2 786 YES
Ror2 Q97138 318 YES
Rpn2 Q9DBG6 106 YES
Rtndr Q99PI8 179 YES
Rufy3 Q9D3%4 303 YES
Rufy3 Q9394 304 YES
S1pr3 Q9z0U9 15 YES
Scap. Q6GQaT6 590 YES
Scara3 Q8C850 430 YES
Scarbl Q61009 383 YES
Scarb2 035114 304 NO
Scarb2 035114 308 NO
Scarb2 035114 325 YES
Scarb2 035114 122 YES
Scarb2 035114 209 YES
Scarb2 035114 206 YES
Scarb2 035114 224 YES
Scarb2 035114 249 YES
Scarb2 035114 105 YES
Scarb2 035114 412 YES
Scarb2 035114 45 YES
Scnib P97952 135 YES
Scnib P97952 93 YES
Scn3b Q8BHK2 95 YES
Scube2 Q9JIs0 788 YES
Scube2 Q9JIS0 798 YES
Scube2 Q9JIso 759 YES
Scube2 QoS0 529 YES
Sdk2 Q6Vass 1579 YES
Sdk2 Q6Vvass 581 YES
Sdk2 Q6V4ss 1260 YES
Sel1l Q972G6-2 218 YES
Sel1l Q972G6-2 554 YES
Sel1l Q972G6-2 377 YES
Selll3 Q80TS8-2 665 YES
Semadb Q62179 56 YES
Semadc Q64151 522 YES
Semadc Q64151 419 YES
Semadc Q64151 106 YES
Semadd 009126 77 YES
Semadd 009126 379 YES
Semadd 009126 419 YES
Semadg Q9WUH7 386 YES
Semadg QSWUH7 55 YES
Semadg QIWUH7 596 YES
Sema6a 035464-3 434 NO
Sema6a 035464-3 461 YES
Semabd Q76KFO-3 461 YES
Sema7Za Q9QUR8 328 YES
Sema7a Q9QUR8 256 YES
Seppl P70274 83 YES
SerincS Q8BHJ6 295 NO
Serpinalc;Serpinalb;Serpil Q00896 101 YES
Serpincl P32261 225 YES
Serpinh1 P19324 119 YES
Serpinil 035684 157 YES
Serpinil 035684 321 YES
Sez6l Q6P1D5-2 375 YES
Sezél Q6P1D5-2 398 YES
Sez6l Q6P1D5-2 558 YES
Sez6l Q6P1D5-2 454 YES
Sez6l Q6P1D5-2 268 YES
Sez6l Q6P1D5-2 414 YES
Sfrpl Q8cau3 173 YES
Sgcb P82349 213 YES
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Sgee 070258 200 YES
Sgtb Q8VD33 167 YES
Shisa7__| Q8C3Q5-2 62 YES
Shisa9 Q9CZN4-4 45 YES
SidtL QBAXF6 67 YES
Sidt1 QBAXF6 83 NO
Sidt2 Q8CIF6 165 YES
SilL QUEPK6 197 VES
Sirpa | 977972 271 NO
Sirpa__| P97797-2 312 NO
Sirpa__| P97797-2 246 NO
Sirpa__| P97797-2 205 YES
Sirpa__|_P977972 209 YES
Sic12a2 | P55012 546 NO
Sic12a2 | P55012 555 YES
Sic12ad | QoiIs8 331 YES
Sici2a4_| QoS8 312 YES
Slc1za5 | Qo1via-2 | 338 VES
Slc12a5 | Qo1via-2 | 339 NO
[ Siclza5 | Qoivia-2 | 328 NO
[ Siciza5 | Qoivia2 | 310 YES
Sic12a5 | Qo1vi42 | 291 YES
[ Slc12a6 | Q924Nd-2 328 YES
Sic12a6 | Q924Nd-2 | 347 YES
Slc1za7 | Qowviz2 | 312 NO
Sici2a9 | Q99MR3 243 YES
Sici3a5 | Qe7BT3 566 VES
Slc17a6 Q8BLE7 100 YES
Slc17a6 Q8BLE7 101 YES
Siclal | P51906 178 YES
Siclal | P51906 194 NO
Siclaz | P43006 205 YES
Slcla2 | P43006 215 YES
Siclad | 035874 201 YES
Siclad | 035874 201 YES
Siclad | 035874 206 YES
Slc22a5 | QoZ0E8 91 YES
Sic22a5 | QoZ0E8 64 YES
Slc25221 | Q8BZ09 182 YES
Slc26a6_| Q8CIW6-3 | 151 NO
Sic29al | QoiiMi-2 48 YES
Sic2al | Pi17809 45 NO
Sic2al3 | Q3UHKL 447 YES
Sic2a3 | P32037 43 YES
Sic30al_| Q60738 294 YES
Sic39a10 | Q6PSF6 341 NO
Slc39a14 Q75N73-2 52 YES
