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ABSTRACT

Megalencephalic Leukoencephalopathy with Subcortical Cysts (MLC) is a rare genetic
disorder characterized by macrocephaly and white matter vacuole formation. The
pathogenesis of this disease is suggested to be due to an impaired water and ionic
homeostasis by glial cells. MLC disease is caused by mutations in either MLCI or
GLIALCAM genes. They encode for membrane proteins that form a complex in
astrocytes, although its exact function is still unclear. GlialCAM has also been reported
to act as the auxiliary subunit of the chloride channel CIC-2. In addition, recent studies
also identified the G-protein-coupled receptor GPRC5B as an important member of the
Glial CAM/MLCI interactome and relevant to the regulation of related physiological
processes. The main objective of this thesis is to determine the role of GPRC5B and
signaling events in MLC pathophysiology. We characterized that GPRCS5B regulates the
expression of a novel Glial CAM/MLCI interacting protein, Vascular Cell Adhesion
Molecule 1 (VCAM-1). Also, we proved that this regulation is dependent on Fyn kinase
activity via GPRCS5B, and that MLC1 has a negative modulatory effect on this regulation.
We also showed that Glial CAM forms oligomeric structures at the plasma membrane of
astrocytes via lateral interactions between IgC2 domains from adjacent Glial CAM
proteins. Moreover, we propose that mutations in GLIALCAM that encode for residues
that are located in GlialCAM IgC2 domain are pathogenic because they increase the
stability of GlialCAM oligomeric structures. We give evidence that this endocytosis is
physiologically mediated by GPRC5B. Furthermore, we show that phosphorylation
events are important in the regulation of the activity of chloride channels within
Glial CAM/MLCI interactome. We observed that GPRC5B has a negative modulatory
effect on volume-regulated anion channel (VRAC) activity via Fyn. Last, we identified
dephosphorylation events in specific Serine residues in CIC-2 as triggers of the described
changes in the subcellular localization of the channel, together with altered gating

properties, that occur in astrocytes in depolarizing conditions.
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ABBREVIATIONS






AlJ: Adherent junctions

APS: Ammonium Persulfate

AraC: Cytosine B-D-arabinofuranoside
BBB: Blood-brain barrier

BCA: Bicinchoninic acid assay

Bp: Base pair

BSA: Bovine serum albumin

CAM: Cell adhesion molecule

cDNA: Complementary deoxyribonucleic acid
CNS: Central nervous system

CSF: Cerebrospinal fluid

DAPI: 4°,6-diamidino-2-phenylindole
DCPIB: 4-(2-butyl-6,7-dichloro-2-cyclopentylindan-1-on-5-yl)oxybutyric acid
DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic acid

DGC: Dystrophin glycoprotein complex
ECL: Enhanced chemiluminescence substrate
E. coli: Escherichia coli

EDTA: Ethylenediaminetetraacetic acid
ER: Endoplasmic reticulum

FBS: Fetal bovine serum

GFP: Green fluorescent protein

GABA: y-Aminobutyric acid

GPCR: G-protein-coupled receptor
HRP: Horseradish peroxidase

i.e.: Id est

Ig: Immunoglobulin

ITRs: Inverted terminal repeats

kDa: kilodalton

KI: Knock-in

KO: Knock-out

LRRCS8: Leucine-rich-repeat-containing protein



MBP: Myelin basic protein

MOI: Multiplicity of infection

MRI: Magnetic resonance imaging
NTPs: Nucleoside triphosphate

PBS: Phosphate-buffered saline

PDZ: PSD-95/Zona occludens domain
PCR: Polymerase chain reaction

PFA: Paraformaldehyde

PMSF: Phenylmethylsulfonyl fluoride
RNase: Ribonuclease

RNA: Ribonucleic acid

RT-PCR: Reverse transcription polymerase chain reaction
RVD: Regulatory volume decrease

RVI: Regulatory volume increase

SDS: Sodium dodecyl sulfate

shRNA: short hairpin RNA

TAE: Tris-acetate-EDTA buffer
TEMED: Tetramethylethylenediamine
TBS: Tris saline buffer

TJ: Tight junctions

TTBS: TBS-Tween 20

VRAC: Volume-regulated anion channel
VSOAC: Volume-sensitive organic osmolyte anion channel
WB: Western Blot

WT: Wild type



INTRODUCTION






The main purpose of this thesis was to gain a better insight into the pathophysiology of
Megalencephalic Leukoencephalopathy with Subcortical Cysts by better understanding
the physiological role and the regulation of the proteins known to be involved in it.
Several former — and future — theses in this lab share this aim. However, this project has

focused particularly on the role of GPRC5B on MLC pathogenesis.

We studied the interplay between GPRC5B and VCAM-1 as a recently identified member
of the Glial CAM/MLCI1 interactome. We continued to tackle the mechanisms underlying
pathogenicity of GlialCAM mutations focusing on those located at the Glial CAM IgC2
domain. Finally, we improved our understanding of the role of GPRC5B and signaling

pathways on the regulation of chloride channels VRAC and CIC-2.

In this introduction, we first sum up MLC and its main features, both at a clinical and at
a genetic-biological level. We present MLC1 and GlialCAM, as well as the known
information regarding their role in MLC pathogenesis based on their mutations. We
describe the role of astrocytes and chloride channels within them, especially regarding
cell volume regulation and potassium buffering since these processes are functionally

linked to MLC.

The second part of the introduction is an overview of G-Protein-coupled receptors
(GPCRs) and their classification, focusing on orphan receptors GPR37, GPR37L1 and
GPRCS family for their relevance in the CNS.

Last, given the relevance of Glial CAM and VCAM-1 to this work, we also review Cell
Adhesion Molecules (CAMs), focusing on their main properties and classification.

VCAM-1 will be thoroughly covered in this section.



1. MLC, A LEUKODYSTROPHY

1.1 CNS OVERVIEW

The Central Nervous System (CNS) consists of two basic cell types: neurons and glial
cells. Neurons transmit rapid electric signals in form of action potentials (APs). All cells
within the CNS that do not possess this ability are considered glia. Neurons form networks
of cells and are connected to each other through specialized intercellular adhesion sites
known as synapses. In the neuronal signaling process, the AP propagates through the axon
of the neuron to the pre-synaptic region of the cell. There, the release of neurotransmitters
takes place, and they bind to the receptors displayed at the post-synaptic membrane of a
second neuron. This neuron will continue transmitting the electric signal. As for glial
cells, they locate around neuronal somas, axons, and synapses across the whole nervous

system (NS) (Allen and Barres, 2005).

Glial cells are the most abundant cells in the brain. They are classified according to
morphology, functions, and the NS structure around which the glial cell is located. In
mammals, glial cells are divided in four types: microglia, astrocytes, ependymal cells and
oligodendrocytes (Kettenmann and Verkhratsky, 2011). Microglia are the CNS resident
immune cells, and they derive from hematopoietic lineage. Astrocytes are the most
abundant cell type; they are big and star-shaped. The classical view on astrocytes
considers these cells to be providing trophic and structural support to CNS neurons.
Ependymal cells are connected through adherent, gap, and tight junctions. They form the
cerebral epithelium, and they are an important part of the blood-brain barrier (BBB). Last,
oligodendrocytes show a small soma with long, branched prolongations. Their main role

is to produce myelin sheaths to wrap neuronal axons.

Myelin is the specialized plasma membrane of oligodendrocytes. Its configuration
consists of concentric layers around the axon. These layers alternate electrodense layers
with clear layers. The electrodense layers are consequence of fusion between membranes,
and clear areas are due to extracellular matrix fusion. Mature myelin is the laminar
structure resulting from all these layers compacted. Every myelin sheath is found around
axons divided in segments called internodes. The internodes provide the axons with
electrical insulation. Nonetheless, there are areas between internodes that are not wrapped
—therefore not insulated. These zones are called Ranvier nodes. Internodal areas are dense

ion channels and transporters, which are responsible for regenerating APs at the end of



each internode. This phenomenon by which AP is regenerated ‘jumping’ from one node
to the next one is what we know as saltatory conduction (Huxley and Stampfli, 1949). It

allows for rapid nervous impulse transmission and minimizes its energy expense.

Myelinated axons form the white matter, which takes approximately half the volume of
the human brain. Myelination occurs during the first stages in postnatal brain
development (Kamholz, 1996). The cells responsible for this process are oligodendrocyte
precursor cells (OPCs). During development, OPCs migrate from germinal zones to
ensheathe unmyelinated axons. Nonetheless, their maintenance is tightly regulated by
astrocytes. Both formation and maintenance of white matter is essential to neuronal
network connectivity, which is the basis of brain function (Domingues et al., 2016,

Liedtke et al., 1996).

Mutations in myelin-related genes and changes in white matter structure are linked to a
wide array of neurologic and psychiatric disorders. Autoimmune diseases can result in
myelin damage (i.e. multiple sclerosis). Genetic diseases and environmental-derived
disorders can also impair myelin function. Within the genetic diseases that affect myelin

we find leukodystrophies.

1.2 DEMYELINATING LEUKODYSTROPHIES

Leukodystrophy is the name given to a group of genetic disorders characterized by
alterations in the formation, development, or maintenance of white matter in the CNS.
The term leukodystrophy comes from Greek: leuko translates to white, dys translates to

abnormal, troph translates to growth.

Within leukodystrophies we find diverse diseases from a pathological standpoint.
Common clinical features are the genetic determination of the illness and white matter
affection. Nonetheless, all white matter affections with an inflammatory, autoimmune, or
environmental origin are not considered leukodystrophies. In terms of clinical evolution,
leukodystrophies are also variable. They can be progressive, lethal, static, or even

ameliorate with time.

Leukodystrophy-linked genes are heterogenous. Unsurprisingly, they encode for key
components in white matter function and maintenance. The increasing number of
identified genes and this heterogeneity lead to changes in the classification of these

diseases over time for a better fit with available data. Initially, classification derived from
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the pathological feature of white matter defect. Classical classification divided
leukodystrophies in four groups: hypomyelinating (deficient myelin production),
demyelinating (myelin degradation), dysmyelinating (biochemically and structurally

abnormal myelin production), and myelinolytic (vacuolated myelin) (Naidu, 1999).

Recently, Dr Marjo van der Knaap proposed a new classification (Figure 1) that includes
defects in astrocytes, neurons, microglia and blood vessels to the existing criteria, based

on oligodendrocytes and white matter themselves (van der Knaap and Bugiani, 2017).

Myelin disorders
Hypomyelination

a. Pelizacus-Merzbacher disease [224]
b. Peripheral neuropathy, central hypomyelination, Waardenburg
Hirschsprung [36]

c. Cx47-related Pelizacus-Merzbacher-like disease [36]

d. Hypomyelination of early myelinated structures [104]
Demyelination

a. Metachromatic leukodystrophy [214]

b. Multiple sulfatase deficiency [214]

¢. Globoid cell leukodystrophy (Krabbe disease) [214]

d. X-linked adrenoleukodystrophy, cerebral from [173]

Mpyelin vacuolizalion

a. Mitochondrial diseases with leukoencephalopathy [159]
b. Phenylketonuria [94]
c. Canavan discase [91]
d. Other selected disorders of amino acid metabolism [2]
e. Cx32-related (X-linked) Charcot-Marie-Tooth disease [45]
Astrocytopathies
a. Alexander discase [25]
h. Megalencephalic leukoencephalopathy with subcortical cysts [23]

¢. CIC-2-related disease [45]
d. Vanishing white matter [48]

e. Aicardi-Goutitres syndrome and variants [255]
f. Oculodentodigital dysplasia (Cx43) [1]
2. Gianl axonal neuropathy | 135]

Leuko-axonopathies
a. Hypomyelination with atrophy of the basal ganglia and cerebel-
lum [80]
b. Hypomyelination with congenital cataract [66]
c. Early-onset neuronal degenerative disorders

1. Gangliosidosis GM1 and GM2 [75, 250]
2. Infantile newronal ceroid lipofuscinosis [79]
3. AGC]-related disease |265, 268]
4. AIMPI-related diseases | 58]
5. HSPD-related disease [134]
d. Pol Ill-related leukodystrophies [269]

€. Leukoencephalopathy with brainstem and spinal cord involvement
and high lactate [231]
[. Hypomyelination with brainstem and spinal cord involvement and
leg spasticity [216]
g. Giant axonal neuropathy [135]
Microgliopathies
a. CSFIR-related disorders [153, 179]
1. Hereditary diffuse leukoencephalopathy with spheroids
2. Pigmentary ortochromatic leukodystrophy
b. Nasu-Hakola disease [ 193]
Leuko-vasculopathics
a. Cerebral AD arteriopathy with subcortical infarcts and leukoen
cephalopathy [162]
b. Cerehral AR arteriopathy with subcortical infarcts and leukoen
cephalopathy [162]
c. Cathepsin A-related arteriopathy with strokes and leukoencepha-
lopathy [31]
d. Cerchral amyloid angiopathy [162]
e. Leukoencephalopathy with calcifications and cysts [98]

The table is meant to give examples and not to be exhaustive
AD autosomal dominant, AR autosomal recessive

Figure 1. A new classification of leukodystrophies. Extracted from van der Knaap and Bugiani, 2017.

1.3 MEGALENCEPHALIC LEUKOENCEPHALOPATHY WITH SUBCORTICAL CYSTS
(MLC)

Megalencephalic Leukoencephalopathy with Subcortical Cysts (MLC) is a genetic
disorder within the group of vacuolating leukodystrophies. It is a childhood-onset, rare

disease. However, its prevalence increases in populations where consanguinity is
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common (Topcu et al., 1998). Moreover, such observations were consistent in Agrawal
community in East India (Gorospe et al., 2004), Jewish families in Lebanon and Turkey
(Ben-Zeev et al., 2002), and many others. Endogamy and consanguinity are important

factors in the appearance of rare diseases, both present in a lot of MLC patients.

Clinical criteria are the bases of the diagnosis of the disease, especially by means of

Magnetic Resonance Imaging (MRI) (Figure 2):

- Macrocephaly during the first year of life. The extent of macrocephaly is variable,
ranging up to 4 to 6 SD above population mean for some patients. From this point,
head growth is reduced to normal. The growth curve for head size in MLC
individuals continues a parallel evolution

- Motor function slow decline, mild cerebellar ataxia and spasticity. These
symptoms typically appear in late-childhood and adolescence. Patients show
difficulty walking and postural instability

- Dysarthria

- Epileptic seizures in early stages

- Cognitive impairment. It is mild and late-onset

- Behavioral problems

- Altered MRI scans:

o Bilateral atrophy and swelling in brain hemispheres. Abnormally diffuse
white matter

o White matter in the corpus callosum, internal capsule and brain stem are
better preserved. Subcortical regions and periventricular areas in the
occipital brain are also less affected

o White matter in the cerebellum is not swollen, although signal is lightly
abnormal

o Subcortical cysts in the anterior-temporal brain. Cysts can grow in number
and size with time. In some cases, they can expand to the great majority
of white matter

o With the evolution of the disease, cerebral atrophy replaces inflammation
in white matter. MRI signal can go back to normality in some individuals

o Gray matter is unaffected
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Figure 2. MRI of the brain of an MLC patient. Comparison between an MRI from an MLC patient (A,
B) and one from a healthy individual (C, D). The images observed correspond transverse sections from T2-
weighted MRI scans in A and C, while sagittal views featured in B and D correspond to T1-weighted MRI
scans. Comparing the two transverse sections we observe that white matter in the patient is swollen and
shows abnormal diffusion. In sagittal views, we observe subcortical cysts in the anterior-temporal region
as well as the parietal subcortical area. Extracted from (Leegwater et al., 2002).

Information about life span for MLC patients is still lacking because the disease is of
recent discovery. According to some studies, patients can live up to their forties or fifties
(Saijo et al., 2003, Singhal, 2005). However, other individuals die in their teens or
twenties. The most dramatic case reported was an MLC patient passing away due to status

epilepticus at the age of three (van der Knaap et al., 2003)

Clinical phenotype is also variable severity-wise, even for different patients bearing the
same mutation or among relatives (Blattner et al., 2003). This fact implies an influence

of environmental factors on the disease clinic.

A study conducted on a group of patients that were displaying differences in MRI brought
novel conclusions to MLC field (van der Knaap et al., 2010). During the first years of
life, the patients showed MLC symptoms. However, they ameliorated in time. Patients
displayed a mild phenotype: macrocephaly during the first years, small cognitive
impairment, and difficulty in motor function without ataxia nor spasticity. Epileptic
seizures were also present in this subset of patients, although the condition improved with
age (Lopez-Hernandez et al., 2011a). MRI scans from these patients displaying the benign
phenotype are depicted in Figure 3.
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Figure 3. MRI from MLC patients with benign phenotype (MLC2B). Images A,D belong to a patient
of 9 months of age. B, E belong to a patient of 18 months of age. C, F belong to a patient of 42 months of
age. At the first time point, MRI scans perfectly match the profile of ‘classic MLC. The other two patients
show improvement in white matter appearance, as well as a decrease in cyst size (arrows). Extracted from
(van der Knaap et al., 2012).

Therefore, according to the clinic there are two types of patients within MLC: those who
show the ‘classical’ phenotype, and those who show a remitting phenotype (benign). In
more recent cases, some patients suffering ‘classical’ MLC improved at an MRI level.
However, symptom remission did not accompany these improvements (Arnedo et al.,
2014a). As will be explained later in this introduction, genetic differences are responsible

for these different variants of the disease.

Another key finding in the process of understanding MLC pathology was to determine
that the concentration of various osmolytes was smaller in the brain of MLC individuals.
This observation, made by proton-magnetic resonance spectroscopy, suggested that water

would be accumulating in cerebral tissue (Brockmann et al., 2003, Sener, 2003).

Consistently, histological studies revealed spongiform degeneration of white matter and

vacuole formation in outer myelin layers. On the other hand, innermost layers were
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unaltered (Figure 4) (van der Knaap et al., 1996). In most cases, a single myelin layer
surrounds the vacuole. In spite of that, myelin multilayers can surround these water
accumulations. The fact that these vacuoles are observed in outer parts of the myelin could

translate into low effects on nervous impulse transmission.

Figure 4. Vacuoles in the white matter of an MLC patient. A Hematoxylin-eosin (HE) staining from
the neighboring area between neocortex and subcortical white matter. The uppermost quarter of the image
shows the neocortex, with a normal histological appearance. Below that border, white matter is dense in
vacuoles. B Electron microscopy (EM) image of a vacuole from the outer layer of a myelin sheath. This
figure is adapted from (van der Knaap et al., 1996).

1.3.1 MLC Genetics. From MLCI1 Identification to GlialCAM Discovery

The first gene linked to MLC pathology received the name MLCI [MIM604004]
(Leegwater et al., 2002). The locus for MLC1 is 22q13.33. The gene comprises 26 kb and
12 exons, the first of them being non-coding. There are two splice variants currently
described (NM_015166.3 and NM _139292.2). They differ in 5’ region from the first
exon, although they result in the same mRNA that encodes the same MLC1 protein. The
literature contains over 100 MLC1 mutant variants linked to the disease. Around 50% of
these mutations are missense, 28% are either deletions or insertions, while 22% are
splicing mutations. Finally, 1 every 50 mutations is a nonsense variant (Ilja Boor et al.,

2006, Cao et al., 2016, Kariminejad et al., 2015, van der Knaap et al., 2012).

Around 76% of MLC patients bear mutations in MLC! (Leegwater et al., 2002, Topcu et
al.,, 1998). Their inheritance pattern is autosomal recessive. In addition, only a tiny
proportion of cases are due to a de novo mutation combined with an inherited mutation.
MLC patients bearing mutations in MLCI present the classic phenotype. Hence, this

variant is known as MLCI. For this variant, there is no genotype-phenotype correlation.
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In fact, patients displaying the same mutation can manifest variable disease severity

(Leegwater et al., 2002).

Around 22% of MLC patients harbor mutations in a different gene called GLIALCAM (or
HEPACAM) [MIM611642]. This was the second gene described to be MLC-causing. Its
locus is 11g24.2 and it comprises 17 kb, with 7 exons and a non-coding sequence in 3’
end. Mutations in GLIALCAM originate two distinct phenotypes. The first phenotype is
MLC classic phenotype, inherited in an autosomal recessive manner. This disease variant
is MLC2A. Most of the mutations responsible for this variant are missense. On the other
hand, the second phenotype is the benign phenotype, and it is known as MLC2B (van der
Knaap et al., 2010, Lopez-Hernandez et al., 2011a). Its inheritance pattern is autosomal
dominant and only due to missense mutations (Arnedo et al., 2014a, van der Knaap et al.,

2012).

There is a small percentage of MLC patients (2%) that do not display mutations in neither
MLCI nor GLIALCAM. This evidence suggests that a yet to be described third disease-
causing gene might exist (Bosch and Estévez, 2020).

1.3.2 MLC1 Protein

1.3.2.1 Generalities, Expression, and Localization Studies of MLC1

MLC1 encodes for an integral transmembrane protein that receives the same name. It has
a length of 377 amino acids and its molecular weight is 41 kDa. MLC1 function remains
unknown up to date. However, MLCI orthologs prove that the protein is highly conserved

in myelin-producing vertebrate species, including zebrafish (Sirisi et al., 2014).

As was previously hypothesized by previous predictive models, AlphaFold MLC1
structural models (Jumper et al., 2021, Varadi et al., 2022) suggested that MLC1 consists
of 8 transmembrane domains (TMD) with both N-terminal and C-terminal regions inside
the cell (Boor et al., 2005). Regarding the fold, the model predicted a 4+4 structural
repeat, involving transmembrane regions 1-4 and 5-8 (Figure 5A, B). This brings up the
possibility of MLCI gene being a result of a gene duplication. (Estévez et al., 2018).
Moreover, a significant number of missense mutations in MLCI locate at interfaces
between MLC1 repeats (Figure 5C). Combined with the observation that these mutations
usually lead to protein instability and further degradation (Duarri et al., 2008, Petrini et
al., 2013), we hypothesize that proper interaction between MLCI1 internal repeats is
crucial for the correct folding and ER sorting of the protein (Pla-Casillanis et al., 2022).
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Recently, some authors reported homo-trimeric complex in detergent micelles and
proteoliposomes (Hwang et al., 2021). This would also suggest that interaction

interphases between monomeric subunits would be required for protein stability.

Protein folding is predictive of protein function. In this regard, Figure 5D shows that the
algorithm PDBeFold reveals similar fold for TMDI1-4 to a prokaryotic copper storage
protein (PDB ID 6Q6B). This is compatible with the belief of an ion-sensing role for
MLCI1 (Estévez et al., 2018).
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Figure 5. Structural models of MLC1. A Alphafold structural model of monomeric MLC1. TMD1-4 and
5-8 are displayed in pale green and wheat, respectively. B Structural superimposition of the two MLC1
subdomains, comprised of TMs 1 to 4 (pale green) and 5 to 8 (wheat), respectively. The image shows two
different views, rotated by 90°. C Summary of MLC-causing mutations (red) depicted in the MLC1
structural model. Preferential localization of mutated residues is the interaction surface defined by the two
MLC1 subdomains (TMD1-4 (pale green) and TMDS5-8 (wheat)). D Structural superimposition of MLCI
structural model TMD1-4 (pale green) and a prokaryotic soluble copper storage protein from Streptomyces
lividans (light grey) (PDB ID 6Q6B). Two different views, rotated by 90°, are shown. Adapted from (Pla-
Casillanis et al., 2022).

MLCI protein is mainly expressed in the brain, although it is also present in leukocytes
(Boor et al., 2005). Within the brain, we find MLC1 in Bergmann glia and in astrocytes
in perivascular, subependymal, and subpial areas. As opposed to what was initially

reported, neither oligodendrocytes, microglia nor neurons express MLC1 (Boor et al.,
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2005, Schmitt et al., 2003, Teijido et al., 2004). High-resolution EM (immunogold)
carried out in both rodent and human samples reveal that MLC1 is located in astrocyte-
astrocyte junctions in the perivascular area (Figure 6B) (Duarri et al., 2011, Teijido et

al., 2007).

To study MLC1 at a biochemical level, primary cultures of astrocytes are the main
experimental model. Initial studies in cultured astrocytes indicated that MLC1 was
intracellular and co-localized with endoplasmic reticulum (ER) and endosomal markers
(Ambrosini et al., 2008). Latter studies showed that treating astrocytes with cell cycle
inhibitors such as Cytosine B-D-arabinofuranoside (AraC) lead to MLC1 localizing in the
plasma membrane and astrocytic junctions (Figure 6A) (Duarri et al., 2011). With this
treatment, the model replicated in vitro what was observed in vivo for MLC1 biochemical
behavior. Thus, cell cycle-arrested cultured astrocytes were validated as model to study

MLC.

The use of this model allowed to determine that MLC1 protein co-localizes with tight
junction components, like ZO-1 and occludin. Such co-localization also exists with
adherens junction proteins, like B-catenin and N-cadherin (Duarri et al., 2011). The same
pattern was observed between MLCI and proteins from the dystrophin-associated
glycoprotein complex (DGC), also by means of immunoprecipitation. Among other
functions, DGC is involved in aquaporin and potassium channels anchoring in astrocytic
endfeet at the BBB. In MLC brain tissue, absence of MLC is correlated with altered
expression of proteins within DGC. This data indicates that DGC and MLCI1 are
functionally linked, although this mechanism is not thoroughly unraveled (Ambrosini et
al., 2008, Boor et al., 2007). Also, MLC1 expression is not altered in the dystrophin KO

mouse model (Duarri et al., 2011).
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Figure 6. MLCI1 localization in primary cultured astrocytes and at a tissular level. A Correlation
between MLC1 levels by western blot (leff) and localization at astrocyte-astrocyte junctions by
immunofluorescence assays (middle, right). After 3 weeks of treatment with AraC, MLC1 levels gradually
increase to reach peak expression. At this moment, the observed phenotype replicates in vivo observations
for MLC1 localization. B EM images of MLCI1 localization at astrocyte-astrocyte junctions, both in
astroglial processes (/eff) and perivascular zones (right). AC: astrocyte, EC: endothelial cell, BV: blood
vessel. Scale bar: 0,25 pm. Image modified from (Teijido et al., 2007).

1.3.2.2 Structure and Function of MLC1 Protein, and Impact of MLC1 Mutations

The structure of MLC1 protein is yet to be resolved up to date. As mentioned in this
introduction, from an evolution standpoint it would be reasonable that MLC1 originated
from the duplication of a smaller gene encoding a protein with 4 TMDs. A reason to
believe that is that fourth and eighth TMD feature a segment rich in polyleucine, while
the loop between TMD4 and TMDS is not conserved in MLC orthologs (unlike the first
and second ‘half” of the protein). Further experiments supported this hypothesis (Estévez
etal., 2018). When MLC1 is split in two halves by this intracellular loop between TMD4
and TMDS, the two splits reach the plasma membrane only when co-expressed in X.

laevis oocytes. Therefore, the two halves interact and restore function (Figure 7B).

More experimental evidence is consistent with the idea of homo-oligomerization for

MLC1. When analyzing MLCI1 expression by WB, protein bands are detected at
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molecular weights around 37 and 72 kDa bands from the protein ladder. These should
belong to monomeric and dimeric MLCI1 structures. In addition, protein-protein
interaction (PPI) Split-TEV assays confirmed MLCI1 ability to homo-oligomerize
(Figure 7C) (Capdevila-Nortes et al., 2012).

Since the identification of MLCI1, various studies analyzed the protein at a biochemical
level (Figure 7A). First, MLC1 displays a putative glycosylation site between TMD3 and
TMD4. However, it is not glycosylated in heterologous expression cell systems (Teijido
etal., 2004). Second, both N-terminal domain and C-terminal domain are phosphorylated
by Protein Kinases A and C (PKA and PKC) at Serin 27. Serin 339 is phosphorylated as
well, only by PKC (Lanciotti et al., 2010). Third, the analysis of MLC1 sequence of amino
acids reveals an N-terminal putative ER retention motif based on arginine (RXR, where X
is any amino acid). Such analysis also brings up potential unconfirmed phosphorylation
sites (Brignone et al., 2015) and a caveolin-binding motif (Figure 7A). MLC1 is present

in caveolin lipid rafts from rodent-derived astrocytes (Lanciotti et al., 2010).
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Figure 7. Biochemical properties of MLC1. A Summarized consensus information regarding the main
post-translational modifications, domains and motifs described for MLCI1. Putative and predictive
information is represented with hollow circles, confirmed information is plotted in regular circles. Modified
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from (Brignone et al., 2015). B Surface expression of MLCI in X. laevis oocytes. MLC1 was expressed
either whole or divided in two equal splits by intracellular loop between TMD4 and TMDS5. The two splits
are HAMLCI1-N and C-MLCIHAL in the graph. We observe that both splits do not reach the plasma
membrane by themselves. However, they do so when co-expressed, albeit partially. C Split-TEV analysis
of MLC1 homo-oligomerization. As we can see, the experiment confirmed this ability using A2AR as a
negative control. Modified from (Estévez et al., 2018).

MLCI mutations are found along the gene (Leegwater et al., 2002). Most missense
mutations are responsible for a reduction in protein expression levels that is accompanied
by a reduction in membrane surface protein presence (Lanciotti et al., 2010, Montagna et
al., 2006, Teijido et al., 2004). The proposed mechanism behind this observation is that
the mutation should lead to protein misfolding, resulting in an unstable protein to be
degraded either right in the ER or in lysosomes. While some mutated forms of MLC1 can
reach plasma membrane, they are targeted for lysosomal degradation either way (Duarri

et al., 2008).

Physiological MLCI1 localization combined with the classic phenotype of MLC suggest
that MLC1 could have a role in ionic and fluid homeostasis (Simard and Nedergaard,
2004). Bioinformatic predictions showed homology between MLC1 and shaker-like
voltage-gated potassium channel (Kv1.1), although low in identity (less than 20% of the
amino acids) (Teijido et al., 2004). Again, the combination between this finding and the
fact that MLC patients develop vacuoles supported the idea of MLCI1 being an ion
channel, or to work like a transporter linked to water homeostasis. Unfortunately, results
from experiments carried out in heterologous expression systems rejected this idea

(Tetjido et al., 2004).

The study of the physiological role of MLCI has also used mouse KO model for Mic].
The animals are a good early-stage disease model (Figure 8), since they display increased
water content in the brain, progressive vacuole formation in the white matter, and
morphological changes in perivascular astrocytes right before myelin vacuolation (Dubey
et al., 2015, Hoegg-Beiler et al., 2014). In primary cultured astrocytes, lack of MLC1 is
also responsible for intracellular vacuoles (Duarri et al., 2011, Sirisi et al., 2014). Such
results prompted a reanalysis of patient-derived brain biopsies, which confirmed vacuole
formation in perivascular astrocytes (Duarri et al., 2011). Up until that moment, vacuole

formation was thought to be limited at outer myelin layers (van der Knaap et al., 1996).
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In summary, astrocytic integrity is compromised in MLC patients and such process can

be checked histologically.

A recent study reported that Mlc1” animals manifest spontaneous epileptic activity, with
a diminished seizure threshold and altered extracellular potassium dynamics (Dubey et
al., 2018). Again, the combination of these results with the vacuolizing phenotype in the
white matter of these animals is consistent with the hypothesis of MLC1 being

functionally linked to water and ion homeostasis.

In the same regard, primary cultured astrocytes derived from MicI”~ animals have
impairments in volume-regulated anion channel (VRAC) activity and the associated
physiological cell volume regulation compensatory mechanism (Regulatory Volume
Decrease or RVD). Lack of MLC1 leads to a reduction in VRAC activity, but not total
abolishment (Capdevila-Nortes et al., 2013, Dubey et al., 2015). Lymphoblasts from
MLC patients with undetectable MLC1 protein levels also show impaired VRAC activity
(Petrini et al., 2013, Ridder et al., 2011).

Y i

MLC huma

Figure 8. Vacuolizing phenotype in mouse MlcI”- model replicates human disease. MRIs from an ML.C
patient (A) and a mouse Micl” (B), respectively. Red arrows in B point at areas with water accumulation.
C HE stainings on cerebellar white matter from wild-type (WT) (leff) and Micl”" (right) samples. Tissue
from KO animals shows vacuole formation. D EM image from vacuoles in MlcI”- mice. Modified from
(Bosch and Estévez, 2020).
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Alternatively, MLC1 overexpression leads to increased VRAC activity in primary
cultured astrocytes. VRAC controls chloride efflux and other osmolytes during RVD
(Ernest et al., 2005, Pasantes-Morales et al., 2006). This was the first functional alteration
described in MLC. However, the interplay between VRAC and MLCI is yet to be fully
understood. Some biochemical studies revealed that MLC1 and LRRC8A (VRAC’s main
subunit) do not co-localize nor directly interact, suggesting an indirect regulation of

channel’s activity (Elorza-Vidal et al., 2018).

Other approached used by researchers in this field when tackling potential MLC1 partners
or interactors was Membrane Yeast Two-Hybrid (MYTH) and affinity
immunoprecipitation. Such studies allowed the identification of Na'/K' ATP-ase
(Brignone et al., 2011), Kir4.1, calcium-permeable TRPV4, and V-ATPase (Brignone et
al., 2014). This ATP-ase regulates endosomal acidity and it is a vacuolar proton pump.
Nonetheless, up to date no experimental evidence proves the direct interaction between

these described proteins and MLC1 or Glial CAM.

Last, MLC1 overexpression triggers Epidermal Growth Factor Receptor (EGFR)
degradation while inhibits EGF-modulated calcium influx, ERKI1/2 activation,
phospholipase Cyl (PLC yl) activation, and calcium-activated potassium channel
KCa3.1. All these pathways regulate astrocyte proliferation (Figure 9) (Lanciotti et al.,
2016). Consistently, MLC1 absence in astrocytes leads to increased ERK1/2
phosphorylation (Elorza-Vidal et al., 2018). Taken together, these findings suggest that

MLCI1 can effectively participate in intracellular signaling pathways.
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Figure 9. Schematic representation of EGFR-activated signaling pathways on which MLC1 exerts a
inhibitory effect in human astrocytoma cells U251. Modified from (Lanciotti et al., 2016).

1.3.3 GlialCAM Protein

1.3.3.1 Generalities, Expression and Localization Of GlialCAM

Human HEPACAM gene encodes for a glial and hepatic cell adhesion molecule known
as HepaCAM or GlialCAM (as will be referred to in this thesis) (Favre-Kontula et al.,
2008, Chung Moh et al., 2005). The protein has a length of 417 amino acids and its
molecular weight is around 72 kDa. It was identified as an adhesion cell molecule

belonging to Ig Superfamily (Moh et al., 2005).

Biochemical studies predict GlialCAM to be a protein with a single transmembrane
segment, two extracellular Immunoglobulin-like loops (IgV in N-terminal end and IgC2
following TMD), and an intracellular C-terminal domain or cytoplasmic tail. In the
extracellular domain, GlialCAM features 6 putative N- and O-glycosylation as well as a
signal peptide (Figure 10) (Gaudry et al., 2008, Chung Moh et al., 2005). In the
intracellular region there is a SRC Homology 3 domain (SH3) and various potential
phosphorylation sites by serin/threonine kinases and tyrosine kinases (Moh et al., 2005).

At the cell surface, it forms cis- homodimers.
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Figure 10. Schematic representation of GlialCAM secondary structure. Glial CAM predicted topology
follows the typical Immunoglobulin Superfamily CAM (IgSF CAM) structure. There are two Ig-like
domains in the extracellular region (IgV, IgC2), a single transmembrane segment and a cytoplasmic C-
terminal tail. Black circles represent putative glycosylation sites. In IgC2 domain, we find a structural
disulfide bond. EXT: extracellular region, IN: intracellular region.

The first work to identify GlialCAM believed it to be a tumor suppressor protein.
Researchers found that GlialCAM expression levels were lower in hepatocellular
carcinoma, while it acted as an antiproliferative agent in vitro (Chung Moh et al., 2005).
A posterior publication identified Glial CAM cDNA in a library for the human brain. Also,
the expression levels were high in the nervous system (Spiegel et al., 2006) in comparison
to hepatic levels. In addition, Glialcam” mice do not show an increase in tumor frequency
(Hoegg-Beiler et al., 2014). In the CNS, GlialCAM expression pattern is mostly glia-
enriched white matter, ependymal cells in ventricular zones, astrocytic junctions and the
astrocyte-blood vessel contact areas (Favre-Kontula et al., 2008). As per cell types,
astrocytes and oligodendrocytes are the ones displaying higher expression of Glial CAM.
As seen in mice, GlialCAM expression correlates with Myelin Basic Protein (MBP)
expression in the developing brain. This clearly suggests that GlialCAM could be
involved in the myelination process. Consistent with this idea, Glial CAM is present along
different stages of oligodendrocyte differentiation in vitro. Similarly, GlialCAM
expression levels are higher during the first 3 years of human life. These levels stabilize

and begin to slowly decline from around the age of 5 years (Bugiani et al., 2017).

There is co-localization between Glial CAM and MLCI in astrocytic junctions, as seen by
EM on brain slices (Figure 11) (Lopez-Hernandez et al., 2011a). The stability of such co-
localization depends on the interaction with actin cytoskeleton (Duarri et al., 2011, Chung

Moh et al., 2005). Noteworthy, both MLC1 and GlialCAM are functionally linked to
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caveolae. Caveolae are special types of lipid rafts involved in the compartmentalization
of intracellular signal transduction components, in transport processes, in endocytosis,
and in transcytosis (Ambrosini et al., 2008, Lanciotti et al., 2010, Chung Moh et al., 2005,
Sowa, 2012).

As for the biochemical behavior of GlialCAM, Split-TEV assays revealed that it homo
oligomerizes in cis- through the extracellular domain of the protein (Lopez-Hernandez et
al., 2011b). At the same time, this oligomerization is important for the interaction between
the actin cytoskeleton and the cytoplasmic tail of GlialCAM, necessary for the
localization of Glial CAM at astrocyte-astrocyte junctions (Capdevila-Nortes et al., 2015).
In addition, GlialCAM also shows trans- interaction with neighboring GlialCAM
molecules from surrounding cells (Capdevila-Nortes et al., 2015, Hoegg-Beiler et al.,
2014). However, in vitro studies characterizing patient-derived mutations in Glial CAM
proved that cis- interactions need to be previously established for frans- interactions to

take place (Lopez-Hernandez et al., 2011b).

1.3.3.2 Structure and Function of Glial CAM Protein
GlialCAM as MLC1 B-subunit

Proteomic assays identified MLC1-interacting subunits. These studies used 3 different
antibodies against N-terminal end of MLC1 on solubilized membranes obtained from
brain tissue. GlialCAM resulted to be the second most abundant protein detected in
quantitative Mass Spectrometry (MS) assay, while MLC1 was the first, as expected
(Lopez-Hernandez et al., 2011a).
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Figure 11. GlialCAM and MLCI1 localization studies in brain tissue. A Immunofluorescence assays
performed in cerebellum tissue reveal co-localization (yellow, right) between GlialCAM (green, leff) and
MLCI1 (red, middie) at the endfeet of perivascular astrocytes. B Double Immunogold EM stainings in
human brain tissue confirms co-localization between GlialCAM and MLCI1 at astrocyte-astrocyte
junctions. C Post-embedding Immunogold EM stainings show GlialCAM localization inside the axons, in
contact regions between myelin and axons, and in cells surrounding myelin (Lopez-Hernandez et al.,
2011a).

These findings lead to a thorough characterization of the interaction between MLC1 and
GlialCAM. The project started with approaches such as co-immunoprecipitation,
Fluorescence Resonance Energy Transfer (FRET), Bioluminescence Resonance Energy
Transfer (BRET), and Split-TEV. All of them confirmed direct interaction between the
two partners. Further in vitro experiments on protein localization in HeLa cells proved
that MLCI1 shifted its subcellular localization upon co-transfection with GlialCAM,
compared to the localization observed when heterologously expressed alone. Specifically,
MLC1 moved from ER or being scattered in the plasma membrane to be enriched at cell-
cell junctions (Figure 12) (Lopez-Hernandez et al., 2011a, Lépez-Hernandez et al.,

2011b).
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hMLC1 + GlialCAM

Figure 12. MLC1 subcellular localization in HeLa cells changes upon co-expression with GlialCAM.
Immunofluorescence assays reveal that the presence of GlialCAM targets MLC1 to cell-cell junctions
(Lopez-Hernandez et al., 2011b).

Exact Glial CAM function in glial cells remains obscure. In astrocytes, MLCI1 acts as -
subunit of MLC1. This means that MLC1 requires Glial CAM for its proper traffic to cell-
cell junctions from the ER (Lépez-Hernandez et al., 2011b). That is, Glial CAM acts as a
chaperone for MLC1 (Capdevila-Nortes et al., 2013).

Glialcam™ mice suffer from macrocephaly, elevated water content in the brain, astrocyte
cell swelling, and progressive vacuole formation in myelin. Also, in these animals MLC1
expression levels are lower, and MLC1 is mislocalized in Bergmann glia and perivascular
astrocytes. This phenotype is further evidence of GlialCAM’s role as chaperone for
MLC1. Also, it is very similar as the phenotype observed in Mlc/” animals (Bugiani et
al., 2017, Hoegg-Beiler et al., 2014).

MLC1 also exerts an effect on GlialCAM. While proper expression and apparent
subcellular location of Glial CAM are independent of MLC1 when the protein is expressed
in vitro, MLCI increases the frequency of GlialCAM enrichment at cell-cell junctions.
This suggests MLC1 could be involved in the correct enriched localization of Glial CAM
at cell-cell junctions (Lopez-Herndndez et al., 2011b). In primary cultured astrocytes
derived from Micl” animals there is no defect in Glial CAM localization when the cells
are cultured in physiological conditions. However, Glial CAM is internalized upon culture
in depolarizing conditions (potassium-enriched medium). Moreover, the absence of
MLCI leads to GlialCAM mislocalization in vivo, especially in Bergmann glia and
perivascular astrocytes (Dubey et al., 2015, Hoegg-Beiler et al., 2014). Thus, both in vitro
and in vivo behaviors for GlialCAM in the absence of MLC1 are consistent. Last, studies

in zebrafish model for absence of mlcl also show mislocalization for Glial CAM (Sirisi
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et al., 2014). Thus, MLC1 and GlialCAM cooperate for a mutual correct protein

expression and localization.

GlialCAM as CIC-2 auxiliary subunit

The fact that Glial CAM is expressed in cell types where MLC1 is absent (i.e. astrocytes)
suggests GlialCAM might have additional properties and functions independent of
MLCI1. Further proteomic and immunoprecipitation assays on solubilized mouse brain
membranes identified allowed the identification of a third highly abundant protein:

chloride channel CIC-2 (Barrallo-Gimeno et al., 2015, Jeworutzki et al., 2012).