Sic39a14 | Q75N732 | 100 YES
Sic3%a14_| Q75N73-2 85 YES
Sic39a6 | Q8C14s 275 YES
Sic39a6 | Q8Cl4s 68 VES
Slc3a2_ | P10852 385 YES
Sic3a2_ | P10852 166 YES
[ sicaz | pioss2 259 YES
[ sicaz | pioss2 385 YES
Slc3a2 | P10852 399 YES
Slc3a2_ | P10852 399 YES
Slcadal | Qex893 134 YES
Slcada2 | Q8BY89-2 185 NO
Slcada2 | Q8BY8S-2 198 VES
Sicd6al | Q6PEMS 58 YES
Slcaa8 | Q8IZR6-2 591 YES
Sicéals | Q8BG16 424 YES
Sic6al7 | QsBiIL 186 YES
Sic6al7 | Q8B 393 YES
Sicéa2 | 055192 192 YES
Sic7al | Q09143 229 NO
Sic7al | Q09143 229 YES
Slc7al | Q09143 223 YES
Slc9a7 | Q8BLV3-2 145 VES
Slirkl_|_Q810CL 253 YES
slirkz__ | Q810C0 422 YES
Smchdl | Q6P5D8 1701 YES
Smpdl | Q04519 518 YES
Smpdl | Q04519 333 YES
Sod3 009164 121 YES
SorcsL | QoILCA-2 774 YES
Sorcsl | QoILCA-2 775 YES
Sorcs3 | Q8visl 786 YES
Sorll 088307 2011 NO
Sorll 088307 1164 YES
SorlL 088307 871 YES
SorlL 088307 1895 YES
Sorll 088307 1733 VES
Sorll 088307 1855 YES
Sorll 088307 1987 YES
Sortl | Q6PHUS 160 NO
Sortl | Q6PHUS 161 YES
Sortl | Q6PHUS 272 VES
Sortl | Q6PHUS 404 YES
Sparcll | P70663 462 YES
Spock2 | QOERSS 225 YES
Spockz | QOERS8 286 YES
Spock3 | Q8BKVO-2 | 287 VES
Sponl | Q8VCCY 214 YES
Sppl2a_| QoWF9 119 YES
Spplza_| QoWF9 61 YES
Sppl2a_ | QOUF9 69 YES
Sppl2b | Q310492 | 379 YES
Ssr1 Q9CY50 191 YES
Ssr1 Q9CY50 136 YES
Ssr2 Q9CPWS 88 YES
St3gals | 0888292 | 224 VES
Stésia2 | 035696 219 NO
Stgsia2_| 035696 60 YES
Stgsia3 | Q64689 206 YES
Stabl | Q8R4Y4-2 | 674 NO
Stabl | Q8R4V4-2 | 1398 YES
Stabl | Q8R4V42 | 1180 YES
Stabl | Q8R4V4-2 | 1179 YES
Stabl | Q8R4Y4-2 | 1171 YES
Stabl | Q8R4Y4-2 | 1011 VES
Stabl | Q8mav42 | 713 YES
Stim1 P70302 171 YES
Stt3a P46978 549 YES
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stt3a P46978 544 YES|
Stt3a P46978 548 YES|
Stt3a P46978 537 YES|
Stt3b Q3T1DQ1 613 YES
Stt3b Q31DQ1 624 YES
stt3b Q3TDQ1 638 YES
Suco Q8C341 529 YES|
Suco Q8C341 523 YES
Sulf2 QBCFGO 149 NO
Sulf2 Q8CFGO 171 NO
Sulf2 Q8CFGO 241 YES|
Sumfl QBROF3 139 YES|
sunl | Q9D666-2 711 YES
Sun2 Q8BJS4-3 618 YES
Susd2 | Q9DBX3-2 580 NO
Susd2 | Q9DBX3-2 39 YES
Sv2a Q9lIss 498 NO
Sv2a QIS5 548 YES
Sv2a QalIss 573 YES
Sv2b Q8BG39 491 YES|
Sv2b Q8BG39 516 YES|
Sv2c Q69256 534 YES|
Sv2¢ Q69756 559 YES
Svac Q69756 565 YES|
Synpr__| Q8BGN8-2 53 YES|
Synpr__| Q8BGN8-2 58 YES
Syp Q62277 59 YES
Sypll | 009117-2 52 NO
Sypll | 009117-2 77 YES
Sypll | 009117-2 54 YES|
Tapbpl | Q8VD31 270 YES|
Tctn2 | Q2MV57-2| 512 YES
Tenm2 | QOWTSS 1702 NO
Tenm2 | QOWTSS 1762 YES|
Tenm2 | QOWTSS 1763 YES|
Tenm2 | QOWTS5 1983 YES
Tenm2 | QOWTSS 1257 YES
Tenm2 | QOWTSS 243 YES
Tenm2 | QOWTSS 938 YES|
Tenm3 | QOWTS6 1211 YES|
Tenm3 | QOWTS6 380 YES