This channel is ubiquitous across cell types. In the human brain, it is detectable in
neurons, astrocytes, and oligodendrocytes (Jeworutzki et al., 2012). CIC-2 and Glial CAM
are expressed at the same time in both astrocytes and oligodendrocytes, while MLC1 is

only expressed in astrocytes.

PPI experiments like Split-TEV and co-immunoprecipitation validated the direct
interaction between GlialCAM and MLCI1. Immunofluorescence assays in HeLa cells
determined that CIC-2 is only present at cell-cell junctions upon co-expression with
GlialCAM, as was the case for MLC1 (Figure 13A). Interestingly, GlialCAM induces
modifications in the biophysical properties of CIC-2. GlialCAM increases current
amplitude, and it alters CIC-2 rectification properties. Thus, CIC-2 is open also at positive
membrane potentials when Glial CAM is present (Figure 13B) (Jeworutzki et al., 2012).
In this regard, the first three amino acids in the transmembrane segment of Glial CAM
(Serin, Leucin and Tyrosine residues) are essential for CIC-2 electrophysiological activity
but they do not participate in CIC-2 trafficking to cell-cell junctions (Capdevila-Nortes et
al., 2015).

Since CIC-2 expression pattern is wider than Glial CAM expression pattern, GlialCAM
would be an auxiliary subunit for CIC-2 instead of being an obligatory subunit. The latter

would be the case for MLC1.
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Figure 13. GlialCAM-mediated changes in CIC-2 localization and function. A Immunofluorescence
assays in HeLa cells that exemplify the differences in enrichment at cell-cell junctions that CI1C-2 (green)
undergoes upon co-expression with GlialCAM. In the image from the left, CIC-2 signal is diffuse and
scattered across the plasma membrane. In the image from the right, CIC-2 is enriched at cell-cell junctions
(Lopez-Hernandez et al., 2011b). B Electrophysiological recordings of CIC-2 activity with or without
GlialCAM in the system. Biophysical properties of the channel change with Glial CAM presence:
rectification disappears with GlialCAM, and the channel is open at positive voltages (Ohmic channel).
Right I-V curve. Modified from (Jeworutzki et al., 2012).

On the other hand, CIC-2 and MLCI1 co-expression does not affect CIC-2 functional
properties (Lopez-Hernandez et al., 2011a). Nonetheless, co-immunoprecipitation
experiments and Proximity Ligation Assays (PLA) suggest that MLCI is necessary for
the interaction between GlialCAM and CIC-2 to happen. In fact, a recent work by our
research group demonstrates that MLC1, Glial CAM and CIC-2 form a ternary complex
under depolarizing conditions (Figure 14) (Sirisi et al., 2017). This observation was made
in primary cultured astrocytes incubated with potassium-enriched culture medium. At a
physiological level, the formation of MLC1/GlialCAM complex induces CIC-2
trafficking to cell-cell junctions and the forementioned changes in its electrical properties,
thus allowing a chloride influx that balances potassium accumulation. The mechanism by
which CIC-2 associates with MLC1/Glial CAM is not clear up to date, although it is
dependent on L-type calcium channels and calcium-dependent calpains (Sirisi et al.,

2017).
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Figure 14. Depolarization induces CIC-2 trafficking to cell-cell junctions in WT mouse primary
cultured astrocytes, but not in Mlc1”- -derived astrocytes. The figure shows immunofluorescence assays
in wild-type primary cultured astrocytes and in MicI”*-derived astrocytes, incubated with both
physiological and potassium-enriched solutions (Depolarizing, high K*, 60 mM) for 6 hours. Arrows point
at CIC-2 (green) at cell-cell junctions, which only happens upon potassium-enriched incubation in WT
cells. Scale bar: 20 uM. Extracted from (Sirisi et al., 2017).

In both Milcl” and Glialcam™ animals, CIC-2 is mislocalized in Bergmann glia,
perivascular astrocytes, and oligodendrocytes (Bugiani et al., 2017, Hoegg-Beiler et al.,
2014). The fact that C1C-2 is not properly localized in oligodendrocytes in Mlc1”

that MLCI1/GlialCAM could be regulating CIC-2 activity in these cells through

suggests

interaction with astrocytes (Hoegg-Beiler et al., 2014).

1.3.3.3 Mutations in GLIALCAM Gene

MLC patients bearing recessive mutations in GLIALCAM lose MLC1 function and
develop the same phenotype as patients bearing recessive mutations in MLCI.
Similarities are both at the MRI level and at the clinical level. On the contrary,
heterozygous dominant mutations in GLIALCAM lead to benign phenotype. These
patients develop symptoms of the disease but they ameliorate, potentially resulting in
remission of white matter alterations (van der Knaap et al., 2010, Lopez-Hernandez et al.,

2011b).
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All missense mutations in GLIALCAM from MLC patients affect Glial CAM extracellular
region. The only exception is mutation W263X, which introduces a stop codon at the
transmembrane segment. Within the extracellular region, dominant mutations are present
in IgV domain only, while recessive mutations can be found anywhere from the

extracellular region (Figure 15A).

Unlike mutations in MLC1, most GLIALCAM missense mutations do not compromise
protein expression. Their effect is in homo-oligomerization in cis-, and in localization at

cell-cell junctions (Figure 15B) (Lopez-Hernandez et al., 2011Db).

Such is the case for GLIALCAM dominant mutations. However, in this group there are
some exceptions. Mutation D128N leads to proper homo oligomerization but the protein
does not enrich at cell-cell junctions. Mutation K135Del does not lead to apparent effects.
Another property of these mutations is that they are not able to target either MLCI1 or
CIC-2 to cell-cell junctions, although interaction by these proteins with GlialCAM is not
affected (Arnedo et al., 2014b, Lopez-Hernandez et al., 2011Db).

Some of the recessive mutations also lead to the same biochemical behavior. Other
mutations (R73W, P148S, S196Y, D211N) do not display any of the defects (Arnedo et
al., 2014a, Arnedo et al., 2014b, Lépez-Hernandez et al., 2011b). Moreover, any of these
mutations alters Glial CAM effect on CIC-2 biophysical properties.

Later, studies performed by researchers in our group identified that some of these mutant
GlialCAM proteins (K135Del, S196Y, D211N) are resistant to depolarization-induced
internalization in primary cultured astrocytes derived from MicI” animals. While
incubation with potassium-enriched medium leads to Glial CAM WT internalization in
these astrocytes, the mutant proteins stay enriched at cell-cell junctions (Sirisi et al.,

2014).

Also, while GlialCAM 1is necessary for correct MLC1 expression and protein levels
(Jeworutzki et al., 2012, Lopez-Hernandez et al., 2011b, Lopez-Hernandez et al., 2011a),
overexpression of either dominant or recessive MLC-causing GlialCAM mutations is
sufficient for proper MLCI1 expression levels. However, MLCI is not targeted to cell-cell
junctions and VRAC activity is altered (Capdevila-Nortes et al., 2013). Therefore, the

problem with these mutations is at a functional level.
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Finally, biochemical studies indicate that localization defects in recessive GlialCAM
mutant variants are rescued by WT protein. This defect is not solved in dominant
mutations (Elorza-Vidal et al., 2020, Lopez-Herndndez et al., 2011a). The generation of
a knock-in (KI) mouse model for Glialcam bearing an MLC-causing dominant mutation
allowed to confirm these findings in an in vivo model, since heterozygous mice also
developed a phenotype (Hoegg-Beiler et al., 2014). A recent work published by our
research group showed that the reason why some disease-causing Glial CAM mutations
are dominant is that they are located at GlialCAM IgV domain interacting surfaces and
disrupt either cis- or trans- interactions necessary for proper protein function (Elorza-

Vidal et al., 2020).
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Figure 15. GlialCAM mutations affect protein localization. A Schematic representation of missense
mutations identified for GLIALCAM, sorted by the domain in which the encoded residue is found upon
protein folding. Dominant mutations are written in pink, recessive mutations are written in blue. SP: signal
peptide, TMM: transmembrane segment. B IF assays in cultured astrocytes heterologously expressing the
WT (left), a recessive mutant (R92Q, middle), or a dominant mutant (R92W, right). Glial CAM (red) is
mislocalized in both cases when compared to the WT protein. Figure modified from (Lopez-Hernandez et
al., 2011a).
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1.3.4 Chloride Channels in MLC Pathogenesis

1.3.4.1 Astrocyte Generalities: Morphology and Function

As already mentioned in the first chapter of this introduction, astrocytes are the most
abundant cell type in the brain, while they are essential for the proper function of the
nervous system. The first description of glial cells by Camillo Golgi and Michael von

Lenhossek already estimated that astrocytes account for almost 50% of brain volume.

Astrocytes are distributed across gray and white matter. Their morphology is highly
complex, since they display a star-shaped morphology and present multiple ramifications
Figure 16. Also, these cells show polarization in two domains, both highly ramified. One
reaches neighbouring neurons and the other one extends to contact blood vessels
(Benarroch, 2005, Lundgaard et al., 2014, Nedergaard et al., 2003). One the one hand,
astrocytes can contact several neuronal soma and hundreds of dendrites from different
neurons (Benarroch, 2005, Theodosis et al., 2008). On the other hand, astrocytes also
contact with 90% of the cerebral vasculature through astrocytic endfeet. The
characteristic cytoskeletal component of astrocytes is the glial fibrillary acidic protein
(GFAP), which is a filament protein (Bignami et al., 1972, Bovolenta et al., 1984,
Kimelberg, 2004).

Figure 16. Astrocyte morphology. Stainings of rat cortex using GFAP as astrocytic markers (right) or
with over-expression of eGFP in a group of astrocytes. Extracted from (Simard and Nedergaard, 2004).
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According to morphology, there are two populations of astrocytes. The first population is
protoplasmatic astrocytes, mostly present in grey matter. These cells exhibit branches and
prolongations around the cell body. From a developmental standpoint, they belong to
radial glia lineage. The second population is fibrous astrocytes, which are mainly
localized along myelinated fibre tracts in the white matter forming long fibre-like
processes. These astrocytes, in turn, arise from progenitor cells of the subventricular zone

(Molofsky et al., 2012, Nash et al., 2011, Wang and Bordey, 2008).

However, there is high heterogeneity within each population of astrocyte. The anatomical
environment of each cell and the specific developmental origin seem to be responsible
for that (Hewett, 2009, Wang and Bordey, 2008). Moreover, it is important to note that
the great majority of data and observations published on astrocyte physiology and
morphology come from studies on rodents. Structural and phylogenetic analyses on
human astrocytes indicate that some properties could be different. Morphologically,
human astrocytes would be bigger and more complex. Also, the cells would have unique

gene profiling (Dossi et al., 2018, Lundgaard et al., 2014, Vasile et al., 2017).

Although they are a heterogenous cell type, astrocytes share numerous cellular
characteristics. All of them are scarce in organelles in the cytoplasm, they display specific
astrocytic filaments, their nuclei are irregular, and contain elevated expression of K*
channels at the cell membrane. This last feature leads to slight leakage of K*, which is

responsible for the distinctive low membrane resistance of astrocytes (Mori and Leblond,

1969, Peters, 2007, Zhou et al., 2009).

Astrocyte heterogeneity directly translates into a wide array of roles linked to these cells.
A lot of physiological processes and functions involved in brain homeostasis are due to
the action of astrocytes. First, they modulate neurotransmitter-based excitatory signals.
Second, they protect neurons from oxidative stress. Third, they participate in the
regulation of stem cell proliferation as well as axonal migration. Fourth, they contribute
to maintain BBB. In addition, they control energetic metabolism through the coupling of
blood flow to neuronal needs by increasing availability of oxygen and glucose (Abbott et
al., 2006, Howarth, 2014, Tadecola and Nedergaard, 2007). Also, they are responsible for
glymphatic flow. This process consists in the exchange of soluble substrates between
cerebrospinal fluid (CSF) and interstitial fluid in the brain. It is aimed at the clearance of
solutes through veins, mainly taking place during sleep. (Iliff and Nedergaard, 2013, Tliff
et al., 2012, Xie et al., 2013). Furthermore, astrocytes control synaptic activity by
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uptaking released K and neurotransmitters (i.e. glutamate) during neuronal activity. This
property is needed for the facilitation of fast repetitive neurotransmission, especially in
Bergmann Glia. Last, astrocytes are involved in regulating cell volume, pH, and the
buffering of extracellular K™ (Benarroch, 2005, Blackburn et al., 2009, Oberheim et al.,
2006).

Another suggested role for astrocytes is their involvement in myelin formation and
maintenance. Through astrocyte-oligodendrocyte coupling, astrocytes would be
providing metabolic support and homeostatic control necessary to create a proper
environment for myelination to occur (Barnett and Linington, 2013, Lundgaard et al.,

2014).

Next in this introduction, we will review astrocytic mechanisms of volume regulation and
K" buffering, which are essential for proper glial homeostasis. Specifically, we will focus

on the role of CIC-2 and VRAC chloride channels.

1.3.4.2 Regulation of Astrocytic Cell Volume

The human cranium is a vessel with limited space available. For this reason, regulation
of cell volume changes is crucial: an expanded brain results in compression of the blood
vessels. This can induce hypoxia or ischemia, which compromise neuronal survival. A
physiological adaptation that astrocytes feature is their high permeability to water, which
is provided by the presence of aquaporin channels (AQPs) in the membrane, specifically
AQP4. AQPs are water channels mainly found in astrocytic endfeet. Since they are
passive transporters, they allow bi-directional water exchange between blood vessels and
brain cells (Amiry-Moghaddam et al., 2003a). Events such as nutrient transport,
neurotransmitter release, protein degradation, or vesicular secretion, lead to changes in
osmolyte concentration. These changes elicit water movements to maintain osmotic
equilibrium. In consequence, there are changes in cellular volume. Hence, reduction of
osmolytes in the extracellular medium induces hypoosmotic swelling. At the same time,

increases in extracellular osmolyte concentration induce cell shrinkage.

All cell types activate physiological mechanisms to regulate cellular volume in response
to osmotic changes. These processes are named RVD or RVI. As opposed to RVD,
Regulatory Volume Increase (RVI) is the mechanism in charge of increasing cell volume
after hyperosmotic cell shrinkage. Several ionic co-transporters such as the Na"/K*/CI

NKCCI, Na'/H" and CI/HCOs-exchangers, as well as amino acid transporters mediate
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this process (Jayakumar and Norenberg, 2010, Jayakumar et al., 2011, Larsen et al.,
2014). On the other hand, Regulatory Volume Decrease (RVD) restores cell volume after
hypoosmotic swelling by mobilizing osmolyte (Na"/K"/CI" ions amino acids and amines
mainly) and water release from the cell (Benfenati and Ferroni, 2010, Kimelberg, 2004,
Kimelberg et al., 2006, Pasantes-Morales et al., 2006, Pasantes-Morales and Vazquez-
Juarez, 2012).

Focusing on RVD, we know that this process is triggered by cellular swelling after a
hypoosmotic shock. This induces water entry at the astrocyte through AQP4 aimed at
balancing intracellular and extracellular osmotic concentrations (Mola et al., 2016). The
cell usually detects this increased volume because it causes a raise of intracellular Ca**
levels, as well as changes in the cytoskeleton. These signals would be initiated by proteins
like Transient Receptor Protein Channels (TRPC), tyrosine-kinase receptors (TKRs) or
GPCRs (Benfenati and Ferroni, 2010, Malarkey et al., 2008, Pasantes-Morales et al.,
2006).

The non-selective calcium channel Transient Receptor Potential cation channel subfamily
V member 4 (TRPV4), also known as Transient Receptor Potential Vanilloid 4, is another
protein thought to be key in the detection of changes in astrocytic volume (Benfenati et
al., 2007, Benfenati et al., 2011, Liu et al., 2006). Elevations of cytosolic Ca*'
concentration mediates RVD in astrocytes (McCarty and O'Neil, 1992). Such elevations
lead to IKca channel activation, which induces K+ and CI+ efflux. In turn, this KCI efflux
is one of the main events in RVD (Mola et al., 2016). In addition, a functional link
between TRPV4 and AQP4 is suggested. TRPV4 can mediate AQP4 expression in
astrocytes (Lafrenaye and Simard, 2019), while TRPV4 inhibition reduces brain oedema
(Jie et al., 2015, Ryskamp et al., 2015). Calcium entry through TRPV4 would be behind
this gene expression regulation (Jo et al, 2015). Unfortunately, the mechanism
underlying this interaction is controversial. It is not clear whether TRPV4 or AQP4 would
be the main RVD trigger. However, it has been proved that TRPV4 and AQP4 co-express
in astrocytic plasma membrane, while deficits of both proteins decelerate cell shrinkage
(Chmelova et al., 2019). A proposed mechanism would be that TRPV4 and AQP4 form
a complex in astrocytic endfeet surrounding blood vessels, coupling water entry and
osmotic stress to signalling cascades that mediate RVD responses (Benfenati and Ferroni,

2010, Benfenati et al., 2011). A recent study found that TRPV4 activation is independent
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of osmolality-associated AQP4 permeability, which would oppose to the discussed

mechanisms (Wang and Parpura, 2018).

In this regard, increases in intracellular Ca?" induce the activation of Bestrophin 1, a Ca?*

activated chloride channel. It is not hypoosmotic swelling but rather increases in
intracellular Ca®" that directly regulate it. Nonetheless, while this channel modulates cell
volume in the fly (Stotz and Clapham, 2012), in mammals its physiological role is more

related to glial tonic release of GABA (Lee et al., 2010, Oh and Lee, 2017).
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Figure 17. Summary of cell volume regulation processes. The figure features a schematic representation
of RVI (left and RVD (right). In RVI we find activation of Na*/H* exchangers, anion exchangers, and Na-
K-CI (NKCC) cotransporters. This leads to increased intracellular levels of Na* and CI', that are followed
by swelling of shrunken cells until volume restoration by water flow through AQP4 to recover osmotic
balance. The opposite effect takes place in RVD. By a similar mechanism, swollen cells recover their
volume after the release of K, CI” and organic osmolytes like taurine. K*/Cl- (KCC) cotransporters but
especially VRAC/LRRCS channels are key players in the transport of ion and organic osmolytes outside
the cell. In addition, cell swelling can induce a rise in intracellular Ca?* concentration, in which case C1-
may also exit through various Ca*"-activated CI~ channels. CI™ exit must be electrically balanced by K*
efflux, which can occur through a range of constitutively open or swelling-activated K* channels. Inset:
typical extra- and intracellular concentrations of ions involved in mammalian volume regulation. From
(Jentsch, 2016).

In summary (Figure 17), cells regulate their volume by adjusting the levels of
intracellular osmolytes (mainly CI", K*, Na" ions and small organic molecules). Different

ion channels and transporters activate upon cell swelling to release those osmolytes at the
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extracellular medium. This osmolyte efflux is coupled to water exit through AQP4, which
restores cell volume. Among the channels involved in this activity, we find CIC chloride
channels, VRAC or VSOAC channels, and K" channels like Kir4.1 (Benfenati and
Ferroni, 2010; Kimelberg et al., 1990, 2006; Pasantes-Morales et al., 2006).

1.3.4.2.1 The VRAC channel: LRRC8 heteromers

As just reviewed, the volume regulated anion channel (VRAC) is a ubiquitously
expressed ion channel activated in response to cell swelling. Thus, it is crucial for cell
volume regulation. VRAC activity is one of the main players in RVD because it drives
the efflux of CI', along with several other anions. In astrocytes, as well as in other CNS
cells, VRAC activity is essential for KCl release. In turn, this release is the basis of the
process of RVD. The ion accumulated in astrocytes usually is K that results from
neuronal activity and nervous impulse transmission. However, astrocytic negative
membrane potential restricts direct K* efflux unless a previous anion release occurs. This

is accomplished by CI" efflux, mostly mediated by VRAC.

The first swelling-activated chloride currents identified belonged to the activity of VRAC
or VSOAC (Volume sensitive organic osmolyte anion channel). From an
electrophysiological standpoint, the currents displayed similarities in their properties
regardless of the cell type of identification (Hoffmann et al., 2009, Jentsch, 2016, Nilius
et al., 1997, Strange et al., 1996). These common properties are activation by cell
swelling, moderate outward rectification, intermediate conductance, and time-dependent
inactivation at high positive potentials. Moreover, a property of VRAC is its permeability
to small molecules such as amino acids, glutamate, or taurine. Nonetheless, it is mostly
defined by its selectivity to anionic molecules in the following order: SCN™ > 1" > NO3~
>Br >Cl" >F >HCO3 > gluconate (Akita and Okada, 2014, Jentsch, 2016, Nilius and
Droogmans, 2003).

Among other physiological functions, published data links VRAC to transepithelial ion
transport, cell proliferation, cell migration, apoptosis, and release of bioactive molecules.
Specifically speaking of astrocytes, impairments of the role of VRAC in the control of
astrocyte volume are behind several pathologies. Some examples are traumatic brain
injury, stroke, hyponatremia, hyperammonaemia, or epilepsy (Akita and Okada, 2014,
Kimelberg et al., 1990, Kimelberg et al., 2006, Mongin, 2016). Interestingly, the
astrocytic cell compartments that undergo the most dramatic swelling are processes in

contact with blood vessels (Kimelberg, 2005). An interesting finding was that even if
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VRAC activation is a protective mechanism from cellular oedema, excessive VRAC
activation may also be detrimental for brain integrity through the release of excitotoxic
glutamate and aspartate. /n vivo, blocking VRAC in animal models of stroke protected

against brain injury (Akita and Okada, 2014, Kimelberg, 2005, Liu et al., 2006).

Less is known about the role of VRAC when brain homeostasis is stable. Some studies
claim VRAC involvement in astrocytic control of hypothalamic neuroendocrine
structures. Also, some believe that the release of glutamate and taurine by VRAC
contributes to astrocyte-neuron communication. Another possibility is that VRAC is
susceptible of being activated upon intracellular signals even in the absence of astrocytic
swelling. For instance, a mechanism could involve GPCR signaling through Ca®" or
cAMP as secondary messengers. Such process takes place in other cell types, ending in
the release of glutamate or other gliotransmitters (Bourque and Oliet, 1997, Crépel et al.,

1998, Mongin, 2016).

For years, VRAC activity was known but its molecular identity remained unresolved. The
first postulated candidates featured P-glycoprotein, CIC-2, CIC-3, Bestrophin 1, ple,
among others. Eventually, all of them proved wrong (Strange et al., 1996, Pedersen et al.,
2015). It was not until recently that the work of two independent groups determined that
the essential component of VRAC is the protein called Leucine-Rich Repeat-Containing
8 A (LRRCS8A) (Qiu et al., 2014, Voss et al., 2014). These works described that VRAC
consisted of a heteromeric complex of LRRCS8 proteins, where LRRC8A isoform is the
essential subunit for channel formation. Up to date, there are reports of five members of
LRRCS proteins in chordate organisms, named from A to E (Abascal and Zardoya, 2012,
Sawada et al., 2003). These proteins present four TMDs and a cytoplasmic leucine-rich
repeats domain (LRRD) featuring 17 Leucine-Rich Repeats (LRRs) at the C-terminus.
As seen in Figure 18, this LRR domains forms a bended structure that exposes a large
surface area, which would be mediating protein-protein interactions (Kajander et al.,
2006). Last, sequence alignment studies for LRRCS8 suggest a common origin and
structure similarities with pannexin proteins, which participate in the formation of gap-

junctions (Abascal and Zardoya, 2012).
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Figure 18. Schematic representation of LRRCS topology and general features. In the figure, yellow
spheres indicate conserved cysteines. Other post-translational modifications are K-ubiquitination, K-
acetylation, N-linked glycosylation, and phosphorylation (/egend). In the cytoplasmic domain, each of the
17 leucine-rich repeats correspond to an orange box. Extracted from (Abascal and Zardoya, 2012).

Mutations in LRRC8A gene cause congenital agammaglobulinemia and lack of B cells
(Sawada et al., 2003). Alternatively, the Lrrc8a”” mouse model displays a similar defect
but in T cell development and function. These animals displayed pre- and postnatal
mortality along with several tissue abnormalities (Kumar et al., 2014) (Figure 19A). The
fact that VRAC is ubiquitous and its relevance in homeostasis maintenance might explain
the observed phenotype. LRRC8A and D proteins are indeed ubiquitous, whereas the rest
of LRRCS proteins show a more restrictive expression pattern. LRRC8B is enriched in
CNS cells, in lymphocytes, and in monocytes during peripheral stimulation. On the other

hand, LRRC8C expression is restricted to immune cells (Abascal and Zardoya, 2012).

The stoichiometry of heteromeric LRRC8 complexes forming VRAC is likely to consist
of six subunits (hexameric complexes). The authors that identified VRAC molecular
identity found that although LRRCS8A is the essential subunit, at least one accessory B or
E subunit is needed for to elicit VRAC currents (Voss et al., 2014). Various recent studies
point out that different LRRC8 complexes composition-wise may mediate distinct and
specific VRAC activities while showing substrate specificities. For instance, LRRC8D
subunit seems necessary for channel resistance to Pt-based antitumor drugs (Planells-
Cases et al., 2015). LRRCS8E would be primarily involved in the transport of negatively
charged molecules like aspartate, while LRRC8D appears to allow the transport of
molecules in a charge-independent manner. Thus, it would allow the transport of

electrically neutral molecules (taurine, GABA, or myo-inositol), negatively charged
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aspartate, partially positive compounds like cisplatin, and even positive compounds like

lysine (Lutter et al., 2017).

Heteromeric complexes of three or more VRAC subunits is also suggested by some

authors (Jentsch, 2016, Lutter et al., 2017).

In astrocytes, LRRC8 A-D genes express at different levels. LRRC8A expression is
necessary for glutamate and taurine release in primary cultured astrocytes (Hyzinski-
Garcia et al., 2014) (Figure 19B). Also, LRRC8A or LRRCS8D deletion leads to the
suppression of uncharged osmolytes efflux. At the same time, release of charged
osmolytes is dependent of either LRRC8A or LRRC8C+LRRCSE, while it would be
independent of LRRC8D (Schober et al., 2017).

Last, it is important to highlight the technical difficulties of studying LRRC8/VRAC.
First, heterologous overexpression of LRRC8A in vitro reduces endogenous VRAC
currents rather than increasing them. Moreover, overexpression of LRRCS paralogs does
not achieve increases in VRAC current densities. Therefore, such studies require a
heterologous system with total LRRC8A ablation where only heterologously expressed
LRRCS8A protein is in the system. In fact, an ideal experimental model would be a system
with all LRRCS8 subunits eliminated. Such would be the perfect background for
overexpression studies of different channel combinations, aimed at further understanding
VRAC stoichiometry and its impact in VRAC function (Jentsch, 2016, Mongin, 2016,
Voss et al., 2014). In our group, we study VRAC using X. laevis oocytes as the
experimental system. They are interesting because they do not show endogenous VRAC
activity except for a low background LRRC8A current that can be neglected. This
characteristic makes these cells suitable for heterologous expression of LRRCS proteins.
Moreover, we discovered that fluorescent tags fused at the C-terminal domain of LRRCS8
proteins increased the total current amplitude measured for the channel without altering
its intrinsic properties. In summary, these features make for a robust experimental model

to study VRAC in vitro (Gaitan-Pefias et al., 2016).
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Figure 19. LRRCS proteins in mammalian tissue. A Macroscopic phenotype of Lrrc8a” mice. KO
animals are smaller in terms of body size than WT animals (/eff). HE stainings (right) show tissue
abnormalities in the same KO animals. Skin, skeletal muscle, ovary and kidney are affected. Extracted from
(Kumar et al., 2014). BmRNA expression levels for the different LRRC8 subunits in primary rat astrocytes.
Lrrc8b-d are more than twice the expression of Lrrc8a. Lrrc8e show the lesser mRNA expression among
all subunits. Extracted from (Hyzinski-Garcia et al., 2014).

1.3.4.3 Potassium Spatial Buffering and Formation of Glial Networks

Physiological neuronal activity results in big, rapid changes in extracellular K"
concentration. This increase is due to the low volume of extracellular space in the human
CNS (Kume-Kick et al., 2002, Nicholson and Sykova, 1998). Basal extracellular K*
concentration is stable around 3 mM. Upon neuronal activity, this value spikes at 10-12
mM due to K" release by neurons (Connors et al., 1982, Gutnick et al., 1979, Heinemann
and Lux, 1977). Importantly, K" changes can impact a wide variety of physiological
processes within neurons, like membrane potential, synaptic transmission, or activation
of voltage gated channels. Therefore, buffering these changes in extracellular K*
concentration is key to maintain cerebral homeostasis. When these mechanisms do not
work properly, extracellular K concentration can reach values as high as 60 mM. These
levels are pathological (i.e. spreading depression or anoxia), since they compromise CNS

function (Somjen, 2002, Vyskocil et al., 1972).
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Hence, these K+ fluctuations need to be rapidly counteracted by various physiological
mechanisms. That includes passive diffusion and active transport of K*. At a cellular
level, K* buffering occurs via glial or neuronal uptake of K™ ions through these specific
channels or transporters. In general, however, mechanisms of K buffering are classified
into either mechanisms involved in K* direct uptake or mechanisms responsible for K*

spatial buffering.

The latter of the two is the best characterized mechanism for K clearance in the brain,
also known as potassium siphoning in classical studies in Miiller glia (Kofuji et al., 2000,
Newman, 1985, Newman and Reichenbach, 1996). It consists in the dispersion of local
high extracellular K™ concentrations to areas with low concentration, thanks to the
formation of a glial syncytium (Kofuji and Newman, 2004, Rash, 2010). Specifically,
astrocytes are the glial cell most directly involved in this syncytium formation. They are
connected through gap junctions, thus leading to the formation of a K'-permeable
network across which ions circulate in order to be redistributed. This allows the
restoration of physiological concentrations in the extracellular compartment, maintaining
them compatible with neuronal activity (Benfenati and Ferroni, 2010, Clausen, 1992,

Cotrina et al., 1998).

The inwardly rectifying K™ channel Kir4.1 is the main modulator of K" redistribution
from perineural areas to perivascular zones. Since its astrocytic expression is high, it is
responsible for most of K™ conductance in this cell type (Butt and Kalsi, 2006, Olsen et
al., 2006). Other cell types that express this channel are oligodendrocytes, Bergmann glia,
and Miiller glia. Kir4.1 allows bidirectional movement of K' depending on
transmembrane gradient (Higashi et al., 2001, Kalsi et al., 2004). Aside of Kir4.1, other
channels involved in K" uptake are rSlo and Kv1.5 (Price et al., 2002, Roy et al., 1996).
All of them participate in this buffering of K* to the areas with low concentration.
Noteworthy, it is astrocytic endfeet that present specific high conductance for potassium.
Consistently, high K™ fluxes have been recorded at the endfeet following neuronal activity
(Newman, 1984, Orkand et al., 1966). Such elicited currents correspond to K* finally

being released into blood stream.

The other group of K* clearance mechanisms is direct astrocytic uptake. Mainly, NKCC1
cotransporter or the Na'/K"™ ATPase pump can mediate this process (D'Ambrosio et al.,
2002, Larsen et al., 2014, Wang et al., 2012). Net entry of cations requires either anion

influx (i.e. CI') or efflux of other cations (i.e. Na") to preserve electroneutrality. This
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cotransport is active in astrocytes in response to high extracellular K™ concentrations
(Hertz et al., 2000, Tas et al., 1989). This Cl entry may be via NKCC1 or through specific
CI channels. It has been suggested that spatial buffering combines with an approximately

equimolar KClI transport (Dietzel et al., 1989).

Since glial uptake of K' reduces extracellular osmolarity and increases intracellular
osmolarity, there must be an accompanying water influx to glial cells. As previously
reviewed, there appears to be co-expression of the water channel AQP4 with Kir4.1 at the
astrocyte endfeet. The hypothesis is that both proteins would cooperate to facilitate these
water movements. AQP4 may also be modulating extracellular space volume homeostasis
after neuronal activity (Haj-Yasein et al., 2012, Nagelhus et al., 2004). If that were true,
glial cells would be able to activate osmoregulatory processes to compensate osmotic
resulting of water movements. In this regard, one study linked water permeability and
AQP4 function regulation to intracellular cAMP-dependent signaling in a context of high

extracellular K™ concentration (Song and Gunnarson, 2012).

In addition, both Kird.1 and AQP4 colocalize with syntrophin, a protein within the
dystrophin glycoprotein complex (DGC) (Amiry-Moghaddam et al., 2003b, Benfenati
and Ferroni, 2010). DGC would be anchoring AQP4, since Syntrophin” mice lose AQP4
localization at perivascular astrocytic endfeet. Also, the animals have problems in K*
clearance (Amiry-Moghaddam et al., 2003b). Nonetheless, Kir4.1 is unaffected in these
knockout animals. This could imply that Kir4.1 does not interact functionally with AQP4
in the process of potassium clearance and the associated water movement (Zhang and
Verkman, 2008). This does not exclude that Kir4.1 is essential for efficient uptake of K*
by glial cells, regardless of the lack of functional involvement with AQP4 in this process

(Chever et al., 2010).

Astrocyte

Cx43

Astrocyte

Figure 20. Connexin 43 forms Gap junctions in astrocytes. Connexin 43 forms hemichannels, which
interact to establish Gap junctions. Extracted from (Baldwin et al., 2021).
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Last, other essential elements in the process of K' siphoning are connexins. These
proteins constitute the gap junctions that connect the astro-glial network for ionic
transport. Connexins (Cx) are membrane proteins that form complexes of 6 connexin
subunits, which are the hemichannels. These complexes can be either homomeric or
heteromeric. Two hemichannels (one of each adjacent cell) align and establish a gap
junction (Figure 20). These gap junctions are permeable to ions and facilitate substrate
fluxes (Abrams and Scherer, 2012, Nualart-Marti et al., 2013). Astrocytes express mainly
Cx43, also Cx30 and Cx26 (Nagy et al., 2004). The Cx43/Cx30 double knockout mouse
model was where the role of gap junctions in K" buffering was discovered. These animals
present vacuole formation in myelin structures, similar to the phenotype that Kir4. /7 mice
develop (Menichella et al., 2006, Wallraff et al., 2006). Interestingly, AQP4 suppression
in astrocytes decreases Cx43 expression and impairs cell-cell functional coupling

(Nicchia et al., 2005).
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Figure 21. Schematic representation of the panglial syncytium. As seen in the figure, Na* enters the
axon at Ranvier nodes, while K" exits at the paranodal axonal plasma membrane. In the myelin sheath,
Cx32 forms gap junctions that drive K* out through the different layers and towards astrocytes surrounding
myelin. Cx32 and Cx47 form the gap junctions that communicate outer myelin with astrocytes. There, K*
circulates across the astrocytic network through gap junctions consisting of Cx43 pores. lons reach the
astrocytic endfeet and they transfer to pericapillary and subpial spaces through Kir4.1, accompanied by
water efflux through AQP4. MLC1/Glial CAM complexes and CIC-2 are also featured in the scheme.
Adapted from (van der Knaap et al., 2012).
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Classically, the term used to refer to the functional network of astrocytes for potassium
buffering is panglial syncytium (Figure 21). This network consists of the astrocytes and
oligodendrocytes connected via gap junctions, which extend from spinal cord and
ventricles to the vascular epithelia (Nedergaard et al., 2003, Rash, 2010, Simard and
Nedergaard, 2004). Connexins (Cx43/47 or Cx30/32) are present in oligodendrocytes,
both in the external myelin sheaths and within the myelinated fibres contacting Ranvier
nodes. Connexins are essential for the maintenance of myelin homeostasis, to the point
that their suppression leads to myelin vacuolation (Altevogt and Paul, 2004, Menichella
et al., 2003, Rash, 2010). Apart from regulating K", this glial network would be playing
an essential role regulating pH, glutamate homeostasis, glucose traffic, and even in

controlling vascular tone (Bekar and Nedergaard, 2013).

1.3.4.3.1 The CIC-2 chloride channel

CIC-2 is one out of the nine members belonging to the family of Voltage-dependent
chloride channels (CICs). CICs participate in a wide range of physiological processes, in
which they contribute with voltage-dependent transport of Cl° ions across cell
membranes. Some members of this family are located in the plasma membrane, while
others act in intracellular organelle membranes. Moreover, various of these CICs interact
with auxiliary subunits that are important for their proper function and subcellular
trafficking (Figure 22). The affection of CICs or their auxiliary subunits are disease-
causing. These diseases are known as chloride channelopathies, and they are genetic

disorders (Jentsch et al., 2005; Poroca et al., 2017; Thiemann et al., 1992).
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Figure 22. Classification of CIC chloride channels. The CIC family comprises 9 members, divided into
four plasma membrane chloride channels (CIC-1, CIC-2 and CICKa/b) and five intracellular antiporters
(CIC-3, CIC-4, CIC-5, CIC-6 and CIC-7). CIC-2, CICKs and CIC-7 interact with auxiliary subunits, which
also appear on the Figure. Exacted from (Stolting et al., 2014).
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CLCN2 gene encodes for CIC-2 channel in humans. CIC-2 is expressed in a wide array
of tissues. We find CIC-2 in the brain, kidney, pancreas, skeletal muscle, gastrointestinal
tract, among others (Griinder et al., 1992, Thiemann et al., 1992). Within the brain, CIC-
2 is present in pyramidal hippocampal neurons and interneurons (Smith et al., 1995). It is
also found in astrocytic endfeet surrounding blood vessels (Jeworutzki et al., 2012, Sik et

al., 2000), as well as in oligodendrocytes (Blanz et al., 2007).

CIC-2 is classically described as being localized at basolateral membranes of polarized
cells. However, its rapid recycling ends with large part of the channels detected
intracellularly, where is suggested to be associated to membrane compartments (Cornejo

et al., 2009).

1.3.4.3.1.1 Structure and Biophysical Properties of CIC-2

CIC-2 protein consists of 907 amino acids and weighs around 100 kDa. CIC-2 structure
is common to CIC channels and transporters (Dutzler, 2007, Weinreich and Jentsch,
2001). The channel forms a homo-dimeric double-barrel structure, as could be confirmed
thanks to the crystallization of CIC bacterial channels. This breakthrough also revealed
independent pores or protopores for each monomer, with filter selectivity for chloride
ions. Specifically, one CIC-2 subunit consists of 18 transmembrane helices (named from
A to R) followed by a cytosolic C-terminus tail containing two conserved cystathionine-
3-synthase (CBS) motifs (Dutzler et al., 2002). Figure 23 includes a visual representation
of CIC-2 structure and topology. These CBS domains are essential for correct intracellular
trafficking and may be involved in protein oligomerization (Estévez et al., 2004, Ponting,

1997).

Furthermore, crystallization of bacterial CICs also served to establish the permeability
sequence of CIC-2: CI">Br > I > F". This sequence is very similar to its family members

CIC-1 and CIC-0 (Jentsch et al., 2002, Stolting et al., 2014, Thiemann et al., 1992).
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Figure 23. Topology and features of CIC-2 channel. A Schematic representation of transmembrane
topology for CIC-2 subunits. The image shows helices A to R, the sequences that contribute to the chloride
selectivity filter (arrows) and the two intracellular CBS motifs. Noteworthy, helices A-R can be divided in
two equal 8-segment halves, with antiparallel orientations (B-I vs J-Q, green helices vs blue helices). B
Putative tridimensional structure of CIC-2 in terms of folding and orientation. Extracted from (Dutzler,
2007).

Hyperpolarization is the main activation stimulus for CIC-2. Upon hyperpolarization,
CIC-2 open in a very short time course, and its voltage-dependent gating can be
modulated by Cl" and H" (pH-dependent). Thus, increases in the intracellular chloride
concentration shift the voltage dependence of the channel to a more positive voltage,
activating the channel (Poroca et al., 2017). Also, mild acidification of extracellular pH
activates C1C-2. However, further pH reduction leads to a decrease in currents (Niemeyer
et al., 2004). Hypotonic-induced cell swelling is another factor that leads to channel
activation, a mechanism that is involved in RVD response (Jentsch et al., 1999, Jordt and

Jentsch, 1997, Niemeyer et al., 2004, Niemeyer et al., 2009, Thiemann et al., 1992)

CIC-2 currents present a slow time-course, and inward rectification (Figure 24). After
activation at negative potentials, voltage steps back to positive potentials result in a very
slow current deactivation. Mutagenesis studies determined that the intracellular N-
terminus of the channel was essential for voltage-dependent and pH-dependent activation
(Jordt and Jentsch, 1997). Complementarily, the activation and deactivation of CIC-2
gating is faster upon some deletions or modifications of the C-terminal domain. These
findings suggest a modulatory function of this domain on CIC-2 gating properties
(Griinder et al., 1992, Garcia-Olivares et al., 2008, de Santiago et al., 2005).
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Figure 24. Representative whole-cell patch clamp responses from CIC-2. Left Currents elicited applying
the specified protocol. Right voltage dependence of the probabilities of either the fast gate (full circle) or
the common gate (blank circle) to be open (Stdlting et al., 2014).

Regarding the gating of the channel, there are two different mechanisms that have been
classically proposed: a fast gate and a slow gate. A fast gating process occurs when a
single protopore turns active independently, mostly due to a conformational change. It is
the component dependent on voltage, chloride concentration and pH. On the other hand,
a slow gating (or common gating) mechanism consists in the simultaneous opening of
both protopores through the cooperative movement of both CBS domains (Accardi and

Pusch, 2000, Estévez and Jentsch, 2002, Saviane et al., 1999, Stolting et al., 2014)

Before GlialCAM discovery as a CIC-2 B auxiliary subunit, the only described proteins
that modulate CIC-2 were Hsp90 and Hsp70. Both are cellular stress associated proteins
and activate the channel by facilitating channel opening and increasing sensibility to
intracellular C1” (Hinzpeter et al., 2006). JAK2 kinase could also be modulating CIC-2,
according to some authors (Hosseinzadeh et al., 2012), while ATP depletion-related
metabolic stress could also be involved in the regulation of CIC-2 activity (Dhani et al.,

2008) through a lack of internalization of CIC-2.