Tenm3 | QOWTS6 869 YES
Tenm3 | QOWTS6 1656 YES|
Tenm4 | Q3UHK6 1811 YES|
Tenm4 | Q3UHK6 1801 YES|
Tenm4 | Q3UHK6 2190 YES
i Q92111 513 YES
Thre Q62351 730 YES|
Thrc Q62351 725 YES|
Thrc Q62351 730 YES|
Tgfbr3 088393 570 YES
Tgolnl Q62313 110 YES
Thsd7a | Q697U6 957 NO
Thsd7a | Q697U6 1354 YES|
Thsd7a | Q692U6 1488 YES|
Thyl P01831 118 YES
Thyl P01831 % YES
Tir2 Q9QUN7 442 YES|
Tm2d1 | Q99MB3 73 NO
Tm2d1_| Q99IMB3 76 YES
Tm2d1 | Q99IMB3 198 YES
Tm2d3 | Q8BI83-2 140 YES|
Tm2d3 | Q8BI83-2 105 YES|
Tm2d3 | Q8BI83-2 152 YES|
Tm2d3 | Q8BI83-2 70 YES
[ Tmosfl_| QopBUO 178 YES
Tm9sf3 | QOET30 172 YES|
Tmedd | Q8R1V4 117 YES|
Tmed9 | Q99KFL 125 YES
Tmeffl | Q6PFE7-3 55 YES
Tmem106b | Q80X71 184 YES
Tmem106c | Q80VP8 184 YES|
Tmem131 | 070472 1057 YES|
Tmem132a | Q922P8 276 YES|
Tmem132a | Q922P8 67 YES
Tmem145 | Q8C4U2 109 YES|
Tmem2 | QSFWI3 636 NO
Tmem2 | QSFWI3 362 YES|
Tmem2 | QSFWI3 980 YES
Tmem2 | QSFWI3 1234 YES
Tmem2 | QSFWI3 525 YES
Tmem206 | Q9D771 155 YES|
Tmem206 | Q9D771 162 YES|
Tmem245 | B1AZAS 549 YES
Tmem259 | Q8CIV2 180 YES
Tmem30a | Q8VEKO 297 YES|
Tmem30a | Q8VEKO 98 YES|
Tmem30a | QBVEKO 107 YES|
Tmem30a | Q8VEKO 98 YES
Tmem62 Q8BXJ9 384 YES
Tmem87a | Q8BXNO-3 127 YES
Tmem87a | Q8BXNO-3 79 YES|
Tmem87a | Q8BXN9-3 157 YES
Tmem87a | Q8BXN9-3 160 YES
Tmem87a | Q8BXNO-3 62 YES|
Tmem9 | Q9CR23 47 YES|
Tmem9 | Q9CR23 38 YES|
Tmem9 | Q9CR23 38 YES
Tmpo Q61029 289 YES
Tmtcd | Q8BG19 609 NO
Tmtcd | Q8BG19 497 YES
Tmx3 Q8BXz1 261 YES|
Tnc Q80YX1 184 NO
Tnc Q80YX1 1018 NO
Tnc Q80YX1 1301 YES|
Tnc Q8oYX1 1394 YES|
Tnc Q80YX1 166 YES|
Tor Q8BYI9 470 YES
Tor Q8BYI9 55 YES
Tor Q8BYI9 581 YES|
Tor Q8BYI9 869 YES
Tor Q8BYI9 874 YES
Torlaipl | Q921T2 411 YES
Torlb QOER4L 165 YES
Torlb QOER4L 64 YES|

Also found in Zielinska et

Leading | P10 | ) 2010 or predicted by
Gene names| . within a
proteins retelng uniprot (release
31/01/2018)

Tor2a POC7TW3 149 YES
Tor3a QOER38 110 YES|
Tpbg Q970L0 124, YES|
Tpbg Q97010 281 YES
Tpbg Q97010 262 YES
Tpbel Q8co13 66 NO
Tpbel Q8C013 73 NO
Tpenl QOEQI0 600 YES
Tpenl QOEQI0 612 YES
Tpenl QOEQI0 617 YES|
Tppl 089023 442 YES|
Tril Q9DBY4 209 YES|
Tspan13 | Q9D8C2 114 YES
Tspan13 | QoD8C2 137 YES
Tspan2 Q92216 139 YES|
Tspan3 | QoQy33 167 YES
Tspan3 | Q9QY33 152 YES
Tspan3 | Q9QY33 183 YES
[ Tspan31 | Qocass 117 NO
Tspan31 | Q9CQ88 134 YES|
Tspan31 | Q9CQ88 109 YES|
Tspan31 | Q9CQ88 117 YES
Tspan6 | 070401 134 YES
Ttcl7 | E9PVBS-2 184 YES|
Ttcl7 | E9PVBS-2 704 YES|
Ttyhl Q9D3A9 355 YES
Ttyh3 | Q6PSF7-2 351 NO
Ttyh3 | Q6PSF7-2 144 YES
Txndc1l Q8K2w3 306 YES
Txndc1l | Q8K2w3 443 YES|
Txndc15 | Q6P6J9 165 YES
Txndc15 | Q6P6J9 277 YES
Txndc15 | Q6P6I9 165 YES