1.3.4.3.1.2 Role of CIC-2 in Glial Physiology

The exact function of CIC-2 in the brain is not yet elucidated. The ubiquitous expression
of CIC-2 is compatible with the thought of differential functions of the channel depending
on the cell type. Arguably, chloride channels in the brain could be involved in the
regulation of a wide array of physiological processes, such as cell volume regulation,
control of intracellular Cl” concentrations in inhibitory GABAergic neurons, and the
regulation of ionic homeostasis of CI" and K" at the astrocyte-oligodendrocyte junction

49



(Blanz et al., 2007, Jentsch et al., 1999, Jentsch et al., 2002, Smith et al., 1995, Zuiiiga et
al., 2004). In this regard, some authors suggested a direct role of CIC-2 in the control of
neuronal excitability by preventing C1” accumulation at GABAergic synapses (Ratté and
Prescott, 2011, Rinke et al., 2010). Some studies linked CIC-2 to idiopathic generalized
epilepsy (D'Agostino et al., 2004, Kleefuss-Lie et al., 2009), but they are controversial
(Niemeyer et al., 2010).

A relevant model to understand the function of CIC-2 is the KO model. Clcn2 knockout
mice showed degeneration of male germ cells and photoreceptors (Bosl et al., 2001,
Edwards et al., 2010). There are reports of severe defects in absorptive ion transport in
the colon as well (Catalan et al., 2012). Regarding the role of CIC-2 in glial cells, the most
interesting findings were that lack of CIC-2 induces vacuolization in external myelin
sheaths, showing a phenotype that reproduces with high fidelity that of MLC patients
(Blanz et al., 2007). Also, it alters hippocampal neurotransmission in aging mice (Cortez
et al., 2010). However, this model does not develop major neurological defects (Blanz et
al., 2007). The study of a possible link of CLCN2 mutations with MLC ruled out this
hypothesis (Scheper et al., 2010). Nonetheless, mutations in the CLCN2 gene are indeed
associated with a mild leukoencephalopathy (Depienne et al., 2013, Giorgio et al., 2017,
Zeydan et al., 2017), that also features infertility (Di Bella et al., 2014), and secondary
paroxysmal kinesigenic dyskinesia (Hanagasi et al., 2015). This disease is known as
LKPAT (acronym for Leukoencephalopathy with Ataxia), and it is a CLCN2-related
leukoencephalopathy (CC2L). CLCN2 mutations related to CC2L severely impair
channel function and trafficking (Gaitan-Pefias et al., 2017). Conversely, other works
linked gain-of-function mutations in CLCN2 to familial hyperaldosteronism (Fernandes-

Rosa et al., 2018, Scholl et al., 2018).

All these data from CC2L patients combined with the observations on the phenotype of
Clcn2”" mice reinforces the idea of a role of glial CIC-2 in controlling ionic homeostasis.
Given the similarities between the vacuolizing phenotype caused by the lack of CIC-2
and the vacuolization caused by ablation of astro-glial Connexins 32 and 47, or due to the
lack of Kir4.1, a clear hypothesis is that CIC-2 is involved in potassium siphoning (Blanz
et al., 2007). Moreover, this observation is consistent with the fact that alterations in

potassium clearance trough glial syncytium lead to demyelinating problems (Rash, 2010).
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2. G-PROTEIN-COUPLED RECEPTORS IN THE CENTRAL
NERVOUS SYSTEM

2.1 GENERALITIES OF G-PROTEIN-COUPLED RECEPTORS

G-Protein-coupled receptors (GPCR) are membrane proteins involved in cell signaling
processes in animals. At a structural level, they feature 7 a-helix segments that cross the
plasma membrane and that are connected by protein loops. Since N-terminal domain is
extracellular and C-terminal domain is intracellular, the protein contains three
intracellular loops and three extracellular loops (Figure 25) (Venkatakrishnan et al.,

2013).

Extracellular space

Cytoplasm

Figure 25. GPCR topology. The figure is a schematic representation of the structural topology of GPCRs.
These receptors are also known as 7TMRs (7 Transmembrane-spanning receptors) due to their 7 TMDs.
We see the intracellular and extracellular loops, with the extracellular N-terminal domain and the C-
terminal cytoplasmic tail. Extracted from (Tikhonova and Costanzi, 2009).

GPCRs are a large superfamily of proteins expressed on the plasma membrane that
receive extracellular stimuli and initiate signal transduction events in response to these
stimuli (Tikhonova and Costanzi, 2009). A wide variety of ligands interact with GPCRs,
either endogenous or exogenous. Some examples are neurotransmitters, metals, odorant
molecules, peptides, proteins, fatty acids, amino acids, light photons, etc. These signaling
molecules control a lot of distinct physiological processes, such as cell differentiation,
cell death, changes in blood pressure, immune responses, tumor progression, among
many others. The number of processes that GPCRs participate in, the vast array of
pathologic conditions that involve GPCRS, combined with the common molecular

architecture of all GPCRs, makes them a perfect target for drug development efforts. In
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fact, up to a third of the drugs medically prescribed act on GPCRs (Lappano and
Maggiolini, 2011, Rosenbaum et al., 2009, Tikhonova and Costanzi, 2009).

Around 800 genes in the human genome encode for GPCRs, which represent 2 % of the
total genome (Fredriksson et al., 2003, Jacoby et al., 2006). Approximately 100 genes out
of these 800 genes do not have an identified ligand that activates the GPCR that they
encode for. These are known as orphan GPCRs (Lagerstrom and Schidth, 2008). The
normal binding of a ligand to its receptor can happen in three distinct mechanisms:
through a pocket conformed by TMDs, through extracellular loops, or through N-terminal
domain (Jacoby et al., 2006).

The canonical mechanism of signal transduction activation mediated by GPCR requires
three main components: the GPCR itself, a heterotrimeric G protein, and an effector
protein that produces second messengers. These, in turn, activate target proteins that
trigger the cellular response. Regarding the G protein, it is heterotrimeric because it
consists of three different subunits: a, B, and y. The G protein shifts between two states:
inactive and active. It is inactive when it is bound to GDP, and it is active when it is bound

to GTP.

The mechanism starts with the interaction between the cytoplasmic tail of the GPCR and
the G protein. Active G protein is unstable and the trimer splits into an a subunit and a Py
dimer. The dimer interacts with the effector protein that starts producing second
messengers, which trigger the cellular response. However, effector proteins can
sometimes directly elicit the cellular response. The signaling is terminated upon the
hydrolysis of GTP bound to G, subunit by its own intrinsic GTPase activity. G, bound to
GDP leads to the inactive state of the G protein, in which the three subunits reconstitute

the heterotrimer (Milligan and Kostenis, 2006).

The effector system releases molecules that act as second messengers that initiate
signaling cascades (Figure 26). One of the main GPCR effectors is Adenylyl Cyclase
(AC), which produces cAMP at an intracellular level. Another important effector is
Phospholipase C (PLC), that breaks by hydrolysis the compound phosphatidylinositol
4,5-biphosphate (PIP2) into two phospholipids, inositol triphosphate (IP3) and
diacylglycerol (DAG). Generally, IP3 binds to calcium channels located at intracellular

compartments, such as the ER, and activates them. This results in the release of calcium
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to the cytosol. On the other hand, DAG interacts with protein kinases that phosphorylate
proteins (Eglen et al., 2007, Hendriks-Balk et al., 2008).

Heterotrimeric G proteins can be classified into 4 subfamilies depending on structural and
functional homology of Gq subunit: Gs, Gio, Gg11, and G213 (Hollmann et al., 2005,
Offermanns, 2003). Their main features are (Milligan and Kostenis, 2006, Yudin and
Rohacs, 2018):

- Gq: the effector protein is AC. The resulting increase in cAMP levels leads to
signaling cascades activation. For instance, it activates Protein Kinase A (PKA)

- Ggn1: it leads to intracellular calcium concentration increase

- G12/13: it activates small GTPases like RhoA, and Phospholipase D (PLD). They
are involved in cytoskeleton changes that affect cell shape and motility

- Gi/0: the main effectors are potassium channels, typically. They inhibit AC.

A key finding in the study of GPCR signaling was the discovery of the role of B-arrestin
in the process. Specifically, the binding of the ligand to the GPCR can induce the
recruitment of [-arrestin in a G-protein-independent manner, which is key to
desensitization of the receptor. Also, B-arrestin can activate signaling pathways like
Mitogen-activated Protein Kinase (MAPK) pathway. This pathway leads to the activation
by phosphorylation of proteins such as ERK1/2, RAF-1, or MEK1. MAPK pathway is
pivotal to cell cycle control and to the regulation of transcription and apoptosis. Some

studies even link B-arrestin 1 to oncogene activation (DeWire et al., 2007).

Figure 26. Schematic summary of the main signaling pathways activated by G-Protein-coupled
receptors. Upon interaction with the stimulus, Ges activates AC, while Gg; inhibits it. Gy, activate ERK
pathways. Ggq activate PLC, producing second messengers that lead to increases in intracellular calcium
concentrations and protein kinase C (PKC) activity. G2 activates small GTPases like RhoA. Modified
from (Cheng et al., 2010).
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As described, the cellular response varies according to the ligand or stimulus that interacts
with the GPCR. Thus, the compounds that act on GPCRs can also be classified in different
categories: agonists, partial agonists, inverse agonists, and antagonists. Agonists bind to
the receptor and activate it. Partial agonists bind to the receptor and activate it, but the
elicited response is not maximal. Inverse agonists bind to the receptor and reduce its
constitutive activity. Last, antagonists bind to the receptor and do nothing but block the

agonist binding (Park et al., 2008).

However, the binding of ligands to GPCRs not only lead to intracellular responses via G
proteins. Simultaneously, a negative feedback process takes place. This is what we call
desensitization (Drake et al., 2006). Desensitization aims at reducing excessive cell
response to avoid potential negative effects. This process involves GPCR-specific
intracellular kinases 1-7 (GRK1-7), as well as other kinases like PKA or PKC. GRK1-7
phosphorylate GPCRs upon agonist binding, which is the homologous desensitization.
On the other hand, PKA and PKC do the same in a ligand-independent manner. Thus, it
is the heterologous desensitization. The final step of this process is the recruitment of -
arrestin, which terminates the signal transduction by blocking the binding between G-
protein and GPCR. However, B-arrestin activity also features the induction of GPCR
internalization. Clathrin-coated vesicle formation units (clathrin complex, AP-2)
recognize phosphorylated B-arrestin, thus leading to receptor endocytosis (Claing et al.,
2002). Four types of B-arrestin are known up to date (B-arrestin 1-4). B-arrestin 1 and 4
are expressed in the retina, and they are mostly related to phototransduction. -arrestin 2
and 3 are ubiquitous. Last, GPCRs are re-sensitized upon dephosphorylation by protein
phosphatases and protein turnover to the plasma membrane. However, proteins can also

be targeted for degradation at this point (Métay¢ et al., 2005).

2.2 GPCR CLASSIFICATION

The GCRDb (G-protein-coupled-receptor database) project by Kolakowsi proposed the
first GPCR classification. It divided these proteins into seven groups, each one receiving
a letter from A to F, and O (Davies et al., 2007, Kolakowski, 1994). The classification
was updated to the final six classes, keeping what is known as the A-F system. It is based
on amino acid sequence and functional similarities (Foord et al., 2005). Some authors
proposed another classification based on the phylogenetic tree of approximately 800

human GPCR sequences (Hu et al., 2017) named GRAFS. It divided GPCRs into five
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families (G for Glutamate, R for Rhodopsin, A for Adhesion, F for Frizzled, S for
Secretin; GRAFS) (Schioth and Fredriksson, 2005). However, the A-F system is more
widely spread. In this system, A-C families make up for the great majority of GPCRs
(Figure 27).

a Family 1

Figure 27. Schematic representation of the three main GPCR families. Family 1 corresponds to class
A GPCRs, family 2 equals class B, family 3 is class C. In red, conserved amino acids across family
members. For the class C receptors, Venus Flytrap module is pictured in ocre. Modified from (George et
al., 2002).

Class A: Rhodopsin-like GPCRs

It is the largest GPCR family, with around 90 % of all GPCRs. It includes odorant
receptors and small ligand receptors. The crystal structure of rhodopsin receptor
(Palczewski et al., 2000) revealed alterations in helicoidal domain by the presence of
amino acids like proline, that results in TMD tilting. These receptors feature a disulfide
bond connecting extracellular loops 1 and 2, while a lot of the receptors belonging to this
family contain a palmitoylated cysteine residue in the C-terminal end. This residue

anchors the receptor to the plasma membrane.

Class B: secretin family receptors

This family includes 15 receptors for peptide hormones (Alexander et al., 2013). These
receptors comprise a large N-terminal extracellular domain and a TMD that contains the
7 TM segments of every GPCR (Bortolato et al., 2014). The N-terminal domain includes
various cysteine residues that form disulfide bonds (Ulrich et al., 1998). The peptide
hormones that are ligands for these GPCRs are of small molecular weight. Some
examples are glucagon, calcitonin, and secretin. The N-terminal ectodomain is the

binding site for these ligands (Jacoby et al., 2006).
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Class C: metabotropic glutamate receptor family

The main GPCRs within this family are metabotropic glutamate receptors (mGluRs),
GABAGg receptors, and Ca?"-sensing receptors, sweet and amino acid taste receptors,
pheromone receptors, and several orphan receptors, like GPRCS5 family (Brduner-

Osborne et al., 2007).

mGluRs are subclassified into three groups based on sequence homology, G protein
coupling, and ligand selectivity. Group I (mGlu 1 and 5) couple to G¢/G11 and active
PLCB. Group II (mGlu 2, 3) and group III (mGlu 4, 6, 7, and 8) couple to Gipo , thus
inhibiting AC and directly regulating ion channels (among other downstream partners)

via Ggy release.

From a structural standpoint, this family is unique. N-terminal domain is exceptionally
large, which contains a Venus Flytrap (VFT) module and a cysteine rich domain or CRD,
except for the GABAR receptor. Ligand binding site is within the VFT module. Also, to
be functional, class C GPCRs need to previously dimerize, either as homodimers or
heterodimers. For instance, GABAB receptors are obligatory heterodimers of GABAB:

and GABABg: while mGluRs are typically homodimers (Figure 28).
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Figure 28. Schematic representation of two prototypical class C GPCRs as heterodimer (GABAB
receptor) and homodimer (mGluR). GABAg is an obligatory heterodimer, in which GABAg; binds
endogenous ligands and GABAR; activates G protein. While the VFT module is directly linked to the 7TM
segments in GABAg receptors, in mGluRs this VFT connects to the 7TM via the CRD. mGluRs form
homodimers with two binding sites per dimer (one per subunit). Extracted from (Chun et al., 2012).
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Class F: frizzled

It is a minor class, formed by receptors necessary for Wnt binding and Hedgehog
signaling. Therefore, they are involved in embryonic development, and cell division and

polarity (Foord et al., 2002).

2.3 GPCRS IN CELL VOLUME REGULATION

The activation of a GPCR upon binding to its ligand triggers a cellular response that
initiates several physiological processes at different levels, as just reviewed. In this
regard, we discussed that proteins from the G4 family mediate PLC-dependent generation
of IP; and DAG, which lead to mobilization of Ca** to the intracellular space and PKC
activation (Vazquez-Juarez et al., 2008). The increased calcium concentration, in turn, is
responsible for an osmolyte efflux within RVD (Pasantes-Morales and Morales Mulia,
2000). VRAC is one of the main channels involved in this osmolyte efflux. Various
studies suggest that the osmolyte efflux consequence of high intracellular calcium
concentrations via the binding of a GPCR with its ligand is similar in a wide variety of
cell types. For instance, the glutamate efflux upon ATP or thrombin-mediated activation
of purinergic receptors, or PAR-1 activation in cultured astrocytes, are some examples of
this (Mongin and Kimelberg, 2002, Ramos-Mandujano et al., 2007). Consistent with the
involvement of PKC within these Ca**-dependent mechanisms, inhibitors for PKC seem
to reduce glutamate and taurine efflux in cultured astrocytes (Mongin and Kimelberg,
2005). Other downstream partner proteins are calmodulin (CaM) and

calcium/calmodulin-dependent kinase II (CaMKII) (Franco et al., 2004).

However, there is indeed GPCR activity affecting osmolyte efflux that works in a
calcium-independent manner. Noteworthy, cell swelling results in taurine release in
calcium-dependent manner but also calcium-independent. In murine fibroblasts, Gi-
mediated receptor activity that involves cAMP signaling also boosts taurine efflux
(Heacock et al., 2006). Common to all these mechanisms, the described osmolyte efflux

occurs via VRAC, essentially.

Changes in cell volume also translate into changes in the actin cytoskeleton as an adaptive
mechanism. G proteins that recruit Rho-GTPase are responsible (Pedersen et al., 2001).
Rho establishes dynamic interactions with proteins that regulate ion channels and

transporters within RVD (Nilius et al., 1999). Rho signaling leads to the formation of an
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actin-based platform that coordinates proteins that could activate current activation in
response to cell swelling, resulting from CI', K* and organic osmolytes efflux (Pedersen
etal., 2002, Tilly et al., 1996). Noteworthy, Rho activation is not a direct consequence of
the cell swelling stimulus, but rather mediated by other molecules that sense this swelling.
It is the case of integrin receptors, growth factor receptors, among others (Figure 29)

(Carton et al., 2002).
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Figure 29. Model for molecular mechanisms involved in RVD for cell volume restoration. The figure
represents the distinct elements that intervene in the different pathways involved in the three main steps
that contribute to RVD cell recovery after hypoosmotic swelling: volume sensing, osmotransduction, and
osmolyte efflux pathway activation. The scheme also features their suggested interplay. Also, the model
includes other responses evoked as part of the adaptive responses of the cell to volume changes. These are:
adhesion processes, cytoskeleton remodeling, stress-sensing, and cell survival pathways. TRP: transient
receptor potential channels, GPCR: G-protein-coupled receptors, TKR: Tyrosine kinase activity receptors,
PLCp: phospholipase C f3, src: proto-oncogene tyrosine-protein kinase Src, PI3K: phosphoinositide 3-
kinases or phosphatidylinositol 3-kinases, PKC: Protein Kinase C, FAK: focal adhesion kinase, ERK1/2:
extracellular signal-regulated kinase 1/2, CaM: calmodulin, CamKII: calcium/calmodulin-dependent
kinase II. Extracted from (Vazquez-Juarez et al., 2008).
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2.4 THE ORPHAN RECEPTORS GPR37 AND GPR37L1

GPR37 and GPR37L1 are orphan GPCRs within class A rhodopsin-like family. They
relate with endothelin receptors and other GPCRs activated by peptides. Specifically,
GPR37 (or hET(B)R-LP) shows a 40 % homology with endothelin receptors type B
(ETBR), and Bombesin (Bn) receptors BB1 and BB2 (Imai et al., 2001, Marazziti et al.,
1997, Marazziti et al., 1998). Posterior studies identified GPR37L1 (ET(B)R-LP-2),
which shared 68 % sequence similarity and 48 % identity with GPR37 (Valdenaire et al.,

1998). The phylogenetic information and identity of these receptors are featured in Figure
30.
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Figure 30. GPR37, GPR37L1, and their closest relatives. A Phylogenetic tree illustrating the relationship
between endothelin receptors, bombesin receptors, and GPR37 and GPR37L1. B Alignment between
human GPR37 and GPR37L1. The highlighted areas correspond to sequence conservation in TM segments.
Regarding conservation, maintained residues are noted above the alignment. Regarding similarity: #:
hydrophobic, +: positively charged, -: negatively charged. Boxes indicate predicted TM segments,
underlining in C-terminal end marks PDZ motif. Extracted from (Smith, 2015).
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Both GPR37 and GPR37L1 are highly expressed in the CNS. GPR37 is predominantly
present in the cerebellum, corpus callosum, spinal cord, putamen, caudate nucleus,
substantia nigra, and the hippocampus (Donohue et al., 1998, Marazziti et al., 1997,
Takahashi and Imai, 2003, Zeng et al., 1997). Regarding cell types, oligodendrocytes are
the main cell type expressing GPR37, while some subset of neurons in the substantia
nigra also express GPR37 significantly (Imai et al., 2001). On the other hand, only glial
cells express GPR37L 1, mostly Bergmann glia astrocytes in the cerebellum (Marazziti et

al., 2013).

The ligand for neither GPCR is known up to date. However, several studies aimed at
identifying the endogenous agonist for GPR37 and GPR37L1. This topic is still
controversial and continuously under debate. Given the similarity between these receptors
and endothelin receptors and Bn receptors, the first approach was to assess whether
endothelin or related peptides could activate signaling via GPR37 or GPR37L1. The
studies ruled out this possibility (Leng et al., 1999, Valdenaire et al., 1998, Zeng et al.,
1997).

One study claimed that head activator (HA) neuropeptide was the ligand for GPR37
(Rezgaoui et al., 2006). However, various groups tried to replicate the results of the study
and none of them found evidence that HA could lead to GPR37 internalization. Also, HA
comes from the invertebrate Hydra, and no vertebrate equivalent exists. Thus, HA was
not the ligand for GPR37 (Davenport et al., 2013, Dunham et al., 2009). More recently,
two novel candidates to be GPR37 and GPR37L1 ligands appeared. One was
neuroprotective and glioprotective factor prosaposin, the second one was a peptide
derivative, known as prosaptide (Meyer et al., 2013). Studies in vitro do not confirm the
validity for neither (Liu et al., 2018, Smith, 2015). Therefore, GPR37 and GPR37L1
continue to be orphan GPCRs up to date.

Information on the structure of GPR37 and GPR37L1 is very lacking. GPR37 is tricky
for heterologous expression due to intrinsic difficulties in protein folding in the de novo
synthesis. Thus, in heterologous systems, GPR37 trafficking to the plasma membrane is
troublesome. Also, the elimination of both extracellular and intracellular ends affected
GPR37 expression and localization in the plasma membrane. Both GPCRs display a PDZ

motif in the final region of their C-terminal domain, which acts as a facilitator of the
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receptor trafficking to the plasma membrane through the interaction with third proteins,

like Syntenin-1 (Dunham et al., 2009).

2.4.1 Knockout Models for GPR37 and GPR37L1

GPR37 1is also known as Parkin-associated endothelin-like receptor or Pael-R. As
indicated by this alternative name, a lot of published studies centered on the potential
involvement of GPR37 in Parkinson’s disease, also focusing on its potential regulatory

role in the dopaminergic system.

Parkin is a E3 ubiquitin ligase protein that has GPR37 as a substrate and targets it for
proteasomal degradation (Dev et al., 2003). Mutations in PRKN, the human gene
encoding for Parkin, cause the early-onset and autosomal recessive form of Parkinson’s
disease. The lack of Parkin would lead to a toxic accumulation of GPR37 due to deficient
degradation of the receptor. Hence, dopaminergic cells in the substantia nigra expressing
GPR37 die, thus leading to the disease progression (Shimura et al., 2000, Sriram et al.,
2005, Zhang et al., 2000). Consistently, Lewy bodies from patient-derived samples
contained GPR37 accumulated in the nucleus (Murakami et al., 2004).

On the other hand, Gpr377 mice show that the protein is important in the regulation of
oligodendrocyte differentiation and myelin formation. The knockout animals suffer from
precocious oligodendrocyte differentiation, thus leading to hypermyelination of the CNS
that originates at early in the development and continues until mice adulthood (Yang et
al., 2016). Both in the brain and in primary cultured oligodendrocytes from Gpr37--
feature elevated ERK1/2 phosphorylation levels. Interestingly, the pharmacological
suppression of MEK 1/2 and ERK1/2 in this model achieved a reversion in the effect of
the lack of Gpr37. Oligodendrocytes did not differentiate prematurely and cell
proliferation was unaltered (Keshet and Seger, 2010). In addition, the resulting AC
inhibition led to a further inhibition of the translocation of ERK1/2 to the nucleus. This
suggests that this is the pathway that would normally activate GPR37. In the same regard,
cAMP levels increased in Gpr377 mice (Afshari et al., 2001).

Published data on GPR37L1 physiological role is scarce in comparison to the work
devoted to elucidating GPR37L1. The group led by Dr Daniela Marazziti studied the
effect of GPR37L1 in the development and behavior of mice using the knockout model.
Immunofluorescence assays show that Gpr3711 expression levels gradually increase in

Bergmann glia from the first neonatal stages up until adulthood. Knockout mice present
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precocious cerebellar development due to the premature reduction of granule neuron
progenitors cells proliferation, along with premature Bergmann glia and Purkinje cell
maturation. These changes in phenotype occur during neonatal development in mice,
while neither cytohistologic nor anatomical differences exist between WT and KO
animals (Figure 31) (Marazziti et al., 2013). Such GPR37L1 effects link to Sonic
Hedgehog (Shh) signaling pathway alterations, since this pathway is described to induce
granule neuron progenitor proliferation and Bergmann glia maturation. During postnatal
development of the cerebellum, both astrocytes and granule neuron progenitor cells
express high levels of those proteins involved in Shh pathway, such as Patched-1 (Ptchl)
and the GPCR Smoothened (Smo) (Ruat et al., 2012, Vaillant and Monard, 2009). There
is basal interaction between Ptchl and Smo that represses the signaling via this GPCR.
When Shh interacts with this complex, Smo is released and intracellular mitogenic
downstream signal transduction takes place (Ho and Scott, 2002). GPR37L1 interacts
with Ptchl in periciliary membranes from Bergmann glia astrocytes and modulates the
formation of the primary neuronal cilium (Huangfu et al., 2003, Kim et al., 2010,
Marazziti et al., 2013). In the absence of GPR37L1, expression levels and internalization
of Ptchl are higher. Therefore, these KO astrocytes proliferate with a higher ratio in
comparison to WT astrocytes. These Ptchl alterations lead to an elevation in synthesis
and Shh endogenous secretion, that will lead to MAPK hyperphosphorylation (La Sala et
al., 2020).

From a behavioral standpoint, the animals show enhanced motor skills (Marazziti et al.,
2013) and a greater susceptibility to convulsions upon induction of different intensity
currents (Giddens et al., 2017). In 2018, the firs evidence of the involvement of GPR37L1
and pathological conditions appeared. Exome sequencing allowed to link a human
GPR37L1 variant (p.Lys349>Asn) with progressive myoclonus epilepsy (PME). This
variant was present in five patients within a consanguineal family, and it displayed an

autosomal recessive inheritance pattern (Giddens et al., 2017).

Studies in KO animals for each GPCR were useful to identify which signaling pathways
they modulate. Both GPCRs seem to inhibit AC via Gio. Thus, the absence of these
GPCRs leads to an increase in cAMP levels and an activation of MAPK signaling, which
leads in turn to the phosphorylation of ERK1/2 for the activation of these enzymes (La
Sala et al., 2020, Yang et al., 2016).
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Figure 31. Gpr3711 expression and comparative cerebellar morphology in different developmental
stages of WT and Gpr37117- mice. A Immunofluorescence images labeling Gpr3711 (red) and cell nuclei
(Hoechst, blue) in tissue samples obtained from pups at postnatal days (P) P3, P5, P10 and P15. Scale bar:
25 um. B Nuclear Hoechst staining of cerebellum from WT mice and Gpr37/1”- mice. The molecular layer
is thicker in KO animals, whereas the external granular layer is thinner. Upper scale bar: 250 um, lower
scale bar: 25 um. C Immunofluorescence images labeling Gpr3711 (red) and Glast (green), with nuclear
Hoechst stainings (blue). The panel includes experiments in WT animals vs KO animals, both groups in
adult stages. In WT animals, Gpr3711 colocalizes with Glast, the high-affinity glutamate transporter in
Bergmann glia astrocytes. Scale bar: 25 um. D Coimmunoprecipitation studies to analyse interaction
between Ptchl and Gpr3711 in cerebellum extracts from WT and KO mice at P10. EGL: external granular
layer, IGL: inner granular layer, ML: molecular layer. Modified from (Marazziti et al., 2013).

2.5 GPRC5 FAMILY

2.5.1 Generalities and Classification

GPRCS5 receptors are heterotrimeric orphan receptor within class C (metabotropic
glutamate receptor family) GPCRs, group IV. The identification of these receptors
occurred in a context of cancer cells, where the gene encoding for these proteins appeared
to be induced by retinoic acid. Hence, the first name that GPRCS receptors received was

RAIG (Retinoic Acid Inducible Gene) (Cheng and Lotan, 1998).

The 7 TM segments from GPRCS5 receptors show conservation from invertebrates to
mammals. The only identified ortholog for GPRCS5 receptors in invertebrates is BOSS
receptor, from Drosophila melanogaster (Kohyama-Koganeya et al., 2008). On the other
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hand, there are four GPRCS5 subtypes in mammals: GPRC5A (RAIG1), GPRC5B
(RAIG2), GPRC5C (RAIG3), AND GPRCS5D (RAIG4) (Robbins et al., 2000).

Class C GPCRs typically feature the binding site within N-terminal domain. However,
GPRCS5 receptors possess an exceptionally short N-terminal domain. For instance, BOSS
N-terminal domain is even longer than the one in GPRCS receptors. This indicates that
the ability of binding a ligand of these receptors might have been lost throughout
evolution (Kim et al., 2012).

GPRCS lissue distribution Cellular localization KO mice Proposed function and signalling
GPRC5A Lung, colon, urinary PM, ER, Golgi Lung tumours Tumour suppressor gene, NF-xB
bladder Extracellular vesicular and STAT3 signalling
exosomes
GPRC5B Brain, adipose tissue, PM, Golgi Defect in cerebellar SFK-signalling domain formation
kidney, Extracellular vesicular motor learning resist- Pro-inflammatory effects Cardiac
mammary grand CXOSOMES ant to obesity, low fibrosis, breast cancer
milk production
GPRCS5C Brain, kidney, liver PM Regulation of hemato- Thromboembolism.
Extracellular vesicular poietic system Kidney liver function
exosomes Lower blood pH and

higher urine pH
GPRC5D Hair follicle, pancreas, PM ? Hard-keratinized structures
B cell Extracellular vesicular Multiple myeloma antigen

£X0S0mes

Figure 32. Main properties of GPRC5 family members. PM: plasma membrane, ER: Endoplasmic
reticulum. Extracted from (Hirabayashi and Kim, 2020).

Every member of the GPRCS5 family shows a singular distribution pattern across different
tissues, while they link to different pathological conditions (Figure 32). GPRCS5A and
GPRCS5D are non-neuronal. GPRCS5A can be found in the lungs and in the colon, while
GPRCS5D is present in the skin and in pancreatic tissue (Tao et al., 2007). Also, GPRC5A
is a tumor suppressor protein in the lung. Mice with Gprc5a deficits improve at an
inflammatory level due to NF-kB activation in lung epithelial cells (Deng et al., 2010).
Also, hypoxia induces GPRCS5A activity in cancer cells (Greenhough et al., 2018).

On the other hand, GPRC5B and GPRCS5C express ubiquitously but are particularly
abundant in the CNS. Mostly, they are enriched at the cerebellum, adipose tissue, and
placenta (Tao et al., 2007). At an mRNA level, GPRC5B is strongly expressed in taste
buds, the olfactory bulb and Purkinje cells. There is a strong regulation in GPRC5B
expression during development, and it continues throughout life and aging (Sano et al.,
2011). GPRCS5C is very important for kidney homeostasis. The receptor localizes at the
apical membrane of proximal tubules, while the absence of Gprc5c in KO mice leads to

disruptions in acid-base equilibrium. Blood pH is lower in these animals and urine pH is
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higher compared to WT animals (Rajkumar et al., 2018). Regarding GPRCS5D, its in vivo
functions remain unraveled up to date (Inoue et al., 2004). Nonetheless, all GPRCS5
receptors share the property of being glycosylated as well as secreted in extracellular

exosomes (Kwon et al., 2014).

Given its relevance for this thesis, a specific chapter of this introduction will be dedicated
to GPRCS5B. This receptor is the only GPRCS that plays a role in psychiatric conditions
like Attention Deficit Hyperactivity Disorder (ADHD) (Albayrak et al., 2013), bipolar
disorder, and severe depression (Tomita et al., 2013). It plays an important role in the

adipose tissue, as well.

2.5.2 GPRC5B Receptor

As reviewed, GPRCS5B receptor is ubiquitous but cerebellum-enriched. It participates in
motor learning and spontaneous activity evoked by novel environmental stimuli (Sano et
al., 2011, Sano et al., 2018). Moreover, it is fairly abundant in the adipose tissue, allegedly
playing an important role in obesity (Tekola-Ayele et al., 2019). At a subcellular level, it
localizes at the plasma membrane, Golgi apparatus and exosomes. Also, it mediates
extracellular vesicle transport and tubule formation. This last property was observed in

vitro for Madin-Darby canine kidney cells (Kwon et al., 2014).

In the cerebellum, GPRC5B levels increase in the axons of Purkinje cells, as reported in
mice. These neurons are the only output neurons from the cerebellar cortex. They make
synaptic contacts with cells from the deep cerebellar nuclei early after birth (Garin and
Escher, 2001). These observations raised the hypothesis for the role of GPRCS5B in neural
circuitry development and in cerebellum-mediated motor control. The absence of
GPRCS5B, either in all CNS or limited to Purkinje cells, leads to abnormal inflammation
in the distal region of Purkinje cells axons. However, dendrite morphology does not show
alterations. Indeed, the axons of Purkinje cells from Gprc5h” mice do not develop
synapse-associated structures, their mitochondria are dysfunctional, and they accumulate
within inflamed areas. In these affected axons, there is an increase in local Reactive
Oxygen Species (ROS) activity, which have oxidative stress-inducing ability. ROS
generation is due to mitochondrial dysfunction. ROS increase simultaneous to ATP
production, they provoke oxidative stress-induced cellular dysfunction, impairing
synapse formation between Purkinje cells and deep cerebellar nuclei. In turn, this

compromises long-term motor learning skills (Sano et al., 2018).
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GPRCS5B levels in the adipose tissue are also remarkably high (Sano et al., 2011). Even
if the exact role of GPRC5B remains to be fully understood, a genome-wide association
study uncovered the correlation between GPRC5B gene expression and Body Mass Index
(BMI) (Speliotes et al., 2010). A published work observed that Gprc5b”" mice weighted
less than WT animals upon being fed a high-fat diet (HFD) at 16 weeks of age. Also in
this study, WT animals showed greater hepatic steatosis due to lipid accumulation in the
liver, while their adipose tissue was heavier. Moreover, KO animals displayed reduced
insulin resistance, as well as less adipose tissue chronic inflammation combined with
smaller adipocyte size. Indeed, the production of inflammatory cytokines like TNF-a, and
macrophage infiltration in the adipose tissue were also lower in the GprcSb-deficient
animals. These and other metabolic parameters like circulating glucose and insulin, or
leptin concentrations, ameliorated in Gpcr5h” animals. Such parameters are tightly
linked to obesity progression. The phenotype could be due to increased metabolic rate

and enhanced thermogenesis processes (Kim et al., 2012).

At a molecular level, GPRC5B is a phosphoprotein that contains several phosphorylation
sites. Mass spectrometry analyses reveal eight phosphorylated serin residues and two
phosphorylated threonine residues at the C-terminal region, along with three
phosphorylated tyrosine residues with high conservation across evolution (Figure 33A).
Specifically, these tyrosine residues are Tyr*?’, Tyr**°, and Tyr*®. Some in vitro studies
show that the kinase that phosphorylates these residues is Fyn, a kinase that belongs to
the Src family. GPRC5B recruits Fyn through its SH2 domain when it is active. Fyn is
the effector that modulates inflammatory responses that GPRCS5B is involved in (Figure
33B,C). Fyn activity within this context goes via NF-kB pathway (see chapter 3.2.3.1
from this introduction) (Kim et al., 2012).

Other tissues or cell types also feature GPRC5B activity via NF-kB. This is the case for
cardiomyocytes or cardiac fibroblasts, where it would be playing a role in some
pathologic conditions (von Samson-Himmelstjerna et al., 2019). On the other hand, a
recent work related GPRCS5B activity with TGF-/Smad3 pathway and JAK-STAT/IFN-
y in pancreatic B-cells. Interestingly, these pathways participate in fibrotic and

inflammatory processes, respectively (Atanes et al., 2018).
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Human QENTPNYFDTSQPRMRE TAFEEDVQLPRAYMENKAF SMDEHNAALR - TAGFPNGS LGERPS = = = = = = GSLGKRPSAPFRINVIQPTEMAV
Mouse QENPPNYFDTSQPRMRE TAFDEEMHLPRAYTMENKAF SMDEHNAALRSAVGFSNGS LEQRS SSLGKKPS SLGNRPSAPFRINVYQPTEMAV
Rat QENPPNYFDTSQPRMRE TAFEEEMHLPRAYMENKAF SMDEHNAALRSAVGFSINGI LEQRSSSLGRKPS SLGNRPSAPFRINVYQPTEMAV
Bovine QENTPNYFDTSQPRMRETAFEEDVQLPRT YMENKAF SMDEHNAALR-TAGFRNG - = =~ === == mmaaxn SLGNRPSAPFRENVYIQPTEMAV
Frog QENTINYFDTTQPRMRET PFEED I PLPRSYMENKAF SMDEHNAAMR - AGGFRNG - === === === === SLGNRPSAPFRENVYQPTEMAV
B C
GPRC5B*"* adipocytes ‘ GPRC5B™ adipocytes

Inflammation Inflammation
Insulin resistance Insulin resistance

Figure 33. GPRCS5B properties and modulation of the inflammatory response in the adipose tissue.
A Alignment for GPRC5B in different species. Conserved phosphorylation sites belong to C-terminal
domain. Phosphotyrosine (red), phosphoserine and phosphothreonine (blue) residues are highlighted. B
Upon high-fat diet (HFD), GPRC5B and Fyn-SH2 domain interact. Then, Fyn activity increases locally,
stimulating the positive feedback stablished for NF-kB pathway and leading to adipose tissue inflammation
and insulin resistance, obesity hallmarks. C In the absence of GPRC5B, Fyn activity does not increase, and
NF-kB loop is maintained at low, basal levels. Extracted from (Kim et al., 2012).
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3. CELL ADHESION MOLECULES IN THE CNS. STRUCTURAL
FEATURES OF IGCAM MOLECULES WITH SIMILARITY TO
GLIALCAM

GlialCAM is a cell adhesion molecule discovered in human hepatocellular carcinoma
(Moh et al., 2005) and later found to be present in glial cells (Favre-Kontula et al., 2008).
Its exact function remains obscure, but mutations in the gene encoding for GlialCAM are
cause of MLC disease. This suggests a strong physiological role for Glial CAM in glial

cells, potentially in ionic homeostasis (Lopez-Hernandez et al., 2011a).

Like Glial CAM, many other cell adhesion molecules play a wide variety of physiological
roles in different cell types within the CNS.

In this last introduction chapter, we provide a brief summary on cell adhesion molecules
identified in the CNS. First, we will introduce the immunoglobulin-like cell adhesion
molecule (IgCAM) superfamily. After, we will focus on its structural highlights, given
that Glial CAM belongs to this superfamily of cell adhesion molecules.

3.1 GENERALITIES AND PHYSIOLOGICAL ROLES OF CAMS IN THE CNS

Cell adhesion molecules are important in a lot of key physiological processes such as cell
differentiation, contact inhibition of cell growth, and apoptosis. They are important both
during development and during adulthood, since these processes allow correct tissue
organization at developmental stages but also tissue regeneration in the adult. In addition,
correct brain morphology and development of highly specialized functions require proper

cell adhesion (Cavallaro and Dejana, 2011, Ogita et al., 2010).

Cell adhesion is a concept that includes contacts. In general, this means cell-cell contacts
and cell-matrix junctions. The first of the two is crucial for both tissue and organ
formation and maintenance. Cell-cell junctions can be classified into symmetric (contact
is due to the interaction between identical cells and identic proteins), asymmetric
(different proteins establish the contact between same cell types), or heterotypic
intercellular junctions (neither cells nor proteins in contact match). Moreover, cell-cell
junctions can be further classified according to the type of interaction that is being
established, since cell-cell junctions comprise various junctional complexes of high
specialization. This gives rise to three different types of junctions: tight junctions,

adhesive junctions, and gap junctions.
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Tight junctions (TJs) connect cells while they serve as a physical barrier. Thus, they
prevent the passage of soluble molecules through the gaps between cells, acting like a
seal. Within adhesive junctions mediating side-to-side cell interactions, we find Adherens
junctions (AJs) and desmosomes. Both are adhesive intercellular contacts that connect
neighbouring cells and collaborate in tissue stability. However, Als interact with actin
cytoskeleton, while desmosomes interact with intermediate filament cytoskeleton. Both
structures contribute to epithelial integrity and provide the machinery for homeostatic
intercellular rearrangements (Garrod and Chidgey, 2008, Riibsam et al., 2018). Last, gap
junctions consist of the union between channels directly connecting two cells, which
enable intercellular transmission of molecules through them (Cavallaro and Dejana, 2011,

Ogita et al., 2010).

Cell adhesion molecules (CAMs) are cell surface proteins that mediate the interaction
between adjacent cells, or even between cells and the extracellular matrix (ECM). There
are four main families of adhesion molecules: integrins, cadherins, selectins, and
members of the immunoglobulin-like superfamily (IgSF). Specifically, CAMs are
glycoproteins with large extracellular domains that mediate these interactions (Kozlova
etal., 2020, Ren et al., 2011). Moreover, these interactions can be divided into homophilic
(between identical CAMs) or heterophilic (between different adhesion molecules). In
addition, CAMs propagate intracellular signals, thanks to their connections with
signalling networks that control several cellular responses. Therefore, these adhesive
proteins not only maintain tissue integrity but also modulate cell behaviour in response

to the surrounding microenvironment (Cavallaro and Dejana, 2011, Togashi et al., 2009).

Neurons and glial cells express multiple families of CAMs (Figure 34). Neuronal and
axonal growth, and synapse formation and maintenance depend on CAMs (Shapiro et al.,
2007). Synapses are highly specialized intercellular communication units, highly
asymmetrical, while containing several adhesion structures. Astrocyte-synapse
interactions also play important roles during neuronal network development.
Communication between astrocytes and neurons are important in synaptic transmission,
axonal conduction, and modulation of neuronal networks (Briimmendorf and Rathjen,

1996, Togashi et al., 2009, Washbourne et al., 2004).
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Figure 34. Schematic representation of CAMs participating in the synapse formation. The diagram
shows adhesion molecules with their extracellular domains depicted. Most molecules associate contain
PDZ-binding motifs (yellow triangles) to form multimolecular scaffolds beneath pre- and post-synaptic
membranes. Extracted from (Togashi et al., 2009).

Last, adhesion molecules are key in the configuration and integrity of the BBB (Figure
35). The BBB is a selective barrier formed by the endothelial cells surrounding cerebral
capillaries, together with perivascular elements (astrocytic end-feet, perivascular neurons,
pericytes). These cells involved conform the neurovascular unit (Cecchelli et al., 2007).
At the level of the microvascular endothelium, the barrier that separates circulating blood
from the brain extracellular fluid consists in tight junctions composed of claudins,
occludins, and junctional addhesion molecules (JAMs). Adherens junctions are also key
to maintain the seal for the paracellular route, but they are less apical than TJs. In addition,
all these junctional proteins are directly or indirectly associated with scaffold protein ZO-

1, which links them to the actin cystoskeleton (Hashimoto and Campbell, 2020).