Txndc15 | Q6P6J9 171 YES|
Txndc16 | Q7TN22-2 461 YES|
Uggtl Q6PSE4 269 YES
Ugts Q64676 242 YES
Ugts Q64676 78 YES
Uncsc 008747 236 YES|
Veam1 29533 225 YES|
Vcan Q62059-2 330 YES
Vtn 29788 241 YES
Whscr17 | Q7TT15-2 459 YES|
Whscr17 | Q7TT15-2 50 YES|
Wis1 P56605 748 YES|
Wnt5a | P227252 292 YES
Q8CE72 3061 YES
Q8CE72 3070 YES|
10404 58 NO
Q32M26 26 YES
Q3Uzv7-3 577 YES
Q3Uzv7-3 619 YES
P03987-2 179 YES|
10404 297 YES|
10404 369 YES|
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Spread sheet 2. Sequon analysis in the reference glycoproteomic dataset (Qualitative
dataset)

Raw number | % of total | % NxS/T
| ALL 1665 100 93,63
Found in Zielinska et al, 2010 1223 73,45 96,08
Not found in Zielinska et al, 2010 442 26,55 86,88
Not found in Zielinska et al, 2010 but predicted by uniprot 302 18,14 99,01
NOVEL SITES - Not in uniprot neither no described in Zielinska et al, 2010 140 8,41 60,71

91,6% of the N-glycosylation sites were previously recognised in Zielinska et al, 2010 or are predicted by uniprot

Spread sheet 3. Gene ontology of the reference glycoproteomic dataset (Qualitative dataset)

GO analyses based on the glycoproteins not recognised in Zielinska et al, 2010 neither no predicted by uniprot (NOVEL sites)
91 genes (95.8%) from the input list are present in at least one GO category.

Category, : Candidates
Gene ontology term Set size i p-value g-value
level contained
G0:0031224 intrinsic to membrane cc2 6194 66 (1.1%) 7.08e-15 2.34e-13
G0:0016021 integral to membrane cc3 6055 65 (1.1%) 1.12e-14 4.15e-13
G0:0031997 N-terminal myristoylation domain binding MF 4 3 3 (100.0%) 1.09e-07 2.84e-06
G0:0072542 protein phosphatase activator activity MF 4 6 3 (50.0%) 2.16e-06 2.81e-05
G0:0019211 phosphatase activator activity MF 3 8 3(37.5%) 6,00E-06 0.000174
G0:0005513 detection of calcium ion BP 4 8 3(37.5%) 6,00E-06 0.000978
G0:0031432 titin binding MF 4 10 3 (30.0%) 1.28e-05 0.000111
G0:0014075 response to amine stimulus BP 4 32 4 (12.5%) 1.65e-05 0.00135
G0:0043274 phospholipase binding MF 4 12 3 (25.0%) 2.33e-05 0.000151
G0:0031996 thioesterase binding MF 4 13 3(23.1%) 3.01e-05 0.000157
G0:0007155 cell adhesion BP 2 842 14 (1.7%) 4.71e-05 0.00273
G0:0034704 calcium channel complex cc4a 42 4 (9.5%) 4.96e-05 0.00139
G0:0070296 sarcoplasmic reticulum calcium ion transport BP 4 19 3 (15.8%) 9.99e-05 0.00543
G0:0043548 phosphatidylinositol 3-kinase binding MF 3 21 3 (14.3%) 0.000136 0.00198
GO0:0006812 cation transport BP 4 605 11 (1.8%) 0.000147 0.00584
GO analyses in all of the reference glycoproteomic dataset
694 genes (98.6%) from the input list are present in at least one GO category.