Outer to the BBB and right after the perivascular space, the astrocytic endfeet engulf the
microvascular wall in what is known as glia limitans. The combined action of these two
barriers controls the access of molecules or immune cells to the CNS. Indeed, in response

to inflammation there is tight junction formation in the glia limitans to act as a secondary
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barrier to restrict activated T cell infiltration. This is likely to compensate for the tight
junction downregulation in the BBB in response to CNS inflammation (Chow and Gu,

2015, Horng et al., 2017, Quintana, 2017).

Figure 35. The blood-brain barrier (BBB). A Schematic representation of the BBB, established by the
interaction between endothelial cells and perivascular elements. B Zoomed picture of the molecular
composition of the BBB, formed by TJs and AJs. Also, the presence of enzymes and transporters around
the BBB is an indicator of its dynamic metabolic activity. Extracted from (Cecchelli et al., 2007).

3.1.1 Classification and Examples of Cell Adhesion Molecules of the CNS
As just reviewed, there are basically four families of CAMs. Several adhesion molecules

have been identified as taking part in neuron-neuron and neuron-astrocyte interactions.
Cadherins

Cadherins constitute a large superfamily comprising more than 100 proteins. There are
several subfamilies according to the tissue in which they are found: epithelial cadherin
(e-cadherin) in epithelial cells; neural cadherin (n-cadherin) in the nervous system; or

vascular endothelial cadherin (ve-cadherin) in endothelia. Another classification for this
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family is the division between classic cadherins and protocadherins (Briimmendorf and

Rathjen, 1996, Ogita et al., 2010, Takeichi, 2007).

On the one hand, classic cadherins are single-pass transmembrane proteins with five
cadherin repeats in their extracellular domains. These proteins are Ca**-dependent and
establish homophilic interactions, except for limited subtypes. Through their conserved
cytoplasmic domain, they bind to catenins, which connect them to the actin cytoskeleton.
The cadherin-catenin complex is the molecular identity of adherens junctions, located in
the apical portion of the junctions. There, they establish a signaling centre that comprises
various cystoskeletal and signaling proteins. Cadherin-catenin connection allows
cadherins to regulate actin polymerization, which is important to regulate cell-cell
adhesion. In this regard, the main function of cadherins at the adherens junctions is to
promote homotypic cellular adhesion, creating and maintaining tissue integrity. Classic
cadherins are mostly expressed in the nervous system, correlating with neuronal

connectivity and synaptic contacts, including axodendritic contacts (Takeichi, 2007).

On the other hand, protocadherins have a variable number of cadherin repeats in the
extracellular domain. Also, their cytoplasmic domain does not signal through catenins.
They are also synapse-bound, mostly expressed both in neurons and astrocytes. Some
published data highlights the relevance of protocadherins in neuron-astrocyte
communication, together with delay in synapse formation that impairments in this process
induce (Dewa and Arimura, 2022, Garrett and Weiner, 2009). However, the function of
these cadherins remains poorly understood. Since synapses eventually form, an additional
role for protocadherins in bidirectional neuron-glia communication seems reasonable (L1

et al., 2010).
Nectins

Nectins and nectin-like molecules belong to the superfamily of immunoglobulin-like (Ig-
like) proteins. They can form trans homo- or heterodimers in a Ca**-independent manner.
Heterotypic complexes (typically between nectin-1 and nectin-3, with nectin-1 being
expressed in presynaptic terminals and nectin-3 in postsynaptic terminals) establish
stronger trans-interacting adhesion than homotypic complexes (Sakisaka and Takai,

2004).

Nectins bind to Afadin protein, which connects nectins to the actin cytoskeleton. Nectin

induces intracellular signalling and reorganization of the actin cytoskeleton, which are

72



necessary for the formation of both adherens and tight junctions (Ogita et al., 2010).
Several mental disorders feature defects in Nectins. One hypothesis is that these
mutations would be that altered AJs lead to defective synaptic function, specifically due
to defective junctions between axons and dendritic spines (Beaudoin, 2006, Ogita et al.,
2010). Interestingly, some authors described the expression of one type of Nectin (Nectin-
20) in astrocytes using a co-culture of neurons and astrocytes. The protein was present on
the plasma membranes of astrocytic perivascular endfeet processes facing the basal
membrane of blood vessels. Ablation of this Nectin caused degeneration of astrocytic
perivascular processes and neurons in the brain (Miyata et al., 2016). Topology for the

described proteins is depicted in Figure 36.
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Figure 36. Topology of Nectin, Nectin-like molecules (Necls), and Afadin. Nectin and Necls possess
three Ig-like domains in the extracellular region, a single transmembrane segment, and a cytoplasmic tail.
Also, Nectins contain a consensus motif for interaction with PDZ domain of Afadin. Afadin further interacts
with F-actin, thus binding the Nectin-Afadin complex to the cytoskeleton. Necls do not feature this PDZ-
interacting domain, so they do not directly bind to Afadin. Extracted from (Ogita et al., 2010).

NCAMs

Neural cell adhesion molecules (NCAMs) also belong to the Ig-like superfamily. NCAMs
display 5 Ig-like domains and 2 fibronectin-1II repeats. NCAM can display either
homophilic or heterophilic interactions with different ligands such as FGFR, L1-CAM
adhesion molecule or TAG-1 (Togashi et al., 2009, Walsh and Doherty, 1997). NCAMs
are widely expressed in development as well as in adult brain, and it is essential for axon
migration and synaptic plasticity. It displays a large amount of the negatively charged

sugar, polysialic acid (PSA), that seems to be mediating axonal fasciculation (Monnier et
al., 2001).
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SynCAMI

SynCAM1 is yet another protein belonging to the Ig-like superfamily with homophilic
binding properties. SynCAM1 is present in developing neurons, where it is necessary to
shape the migrating growth cones. Moreover, it contributes to the adhesive differentiation
of their axo-dendritic contacts. The cytosolic tails of SynCAM 1 and B-neurexins are
highly conserved throughout evolution, a fact that highlights their physiological relevance
(Robbins et al., 2010, Stagi et al., 2010).

Neuroligin and B-neurexins

Neuroligin and B-neurexins form heterotypic adhesions important in synaptogenesis
(Figure 37). The two are different families of single-pass transmembrane domain
proteins. On the one hand, neuroligins are a postsynaptic acetylcholinesterase-like (ACE-
like) domain-containing protein. On the other hand, B-neurexins are presynaptic laminin-
globular-domain-containing protein (Baig et al., 2017, Cao and Tabuchi, 2017, Togashi
et al., 2009). When these proteins interact trans-synaptically, they induce synapse
formation while promoting its maturation. Several mutations or variants of both genes are
linked to neurodevelopmental disorders, such as autism spectrum disorders (Cao and

Tabuchi, 2017).
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Figure 37. Domain structure of B-neurexins and neuroligins. The schematic representation of -
neurexins and neuroligins includes specific laminin-globular domains (LNS) and ACE-like domain.
Arrows indicate alternative splicing sites that are linked to disease. Adapted from (Cao and Tabuchi, 2017).
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3.2 IGCAMS: STRUCTURAL FEATURES AND Focus ON JAM AND CAR
PROTEINS.

Immunoglobulin-like cell adhesion molecules or [gCAMs are among the largest groups
of adhesion molecules. [gCAMs are particularly abundant in the NS. Some remarkable

examples of neural [gCAMs are NCAM, VCAM-1, and L1 family members.

IgCAMs are cell surface glycoproteins. Topologically, they feature a variable number of
immunoglobulin domains on their extracellular region, together with a single
transmembrane pass, and a cytoplasmic tail. Regarding their function, [IgCAMs mediate
calcium-independent cell-cell adhesion through homophilic trans- interactions.
Therefore, an IgCAM binds to the same IgCAM protein belonging to the adjacent cell.
Furthermore, IgCAMs typically form zipper-like structures that are similar to those
described for cadherins. This structure comes from trans-interactions at cell-cell contacts
in combination with cis- homophilic binding on the same cell surface. Then, the anchoring
of the cytoplasmic tail of the [IgCAM:s to cytoskeletal components further stabilizes these
zipper-like structures. Such cytoskeletal proteins range from actin, to ankyrins, and
spectrins. This anchorage is essential for IgCAM-mediated triggering of different

signaling cascades (Figure 38).

However, IgCAMs also establish heterophilic cis- and frans-interactions. The other
molecules can be members of the IgCAM superfamily, integrins, cadherins, growth factor
receptors, or even components of the extracellular matrix (Briimmendorf and Rathjen,

1996, Cavallaro and Dejana, 2011, Volkmer et al., 2013).

Figure 38. Schematic representation of IgCAM homophilic interactions, both trans- (between
molecules from neighboring cells), and cis- (between molecules from the same membrane). The
complexes anchor to actin cytoskeleton by actin-binding proteins like Spectrin. Extracted from (Cavallaro
and Dejana, 2011).
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IgCAM adhesion is required for the execution of diverse biological functions by these
proteins. Thus, tight regulation of this process should be key. Some candidate regulatory
mechanisms are local clustering through binding to scaffolding proteins, proteolytical
shedding of [gCAM ectodomains, or rapid plasma membrane turnover. Flexibility of
IgCAMs ectodomains could also be important to this end. Such domains could adopt
distinct conformations, leading to changes in their adhesion activity. This translates into
a shift in the monomer-oligomer balance (Briimmendorf and Rathjen, 1996, Cavallaro

and Dejana, 2011, Volkmer et al., 2013).

GlialCAM structure is yet to be resolved. However, some work towards determining
GlialCAM structural features is developed in this thesis. Hence, in this chapter we focus
on structural features of adhesion molecules of the Immunoglobulin-like Superfamily (Ig-
SF) since it is the family where GlialCAM belongs. Based on their similarity with
GlialCAM, we approach this review of structural features of IgCAMs by the review of
JAMI1 and CAR structural features, the structure of which is available (Figure 39).

JAM1 GlialCAM CAR
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N-terminal D1
Ig-like loop
. PM s i

Figure 39. Summary of structural topological highlights of JAM1, GlialCAM and CAR molecules.
All of them are single-pass membrane proteins (with a single transmembrane domain), in addition to a
cytoplasmic tail. At the extracellular region, they display two N-terminal Ig-like domains. These domains
establish homophilic interactions with other adhesion molecules (Mandell et al., 2005, Matthéus et al.,
2017, Moh et al., 2005).
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3.2.1 JAM molecules. JAM1 structural features

Junctional adhesion molecules (JAMs) are adhesion molecules found in epithelial tight
junctions, where they regulate epithelial barrier function. JAM1 is the main member of
this family, and the more extensively studied. Up to date, three homologues to JAM-1
have been reported, namely JAM-2, JAM-3, AND JAM-4. JAM-2 is expressed primarily
on endothelial cells, JAM-3 is expressed on leukocytes, and JAM-4 is reported to be
expressed in kidney and intestinal epithelia (Aurrand-Lions et al., 2001, Hirabayashi et

al., 2003, Mandell et al., 2004, Mandell et al., 2005).

FIIR gene encodes for JAM-1, which consists of 36-40 kDa. Its extracellular domain
includes two Ig-like domains: a membrane-distal V-type Ig-like domain (IgV), and a
membrane-proximal C2-type Ig-like domain (IgC2). IgV includes two N-glycosylation
sites. A single-pass TMD connects the extracellular part to the plasma membrane, while
its short cytoplasmic C-terminal tail ends in a type I PDZ-binding motif (Aurrand-Lions
et al., 2001). Published data suggests that the N-terminal Ig-like loop is responsible for
relevant JAM1 functions such as tight junction assembly, platelet aggregation, and
reovirus binding. In addition, these Ig-like domains can form JAM-1 homodimers, which
also appear to be of high relevance for its function (Liang et al., 2000, Mandell et al.,
2004, Mandell et al., 2005). On the other hand, the cytoplasmic domain mediates
interactions important for downstream intracellular activities. For instance, the C-
terminal PDZ-binding motif has been reported to bind various junction-associated
scaffolding proteins such as ZO-1, AF-6, ASIP, and CASK (Ebnet et al., 2003, Fanning
and Anderson, 2009).

The crystal structure of human JAM-1 (Prota et al., 2003) confirmed two concatenated
Ig-type domains at the N-terminal extracellular region of the protein. The domains, called
D1 and D2, display a pronounced bend at the domain interface (Figure 40). D1 domain
includes two antiparallel B-sheets, meaning it belongs to the variable type (V-set) of Ig-
like domains (Bork et al., 1994). Regarding D2 domain, although its fold resembles that

of D1, it is classified as intermediate type (I-set) Ig-like domain.

Furthermore, hJAM-1 molecules form homophilic dimers (Figure 40). Extensive ionic
and hydrophobic contacts between N-terminal domains help stabilize the structure. The
dimer dependence on ionic interactions is partially responsible for a dynamic hJAM-1
dimer interface. Such interface differs from conventional interfaces in its highly polar

character, which enables it to undergo reconfigurations. This can be easily observed upon
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comparison of the different dimeric structures for hJAM1 and murine mJAM1, especially
considering the great degree of residue conservation at the interface. One hypothesis is
that this polar interface may facilitate transitions between monomeric and dimeric forms

of JAMI1 (Kostrewa et al., 2001, Prota et al., 2003).

From an expression pattern standpoint, JAM-1 is present in endothelial and epithelial
cells. JAM-1 homodimer formation is crucial for epithelial barrier function, as
highlighted by the alteration in cell morphology and permeability in epithelia upon
deletion of putative homodimer interface. Also, JAM-1 suppression reduces epithelial

interactions with ECM through B1 integrins (Mandell et al., 2005).

In epithelial cells, Nectins within adherent junctions first recruit JAMs. Afterwards,
Nectins interact at the apical zones of adhesive junctions with other CAMs, like Claudin
and Occludin. Thus, tight junctions form, leading to polarization of epithelial cells (Ogita
et al., 2010). During the process of cell contact formation, JAM-1 colocalizes with E-

cadherin and ZO-1 in primordial spot-like AJs (Ebnet et al., 2003).

Figure 40. Schematic representation of the Structure of hJAM1 D1D2 extracellular domain. The
figure features a hJAM-1 dimer displayed in ribbons (/eff), and a zoomed interface between two interacting
hJAM-1 monomers (right). In this second drawing, broken cylinders represent hydrogen bonds and salt
bridges. Amino acids are also specified in one-letter code. Adapted from (Prota et al., 2003).

The region that is involved in the establishment of homodimers was revealed thanks to
the use of specific antibodies, peptides and recombinant proteins targeted at the
extracellular domain of JAM-1. These biochemical studies confirmed the residues 111-

123 within the N-terminal Ig-like loop as the interacting interface. Disruption of this
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sequence led to dysfunction of JAM-1 in the epithelial barrier, combined with elimination

of its enrichment at cell-cell contacts (Mandell et al., 2004).

3.2.2 CAR receptor. CAR structural features.

The coxsackievirus—adenovirus receptor (CAR) was originally identified due to its
involvement in the attachment of group B coxsackieviruses and adenoviruses to the
surface of cells (Bergelson et al., 1997). CAR and CAR-related proteins are Ig-like cell
adhesion molecules that, in combination with JAMs, belong to a structural subgroup
within the larger subgroup of CTX (the cortical thymocyte marker in Xenopus) (Matthdus
etal., 2017, Weber et al., 2007).

At atopological level, CARs feature two extracellular Ig-like domains in the extracellular
N-terminal region, a single transmembrane segment, and a C-terminus intracellular
domain. Like was the case for JAMs, the most apical N-terminal domain of CAR is an
IgV domain (D1), whereas the membrane proximal domain is an IgC2 domain (D2)
(Figure 41). Regarding the C-terminus, it also binds to PDZ-containing scaffolding
proteins (Bergelson et al., 1997, Cohen et al., 2001, Honda et al., 2000).

CARs are abundant in the nervous system during development, in addition to being
uniformly distributed. They enrich at membranes facing the basal lamina or the
ventricular side. However, CAR expression is downregulated and restricted to specific
regions at early postnatal stages. They are also present in epithelial cells, specifically
located at the basolateral membrane of intercellular junctions. There, CARs associate
with ZO-1 to become part of the tight junction complex. Last, they are part of the
intercalated discs in the heart (Dorner et al., 2005, Freimuth et al., 2008).

CAR
D1 :FJ
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Figure 41. Crystal structure of the complete extracellular portion of CAR molecule, showing both D1
and D2 Ig-like domains. D1 is an IgV domain, whereas D2 is an IgC2 domain. From (Matthéus et al.,
2017).
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Crystal structures of the full extracellular region of CAR protein reveal that CAR forms
U-shaped homodimers through N-terminal D1 Ig domains in a similar fashion to JAM-1
homodimers (Figure 42) (Patzke et al., 2010, van Raaij et al., 2000, Verdino et al., 2010).
CAR dimer was hypothesized to exist only within the same cell, following cis-
homophilic interactions. Several analyses indicate that homophilic binding would be
achieved by D1-D2 and D2-D2 interactions. These would mean involvement of trans-
interactions between opposing CAR molecules, essential for cell attachment.
Furthermore, D2 Ig-like domain of CAR has also been described to interact with ECM
glycoproteins like fibronectin. These interactions appear to be important for proper CAR
function, especially regarding neurite extension, and adhesion to extracellular matrices
(Patzke et al., 2010, Volkmer et al., 2013). On the other hand, the D1 domain seems to
participate in heterophilic interactions, for instance with JAM-like proteins or with

Coxsackievirus (van Raaij et al., 2000, Verdino et al., 2010).

A summarized model for CAR a flexible ectodomain is proposed, which enables a

conformational shift resulting in cis- or trans-homophilic CAR interactions (Volkmer et

al., 2013).

glycoproteins' extracellular
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Normalized conservation score
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Figure 42. Summary of molecular CAR interactions. A Summary of putative molecular homophilic
interactions between CAR molecules in cis- (/eft, forming a U-shaped structure by D1-D1 interface binding)
or in trans- (right), with D1-D2 antiparallel interaction. B, C Proposed model for two D1-D2 CAR dimeric
interaction, based on molecular docking simulations. Molecular contact surfaces corresponding to D1 and
D2 are colored pink and green, respectively. Glycosylation sites (N106 and N201) and C-terminal ends are
labeled. Normalized conservation score is indicated by a color code. Extracted from (Patzke et al., 2010).
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3.2.3 Vascular Cell Adhesion Molecule 1 (VCAM-1)

Vascular cell adhesion molecule 1 or VCAM-1 also belongs to the Ig-SF of cell adhesion
molecules. As such, it is a type-I membrane protein and cell surface glycoprotein typically
expressed in endothelial cells. In humans, VCAM1 gene encodes for the protein, which

weights around 90 kDa.

At a topological level, VCAM-1 features an extracellular region containing 6 to 7 Ig-like
domains, 1 TMD, and 1 C-terminal cytoplasmic tail. Regarding the extracellular region
of VCAM-1, Ig domains 1 and even 4 are responsible for ligand-binding functions.
Among ligands for VCAM-1, we highlight 041 and 04p7 integrins. In addition, Ig-like
domains contain N-glycosylation sites that bind to galectin-3 on eosinophiles (Kong et
al., 2018, Schlesinger and Bendas, 2015). VCAM-1 is an important element in the
inflammatory response. For instance, the binding of 04p1 integrin (also known as VLA-
4) to VCAM-1 is essential for its regulation of rolling and firm adhesion of leukocytes to
the endothelium, as well as leukocyte transmigration. The molecular and signaling
pathway responsible for these properties are further detailed in Figure 43 (Alon et al.,
1995, Cerutti and Ridley, 2017, Deem et al., 2007, Wittchen, 2009).
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Figure 43. 04p1 integrin binding to VCAM-1 in activated endothelial cells is necessary for leukocyte
rolling. The figure shows the downstream signaling pathway resulting from o4p1 integrin and VCAM-1
interaction. Binding initiates a calcium flux and Racl activation, leading to NADPH oxidase 2 (NOX2)
activity, that generates ROS. Such molecules activate PKCa, which is responsible for phosphorylation of
protein tyrosine phosphatase 1B (PTP1B) to activate it. This kinase is essential for VCAM-1-mediated
leukocyte transendothelial migration. The same molecules trigger Matrix Metalloproteases (MMP) activity,
that disrupt endothelial cell-cell junctions with the same aim. Racl also acts via Rac1-p21-activated protein
kinase-myosin light chain signaling pathway, that leads actin stress fiber formation and actin cytoskeleton
remodeling. Adapted from (Kong et al., 2018).
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Several factors activate the expression of VCAM-1, including pro-inflammatory
cytokines like TNF-a, ROS, oxidized low density lipoprotein, high glucose concentration,

and toll-like receptor (TLR) agonists (Cook-Mills et al., 2011).

3.2.3.1 Inflammation, NF-kB Signaling Pathway and VCAM-1

TNF-a is a pro-inflammatory cytokine produced by immune cells, namely macrophages,
T-cells, and Natural Killer Cells (Chatzantoni and Mouzaki, 2006). The TNFa-converting
enzyme cleaves the molecule to give a soluble 17 kDa portion. This fragment binds to

TNF receptor 1 (TNFR1), which oligomerizes to form a homotrimer and becomes active.