Category, : Candidates
Gene ontology term Set size i p-value g-value
level contained
G0:0031224 intrinsic to membrane cC2 6194 518 (8.4%) 4.44e-118 2.98e-116
G0:0016021 integral to membrane CC3 6055 497 (8.3%) 6.62e-106 6.02e-104
G0:0007155 cell adhesion BP 2 842 147 (17.5%) 6.38e-60 5.68e-58
G0:0009986 cell surface cc2 526 92 (17.6%) 5.37e-37 1.8e-35
G0:0005886 plasma membrane CcC2 4673 318 (6.8%) 3.9e-35 8.72e-34
G0:0071944 cell periphery cC2 4783 319 (6.7%) 1.66e-33 2.78e-32
G0:0044459 plasma membrane part cC2 1558 152 (9.8%) 5.35e-30 7.16e-29
G0:0007399 nervous system development BP 4 1486 147 (9.9%) 1.54e-29 1.16e-26
G0:0005773 vacuole cCc4 342 66 (19.4%) 2.74e-29 2.44e-27
G0:0005783 endoplasmic reticulum cca 1177 126 (10.7%) 2.3e-28 1.02e-26
G0:0016337 cell-cell adhesion BP 3 374 67 (18.0%) 1.04e-27 3.88e-25
G0:0048731 system development BP 3 3298 237 (7.2%) 2.73e-27 5.08e-25
G0:0044432 endoplasmic reticulum part CC3 792 96 (12.1%) 1.76e-25 7.99e-24
G0:0031226 intrinsic to plasma membrane cC3 759 91 (12.0%) 8,00E-24 2.43e-22
G0:0031175 neuron projection development BP 4 529 74 (14.0%) 1.73e-23 6.53e-21
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Spread sheet 4. Comparative glycoproteomic dataset (Quantitative dataset)

5 Position  Levelsin the| " Position |Levels in the| a Position |Levels in the|
Gene names Pfoteln within mutant p-value Gene names P'rotem within mutant p-value Gene names| P.roteln within mutant p-value
Uniprot ID N Uniprot ID N Uniprot ID N
protein (log2) protein (log2) protein | (log2)
A2m Q61838 568 -0,40 0,3347 Brinpl Q920P3 156 > -0,03 0,8350 Cers2 Q92474 19 U -024 0,5218
A2m Q61838 881 > 0,06 0,8509 Brinp2 Q6DFY8 626 ND Cers6 Q8C172 18 ¥ -0,72 0,0246
A2m Q61838 1385 > 0,01 0,9940 Brwd1 Q921C3-2 57 ¥ 0,5423 Cfh P06909 1225 ¢ -033 0,6228
Abcal P41233 96 ND ND Brwd1 Q921C3-2 60 & 0,5423 Cfh P06909 676 P 028 0,6479
Abcal P41233 196 > 0,06 0,9416 Bsg P18572-2 190 0,7461 Cfh P06909 773 > 0,05 0,9356
Abcal P41233 400 I 050 0,3116 Bsg P18572-2 154 ¥ 0,0296 Ccfi Q61129 514 & -19,79 ND
Abcal P41233 98 & -0,46 0,4201 Btbd17 Q9DB72 61 P 0,1858 Chd9 Q8BYH8-2 198 > 0,14 0,8685
Abcal P41233 1637 [ 030 0,5684 Btd Q8CIF4 180 ¥ 0,1866 Chd9 Q8BYHS8-2 203 > 0,14 0,8685
Abca2 P41234 1678 1 0,26 0,5710 Btd Q8CIF4 326 t* 0,2245 Chl1 P70232 984 ND ND
Abca2 P41234 1549 > 0,20 0,7000 Btd Q8CIF4 96 > 0,3858 Chi1 P70232 196 ND ND
Abca2 P41234 1557 | 0,20 0,7000 Clga P98086 146 [ 0,8019 Chil P70232 562 |¥ -1,84 0,0001
Abca3 Q8R420 228 & -0,53 0,1183 Ca4 Q64444 214 & 0,3915 Chi1 P70232 299 ¢ -1,48 0,0008
Abca5 Q8K448 190 ND ND Cabsl Q8C633 102 U 0,3270 Chl1 P70232 87 & -0,52 0,0239
Abca7 Q91v24 299 ND ND Cachdl Q6PDJ1-2 601 ND Chl1 P70232 822 y -0,43 0,0939
Ace P09470 700 [ 080 0,0837 Cachd1 Q6PDJ1-2 913 = 0,6795 Chl1 P70232 476 M 0,55 0,2034
Ace P09470 116 | 0,68 0,1651 Cacna2d1 | 008532-2 136 | 0,3085 Chrna3 Q8R4GY 166 |& 0,1708
Ace P09470 514 > -0,11 0,8249 Cacna2d1 | 008532-2 324 i 0,4911 Chst12 Q99LL3 139 - 0,5048
Ace P09470 719 > -0,07 0,8893 Cacna2dl | 008532-2 762 2 0,0008 Chst15 Q91xQas 142 = 0,8444
Acp2 P24638 267 U 134 0,0142 Cacna2d1 | 008532-2 805 & 0,0751 Chst2 Q8o0wVv3 152 = 0,1058
Acp2 P24638 167 > -0,75 0,0387 Cacna2dl | 008532-2 869 < 0,3266 Chst2 Q80WV3 243 % 0,2525
Acp2 P24638 177 I -2,59 0,1852 Cacna2d1 | 008532-2 876 N 0,3266 Clen2 Q9R0OA1 411 > -0,08 0,5689
Adam10 035598 279 & -0,21 0,2707 Cacna2d2 | Q6PHS9-4 692 ND Clens QowvD4 408 & -0,65 0,1986
Adam10 035598 552 y -0,25 0,4719 Cacna2d2 | Q6PHS9-4 696 ND Cldnd1 Q9caxs 42 & 1,71 0,0194
Adam10 035598 440 > -0,18 0,5920 Cacna2d2 | Q6PHS9-4 1022 1 029 0,4687 Cldnd1 Q9caxs 72 > 0,15 0,7841
Adam17 Q9Z0F8-2 264 ND ND Cacna2d2 | Q6PHS9-4 1033 i 0,4687 Clec10a P49300 74 ND ND
Adam17 Q9Z0F8-2 606 > 011 0,8250 Cacna2d2 | Q6PHS9-4 627 > 0,5471 Clmp Q8R373 72 & 1,15 0,0795
Adam22 | Q9R1V6-19 517 |& -0,60 0,0693 Cacna2d2 | Q6PHS9-4. 205 | 0,7687 Cimp Q8R373 73 & 1,15 0,0795
Adam22 | Q9R1V6-19 632 > -0,16 0,6884 Cacna2d2 | Q6PHS9-4 692 > 0,8811 Clmp Q8R373 196 > 0,10 0,6672
Adam23_| QOR1V7-4 97 & 037 0,3377 Cacng8_| Q8VHW2 53 ¥ 0,6103 Clptm1 Q8VBZ3 295 |& 047 0,3790
Adam9 Q61072 381 > 0,19 0,4764 Cacng8 Q8VHW2 56 & 0,6103 Clptm1l Q8BXAS 230 y -0,47 0,0123
Adcy9 P51830 964 > -0,01 0,9905 Cadm1 Q8R5M8-5 104 ¥ 0,0306 Clptm1l Q8BXAS 91 M 151 0,0770
Adgrfs G5E8Q8. 254 > 0,64 0,1616 Cadm1 | Q8R5MS-5 307 L 0,2395 Clu Q06890 102 |% 082 0,2780
Adgrfs G5E8Q8 648 r 073 0,1817 Cadm1 Q8R5M8-5 311 ¥ 0,2399 Cnn3 Q9DAWS 240 U -1,42 0,0001
AdgrfS G5E8Q8 270 > 0,61 0,2490 Cadml | Q8R5M8-5 168 | 0,5629 Cnnm3_ | Q32NY4-2 73 & -0,30 0,3084
Afp P02772 503 -0,95 0,0735 Cadm1 Q8R5M8-5 116 ™ 0,5656 Cnpy3 Q9DAUL 153 1 027 0,5170
Afp P02772 247 | 0,30 0,2101 Cadml | Q8R5MS-5 70 | 0,6429 Cnrl P47746 78 |& 038 0,2560
Afp P02772 298 | 0,12 0,7867 Cadm2 | Q8BLQ9-2 58 ND Cnrl P47746 84 ) 0,38 0,2560
Ahsg P29699 176 ND ND Cadm2 Q8BLQY-2 296 ¥ 0,0031 Cntnl P12960 935 & 0,73 0,0039
Ahsg P29699 99 I 1,82 0,0165 Cadm2 Q8BLQY-2 60 & 0,0168 Cntnl P12960 457 & -0,48 0,0199
Alcam Q61490 361 [ 065 0,1956 Cadm2 Q8BLQY-2 296 ¥ 0,0996 Cntnl P12960 494 - 0,15 0,2189
Alcam Q61490 499 > 0,08 0,8708 Cadm2 Q8BLQY-2 300 v 0,0996 Cntnl P12960 208 > 0,16 0,5011
Alk P97793 328 > 011 0,9079 Cadm2 Q8BLQY-2 220 g 0,3193 Cntn2 Q61330 200 y -2,25 0,0000
Alpl P09242 430 | -0,03 0,9117 Cadm3 Q99N28 288 |\ 0,0034 Cntn2 Q61330 206 |¥ -2,25 0,0000
Anpep P97449 114 M 1,31 0,2889 Cadm4 Q8R464 286 i 0,1453 Cntn2 Q61330 200 443 0,0001
Anpep P97449 817 P 057 0,1202 Cadm4 Q8R464 67 = 0,8610 Cntn2 Q61330 942 & -0,92 0,1525
Anpep P97449 606 > 0,47 0,2447 Cadm4 Q8R464 262 = 0,9752 Cntn2 Q61330 463 y 047 0,3019
Antxr2 Q6DFX2 260 r 059 0,4213 Calerl Q9R1IWS 127 ¥ 0,0348 Cntn4 Q69226 191 M 037 0,5048
Aplp2 Q06335-2 485 I 097 0,2869 Calcrl QIRIWS 128 | 0,0916 Cntn4 Q69226 954 | -0,24 0,6129
Apmap Q9D7N9 159 & -0,55 0,0167 Calcrl Q9R1IWS 122 ¥ 0,0002 Cntné Q9JMB8-2 878 ND
Apod P51910 98 & -0,39 0,6788 Calerl QIRIWS 122 |9 0,0069 Cntn6 | QOJMB8-2 914 0,0926
Apoe P08226 130 & 077 0,3342 Calcrl Q9R1IWS 65 & 0,2165 Cntnapl 054991 127 ND
Apoh Q01339 162 |¥ 0,26 0,3431 Calml P62204 98 U 0,6659 Cntnapl | 054991 1148 0,2118
Apoh Q01339 105 > -0,01 0,9804 Calu 035887 131 i 0,3155 Cntnapl 054991 598 0,2346
Apoh Q01339 117 > -0,01 0,9804 Carkd Q9Cz42-3 220 = 0,6729 Cntnapl 054991 844 0,3414
Arsb P50429 280 > -0,44 0,0102 Cascd Q6P2L7-3 151 T 0,0654 Cntnapl 054991 121 0,5608
Arsb P50429 292 [ 092 0,1638 Casc4 Q6P2L7-3 150 i 0,0684 Cntnapl 054991 764 0,7032
Arsb P50429 189 [ 028 0,6338 Cascd Q6P2L7-3 114 U 0,4833 Cntnapl 054991 129 0,9532
Asahl Qowvs4 341 & 0,87 0,1769 Casc4 Q6P2L7-3 115 ™ 0,5037 Cntnap2 Q9CPWO 437 0,5462
Asahl Q9wVvsa 347 > -0,08 0,8471 Casdl Q7TN73 141 2 0,4602 Cntnap2 Q9CPWO 289 0,1070
Asahl Qowvs4 258 > 0,03 0,8974 Casdl Q7TN73 175 & 0,1365 Cntnap2 Q9CPWO 630 0,5698
Astnl | Q61137-2 976 |& 185 0,0148 Casdl Q7TN73 241 U 0,1706 Cntnap2 | Q9CPWO 436 0,8165
Astnl Q61137-2 975 1 1,55 0,0468 Casdl Q7TN73 187 & 0,6543 Cntnap4 Q99P47 287 0,1027
Astnl Q61137-2 734 > 0,18 0,7559 Cbinl Q9R171 79 ¥ 0,3380 Cntnap5Sa Qov8T9 1021 0,4352
Astnl Q61137-2 721 I 021 0,7973 Cd163 Q2VLH6 122 i 0,2214 Cntnap5a QoveT9 768 0,5958
Astnl Q61137-2 733 > -0,01 0,9911 Cd163 Q2VLH6 872 ¥ 0,2670 Col11al Q61245-2 1553 0,1339
Astn2 Q80710-2 1029 & -1,50 0,0012 Cd164 Q9ROL9 98 v 0,2037 Col12a1 Q60847-4 1519 0,2413
Astn2 Q80710-2 779 & 051 0,0380 Cd164 Q9ROLY 103 & 0,2037 Col2al P28481-2 1291 0,7033
Astn2 Q80710-2 791 |& 0,51 0,0380 Cd180 Q62192 394 | 0,0881 Colbal Q04857 801 0,5314
Astn2 Q80710-2 792 ¥ -0,55 0,2057 Cd180 Q62192 402 ¢ 0,0881 Col6a2 Q02788 800 0,1334
Atf6 F6VANO 570 > -0,10 0,6632 Cdid1 P11609 38 y 0,0401 Colec12 Q8k4Q8 159 y -0,25 0,2762
Atféb 035451 607 & -0,82 0,1850 Cdid1 P11609 183 o 0,4743 Colec12 Q8Kk4Q8 168 y 0,25 0,2762
Atféb 035451 673 [ 0,50 0,2904 Cd200 054901 181 o 0,4946 Colec12 Q8K4Q8 386 4 050 0,4952
Atp13a3 QS5XF89 1046 & -0,93 0,1418 Cd200 054901 190 > 0,4946 Cp Q61147 757 P 161 0,1055
Atpl3a3 QS5XF89 1052 & -0,93 0,1418 Cd276 Q8VE98 104 ad 0,9958 Cpd 089001 625 ND ND
Atp13a3 Q5XF89 1038 > -0,11 0,8150 Cd320 Q971P5-2 159 ND Cpd 089001 626 ND ND
Atplbl P14094 266 > -0,03 0,9696 Cd38 P56528 124 ND Cpd 089001 1067 & 0,87 0,0017
Atplbl P14094. 193 [ 001 0,9892 Cd38 P56528 223 | 0,2168 Cpd 089001 209 |4 042 0,3546
Atp1b2 P14231 250 ND ND Cda4 P15379-2 59 B 0,9170 Cpd 089001 398 > 0,18 0,4152
Atp1b2 P14231 96 I 130 0,4823 Cda7 Q61735-2 71 ¥ ND Cpd 089001 810 > 0,00 0,9920
Atplb2 P14231 197 |® 094 0,0030 Cda7 Q61735-2 73 [ 0,0482 Cpe Q00493 390 [® 085 0,5877
Atp1b2 P14231 193 W 1,33 0,0483 Cd47 Q61735-2 80 ¥ 0,0482 Cpg. Q9WVI3-2 382 & -1,19 0,0030
Atp1b2 P14231 197 |& -1,33 0,0483 Cd63 P41731 172 | 0,2309 cril Q64735-2 252 |% 0,73 0,2043
Atplb2 P14231 118 > 018 0,5842 Cd97 Q9Z0M6-2 301 ™ 0,4935 Creld2 Q9CYAO 188 > 0,00 0,9945
Atp1b2 P14231 238 | 0,06 0,8606 Cd97 Q9Z0M6-2 367 | 0,5990 Crhrl P35347 98 & 0,57 0,0495
Atplb3 P97370 124 1 2,25 0,4851 Cd97 Q9Z0M6-2 205 - 0,6210 Cspgd Q8VHYO 349 > 0,88 0,4072
Atp1b3 P97370 197 | 052 0,3988 Cdh10 P70408 532 | 0,2176 Cspgd Q8VHYO 2080 | 0,1718
Atp6apl | QOR1Q9 164 |¥ 1,34 0,0080 Cdh10 P70408 534 | 0,2176 Cspgd Q8VHY0 1454 0,7627
Atp6apl Q9R1Q9 344 r 1,00 0,0246 Cdh10 P70408 438 i 0,1710 Cspg5 Q71M36-2 57 ND
Atp6apl Q9R1Q9 351 > 1,00 0,0246 Cdh10 P70408 456 = 0,8093 Ctbs Q8R242 283 & 0,3092
Atp6apl Q9R1Q9 267 M 1,09 0,4979 Cdh11 P55288 538 ND Ctsa P16675 239 y 0,0096
Atp6v0a2 P15920 484 > 0,88 0,0454 Cdh13 QIWTRS 639 N 0,2341 Ctsa P16675 140 y 0,0308
Atp6vOel Qocans 70 -0,43 0,4970 Cdh13 Q9WTRS 489 s 0,2525 Ctsc P97821 275 o 0,4905
Atp6v0e2 Q91XE7 70 > 0,52 0,5110 Cdh13 Q9WTRS 500 N 0,2525 Ctsc P97821 276 P 0,4905
Atp8bl Q148W0 174 > 058 0,3864 Cdh13 Q9WTRS 598 & 0,3568 Ctsc P97821 53 o 0,2094
Atp8bl Q148W0 175 r 058 0,3864 Cdh13 Q9WTRS 530 ¥ 0,5861 Ctsd P1