Upon binding of the ligand, TNFR recruits adaptor proteins to the intracellular domain
and induces several signaling pathways. Specifically, intracellular domain of TNFR
features a death domain (DD). This domain recruits TNFR1-associated death domain
protein (TRADD) and interacts with TNF receptor-associated factor 2 (TRAF2),
receptor-interacting protein 1 (RIP1), and cellular inhibitor of apoptosis proteins
(cIAP1/2). These complexes activate transforming growth factor-p-activated kinase 1
(TAK1) signaling complex, and the inhibitor of kB (IkB) kinase (IKK) complex. The first
one includes TAK1, TAKI binding proteins 2 and 3 (TAB2 and TAB3). The second one
features NF-kB essential modulator (NEMO) and IKKa and IKKp.

TAK1 complex triggers MAPK signaling cascades. C-jun N-terminal kinase (JNK), P38,
and AP1 get activated. IKK complex, on the other hand, activates NF-kB pathway thanks
to the phosphorylation of IkB. In summary, TNFRI1 signaling leads to AP1 and NF-xB
enhancement, which result in the expression of target genes such as E-selectin,
intracellular adhesion molecule-1 (ICAM-1), and VCAM-1 (Brenner et al., 2015,
Kalliolias and Ivashkiv, 2016). A summary of these pathways is displayed in Figure 44.
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Figure 44. TNFR1 downstream signaling leads to NF-kB activation, resulting in VCAM-1
upregulation. The figure summarizes the main signaling pathway linking TNF-a and NF-xB signaling,
which results in VCAM-1 upregulation in inflammatory contexts. Extracted from (Brenner et al., 2015).
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Megalencephalic Leukoencephalopathy with subcortical Cysts (MLC) is a rare genetic
disease. Mutations in MLCI and GLIALCAM are identified as responsible for the
development of MLC. The function of neither protein is clear up to date, and the
pathophysiological mechanisms underlying the disease are not yet fully understood. For

this reason, no effective therapy is available for MLC patients nowadays.

Previous works in our group have shown the wide array of proteins that are functionally
related with GlialCAM and MLCI1, together with the number of physiological processes
in which they participate. Recently, GPRC5B was discovered to be part of this network.
While some preliminary data on the functional relationship between GPRC5B and MLC-
related proteins was described, various questions are unsolved. Indeed, this thesis is
aimed at gaining knowledge on the molecular mechanisms underlying GPRC5B
regulation of the pathophysiological processes related to MLC disease. The specific

objectives are:

1. Study the role of GPRCS5B on the regulation of VCAM-1 expression levels using rat
primary astrocytes as a model. Analyze potential modulatory effects on this regulation

by the Glial CAM/MLCI1 complex.

2. Study the pathogenicity of patient-derived mutations in GLIALCAM encoding for
amino acid residues located at IgC2 domain of the Glial CAM protein. Determine a
potential link of GPRC5B activity on the function of GlialCAM related to its IgC2

domain.

3. Study the role of signaling and GPRC5B on the regulation of chloride channels CIC-
2 and VRAC activity. Characterize the specific effects of phosphorylation events

within these regulatory mechanisms.
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1. MOLECULAR BIOLOGY TECHNIQUES

In this thesis we cloned genes of our interest to express them in cellular models. Several
molecular biology techniques were used to successfully clone these genes in different
bacterial or eukaryotic expression vectors. The generation of the clones was carried out
by Polymerase Chain Reaction (PCR) technique to replicate DNA, together with the
application of Gateway technology (developed by Invitrogen) as the vector expression

system.

1.1 DNA CLONING: PCR

The PCR technique allowed us to synthesize and/or replicate DNA fragments for our

research from templates.

MATERIALS

KOD hot start DNA Polymerase (Novagen) kit
o Polymerase buffer 10X
o dNTPs 2 mM
o MgS0O4 25 mM
o KOD polymerase 1 U/pL
- Primer oligonucleotides, forward and reverse (10 uM)
- Template DNA (100 ng/uL)
- Milli-Q H20
- Thermocycler

- Individual PCR tubes
PROTOCOL

1. Prepare the PCR mix for each reaction in an individual tube. The final volume of
each reaction is 50 pL
- Polymerase buffer 10X: 5 uL
- dNTPs 2 mM: 5 uL
- MgS0425 mM: 3 uL
- KOD polymerase 1 U/ul: 1 pLL
- Forward and reverse oligonucleotides 10 uM: 1,5 uL each
- Template DNA (100 ng/ul): Adjust volume according to template

concentration
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- Milli-Q H2O: up to 50 L
2. Centrifuge the mix using a short run
3. Place the reaction tubes in the Thermocycler

4. Set the PCR protocol as follows

Start 2 minutes at 95°C
Denaturalization 30 seconds at 95°C
Annealing 30 seconds at 55°C X 25 cycles
Elongation 1 minute 30 seconds at
70°C
Final Elongation 10 seconds at 95°C

1.1.1 Splicing by overlap extension PCR

One application of the PCR technique highly used in this project is the generation of point
mutations, small insertions, or deletions on the template DNA. This technique requires
the cloning of two separate fragments containing the mutation by standard PCR reaction,
followed by a second PCR reaction aimed at overlapping the two fragments. This

application of the PCR is known as Splicing by Overlap Extension (SOE).
PROTOCOL

1. Prepare the PCR mix for each reaction in an individual tube. The final volume of
each reaction is 100 uL
- Polymerase buffer 10X: 10 uL
- dNTPs 2mM: 10 uL
- MgS0O425mM: 6 pL
- KOD polymerase 1 U/ul: 2 uL
- Forward and reverse oligonucleotides 10 uM: 3 puL each
- DNA Fragment 1 (100 ng/ul): 7 uL
- DNA Fragment 2 (100 ng/ul): 7 uL
- Milli-Q H20: up to 100 pL
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2. Centrifuge the mix using a short run
3. Place the reaction tubes in the Thermocycler
4. Set the PCR protocol as follows

Start 2 minutes at 95°C

Denaturalization 30 seconds at 95°C

Annealing 30 seconds at 55°C X 25 cycles
Elongation 1 minute* 30 seconds at
70°C

Final Elongation 10 seconds at 95°C

*1 minute / kilobase of replicated DNA fragment length

1.2 DNA ELECTROPHORESIS AND PURIFICATION

PCR products obtained from a PCR reaction need to be checked and sometimes purified.
With this purpose, in our group we run these samples in a non-denaturalizing agarose gel
electrophoresis. DNA migration depends on its molecular weight, and it can be monitored

using a molecular weight marker.
MATERIALS
For agarose gel electrophoresis:

- Mould tray
- Well comb
- Electrophoresis tank
- Power supply
- TAE 50X (Tris-Base 2 M, Acetic acid 1 M, EDTA 50 mM)
o TAE 1X (TAE 50X diluted in distilled H20)
- Loading buffer 6X (EDTA 40 mM, SDS 0,1%, Ficol 400 30%, Bromophenol blue
0,2%)
- Agarose gel 1-2% (in TAE 1X) with 0,5-1% Ethidium bromide
- GeneRuler (ThermoFisher Scientific) DNA molecular weight ladder
- Eppendorf tubes
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For DNA purification:

High Pure PCR product purification kit (Roche) containing:
o Centrifuge tubes (2 mL) with coupled columns
o Binding buffer (Guanidine-thiocyanate 3 M, Tris-HCl 10 mM, Ethanol 5%
(v/v), pH 6,6)
o Washing buffer (NaCl 20 mM, Tris-HCI 2 mM, pH 7,5 and Ethanol)
Milli-Q water
Eppendorf tubes
Blades
Dry bath

PROTOCOL

For agarose gel electrophoresis:
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1.
2.

9.

Prepare DNA samples, bringing loading buffer to a final concentration of 1X
Prepare 1-2% agarose gel with Ethidium bromide 0,5-1% in TAE 1X

a. For standard gels, a total volume of 100 mL is our choice. For purification

gels, a total volume of 150 mL is recommended

Heat agarose solution in TAE 1X to dissolve it
Wait for ten minutes before adding Ethidium bromide to the agarose solution
Pour the agarose solution onto the mould tray with the well comb already placed.
Let it cool and polymerize
Remove the well comb
Place the gel in the electrophoresis tank and cover with TAE 1X
Load the DNA samples mixed with loading buffer into the wells of the gel
alongside the DNA gene ladder
Run the electrophoresis at 80-100 mV until the desired level of DNA migration

10. Visualize the gel in a UV transilluminator

a. Cut the bands of interest and remove from the gel using a blade, if needed
for DNA purification
b. Collect the bands in a fresh Eppendorf tube

11. Acquire a photo of the gel



For DNA purification:

In this thesis, DNA purification was used in two distinct applications. The first one was
to retrieve DNA inside an agarose band from running a PCR. The second one was within
adenovirus production. Specifically, this process was aimed at getting rid of salts and

undesired molecules in the DNA to be transfected (see chapter 3.1)

1. Add 500 pL of the binding buffer to the Eppendorf tube containing the agarose
band

a. Use 250 uL of binding buffer if we are working with DNA in solution for

adenovirus production. The rest of the protocol is the same for both cases

2. Heat at 60°C in a dry thermal bath until the agarose is melted (around 5 minutes)

(O8]

Transfer the sample to a column coupled to the 2 mL Eppendorf tube from the

Purification Kit

4. Centrifuge at 13 000 rpm for 1 minute and discard SN

5. Add 500 pL of the washing buffer to the column

6. Centrifuge at 13 000 rpm for 1 minute and discard SN

7. Add 200 pL of the washing buffer to the column

8. Centrifuge at 13 000 rpm for 1 minute and discard SN

9. Transfer the column to a 1,5 mL Eppendorf tube

10. Elute DNA
a. Add 50 pL of Milli-Q water and incubate at RT for 1 min
b. Centrifuge at 13 000 rpm for 1 minute

11. Quantify DNA in a Nanodrop, if desired

1.3 DNA CLONING EXPRESSION SYSTEM: GATEWAY SYSTEM

A key step in DNA cloning is the insertion of our DNA of interest into a plasmid or vector.
The resulting circular DNA is called a construct, which is ultimately used for the
expression of the cloned genes or DNA fragments in living systems. This is key to

perform functional assays or to assess the effect of protein overexpression.

For this purpose, in this thesis we used the Gateway system (Invitrogen) plasmid cloning
methodology. Gateway technology is based on site-specific recombination between
lambda phage sequences involved in both integration (reaction: attB x attP = attL + attR)

and excision (reaction: attL x attR = attB + attP) into the E. coli genome. This system
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allows the forementioned insertion of desired DNA to a wide array of different vectors

containing lambda phage-recognized sequences. Furthermore, this reaction is reversible.

The first step in standard Gateway cloning is the addition of attB1 and attB2 sequences
flanking the DNA of interest. This is obtained through a PCR reaction using specific
primers designed to incorporate these ends. The primers should contain the att regions
followed by the next 18 to 25 nucleotides of the sequence from our template DNA of
interest. It is important that these oligonucleotides feature either the Kozak sequence
(ACC) necessary to signal for the beginning of gene translation, or the termination codon

in the case of the oligonucleotide corresponding to the end of the DNA sequence.

The following is an example of the sequence of the primers used to introduce the attBs in

the target DNAs:

attB1 (forward): 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACC-(GEN)-3’

attB1 Kozak
attB2 (reverse). 5-GGGGACCACTTTGTACAAGAAAGCTGGGT TAG-(GEN)-3’
attB2 stop

Figure 45. Examples of AttB1 and AttB2 sequences necessary to clone DNA inserts.

The flanked insert generated by PCR needs to be run in an agarose gel, checked, and
purified (see chapter 1.2). Once this DNA is ready, BP reaction can be set to proceed with

the cloning of our gene of interest into the donor vector

attB attB attP attP

. |ETH I 8P Clonase® Il + [ "
attB-flanked PCR donor —_— by-product

product or attB vector
expression clone

Figure 46. Summary of BP Clonase II reaction. DNA already flanked by att sequences recombines with
a donor vector by B and P sequences to give the final entry clone.

In addition, commercially available donor vectors (pDONR221) contain a lethal gene for
negative selection (ccdB) as well as a kanamycin resistance (KanR) gene. When proper
recombination takes place, the insert is swapped with ccdB gene. Thus, we generate a by-
product DNA featuring the lethal gene which will not be present in our desired clone. In
the Gateway system, this plasmid containing the insert flanked by attL sequences is called

Entry Clone.
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Antibiotic resistance and the lethal gene are useful in latter stages of DNA cloning
process. Specifically, upon expression in E. coli for DNA amplification and purification.
Bacteria expressing the correct entry clones will survive and proliferate when cultured in

LB medium supplemented with Kanamycin.

However, Gateway technology offers us the possibility to clone several DNAs altogether
into a single final vector. One useful application of this feature is to fuse molecular tags,
epitopes, or even fluorescent proteins to our protein of interest. Noteworthy, this addition
can be directed to either the N-terminal end or the C-terminal end. This Gateway variant
is named Multisite Gateway two-fragment cloning. Specific recombination to clone
different DNA fragments simultaneously and in a certain order is possible depending on

the att sequences that flank each of them.

The sequence of the primers used to introduce the attBs in the target DNAs are the

following:

attB1 (forward): 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACC-(GEN)-3'

attB1 Kozak
atfB5R (reverse): 5-GGGGACAACTTTTGTATACAAAGTTGT-(GEN)-3'
attB5R
attB5 (forward): 5-GGGGACAACTTTGTATACAAAAGTTGNN-(GEN)-3’
attB5
attB2 (reverse): 5-GGGGACCACTTTGTACAAGAAAGCTGGGT TAG-(GEN)-3
attB2 stop

Figure 47. Examples of attB sequences used for LR reaction.

As mentioned, the multisite Gateway system relies on the different attB introduced to the
DNA of interest. For cloning 2 different DNAs in one final vector, the first of them will
be generated in an entry clone with the sequences attB1 and attB5R, whereas the second
fragment will be introduced in an entry clone with the attB5 and attB2 sequences. The
STOP codon of the first gene codified (attb1,5R) needs to be removed so that the final
recombinant protein can be expressed. The generation of the Entry Clones follows the

same protocol as the standard Gateway Cloning, that is listed below.

Entry clones can then be easily recombined into any destination vector (pDEST) of
interest. Those vectors contain ampicillin resistance genes and the recombination
sequences attR1 and attR2, which will recombine with the attL1/2 sequences flanking the

gene of interest coming from the entry clone.
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1.3.1 Generation of entry clones (BP reaction)

Once the DNA with these attBs is generated, the recombination reaction (called BP

reaction) is performed between this fragment and a donor vector pDONR221, which

contains attP1 and attP2 sequences. Those will recombine with the attB, introducing the

target DNA into the vector.

MATERIAL

BP clonase II enzyme mix
PCR product

pDONR221

Milli-Q Water

Eppendorf tubes
Proteinase K

Dry bath

PROTOCOL

1.

Prepare the reaction mix in an individual Eppendorf tube. The final volume of
each reaction is 5 puL:
attB-PCR product (20-50 fmols): 3 uL
pDONR (150 ng/uL): 1 pL
BP Clonase II: 1 uL
1. Vortex BP clonase II enzyme before pipetting
Vortex and centrifuge the total reaction volume
Incubate at 25 °C for 2 hours
a. Reaction can be left up to 12 hours
Stop the reaction
a. Add 0,5 pL of Proteinase K
1. Vortex Proteinase K before pipetting
b. Vortex and centrifuge the total volume

c. Incubate at 37 °C for 10 minutes

1.3.2 Generation of expression clones (LR reaction)

The recombination between one entry clone (which has the gene of interested flanked

with the attLL1,2 sequences) and the destination vector (containing attR1,2 recombination

sequences) is performed with the enzyme LR clonase II.
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MATERIAL

- LR clonase II enzyme mix
- Entry clone

- Destination vector

- Milli-Q water

- Eppendorf tubes

- Proteinase K

- Dry thermal bath

PROTOCOL

1. Prepare the reaction mix in an individual Eppendorf tube. The final volume of

each reaction is 5 puL:

Destination vector: 150ng (1-3 puL)
Entry clone: 150ng (1-3 puL)
LR clonase II: 1 uL

Milli-Q water Upto5 uL

2. Vortex and centrifuge the total reaction volume
3. Incubate at 25 °C for 16 hours or O/N
4. Stop the reaction
a. Add 0,5 puL of Proteinase K
1. Vortex Proteinase K before pipetting
b. Vortex and centrifuge the total volume

c. Incubate at 37 °C for 10 minutes

1.3.3 Generation of expression clones in the Multisite Gateway

In this work we used the Multisite Gateway System mostly to fuse molecular tags or
fluorescent proteins to our genes of interest. In this case, the recombination will occur
between two entry clones (the first one containing attl.1,5R sequences, and the second
one containing attL.5,2 sequences) and the destination vector (containing attR1,2
recombination sequences). In this case the reaction is made with the enzyme LR clonase

I
Destination vector: 20 fmol (<1 pL)
Entry clonel: 10 fmol (<1 pL)
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Entry clonel: 10 fmol (<1 pL)
LR Clonase IT": 1 uL
Milli-Q water Upto 5 uL
The DNA femtomoles (fmols) are converted to nanograms (ng) using the following
formula:
ng = (x fmols) (N) (660 fg / fmols) (1 ng / 10° fg)
The protocol for Multisite Gateway LR reaction is the same for standard Gateway LR

reaction. Volume adjustments depending on the number of plasmids to recombine (as

well as the stock concentration) are the only changes to be made.

The whole Gateway system for DNA cloning is summarized in Figure 48:
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Figure 48. Schematic representation of BP and LR reactions to obtain expression plasmids. Genes of
interest are cloned by PCR using the attB primers. These PCR products are recombined with pDONR
vectors to give Entry Clones. Different entry clones can be later recombined in a destination vector
obtaining the final expression plasmid.

1.4 PLASMID TRANSFORMATION IN ELECTROCOMPETENT BACTERIA

Cloned vectors generated with the Gateway system can be transformed and amplified in
bacteria. Generated plasmids feature a replication origin or ORI that allows the vector to

be self-replicative within bacterial cells. The process by which DNA is taken up by
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bacterial cells is called transformation. It happens spontaneously in living bacteria, which

are called competent. However, this phenomenon takes place at a low frequency.

At the same time, it can be reproduced in the lab for research purposes. Bacterial cell
competence can be artificially induced, and bacterial strains have been optimized for
artificial transformation. Thanks to this technology, we can obtain higher amounts of

DNA molecules to work in the lab properly.

The bacteria used for this application were the DH5a strain of E. coli. These bacterial
cells are transformed based on the generation of pores in the bacterial wall following an
electric charge. Since these cells acquire competence through electricity, they are called
electrocompetent. The procedure of pore generation by electric charge is known as

electroporation.

The plasmid DNA displays a key feature in addition to the cloned insert and the
forementioned ORI. Specifically, it contains an antibiotic resistance gene that allows for
the selective growth of successfully electroporated bacterial cells in antibiotic-containing
medium. Only cells positive for transformation will survive, which can be further seeded

on LB-Agar petri dishes to form strains macroscopically visible.

1.4.1 Method for High Efficiency Electrocompetent Bacteria Obtention
MATERIALS

- 2 Erlenmeyer flasks (1 L capacity)
- 2 Centrifuge bottles (500 mL capacity)
- Spectrophotometer and spectrophotometer compatible cuvettes
- Refrigerated centrifuge
o Rotor compatible with the 500 mL bottles
- Laminar flow hood (for bacteria)
- 50 mL Falcon tubes
- Sterile Pasteur pipettes
- Sterile Eppendorf tubes
- Liquid nitrogen within a tank
- E.coli (DH5a or DB3.1)
o DB3.1 strain is used to amplify empty vectors. It is used because it
contains gyrA462 allele, which makes these bacteria resistant to ccdB

lethality gene
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o To seed pre-cultured DB3.1 bacteria transformed with empty vectors, we
will use selective LB medium containing chloramphenicol and the
antibiotic used for recombined vectors (Kanamycin for pPDONR221 to
generate entry clones, Ampicillin for vectors that are used to generate
expression vectors)

- Sterile LB medium
o Every 500 mL distilled water: NaCl 5 gr, yeast extract 2,5 gr, peptone 5 gr
- Glycerol 10 % (v/v) in Milli-Q water

o Autoclaved and pre-chilled (incubated on ice)
PROTOCOL

When manipulating bacteria, we will work under the laminar flow hood to ensure sterility

and avoid contamination
Day 1

1. Prepare starter cultures under the hood
a. Pour 2 aliquots of 10 mL LB inside 50 mL Falcon tubes
b. Inoculate aliquots with bacterial stock
1. Using a sterile pipette yellow tip, scratch frozen bacterial stock and
pipette inside the aliquot
c. Incubate on an agitation platform at 250 rpm inside an incubator at 37°C
for 12-16 hours
2. Autoclave material (at 120°C for 20 minutes)
a. 2 Erlenmeyer flasks containing 500 mL of fresh LB each
b. 1L of glycerol 10%
c. Centrifuge bottles

Day 2

3. Add one starter culture to each Erlenmeyer flask. Work under the hood

4. Incubate each flask on an agitation platform at 250 rpm inside an incubator at
37°C for around 100 minutes

5. Transfer 1 mL from each culture to a separate spectrophotometer cuvette

6. Read OD (sigles) at a 600 nm wavelength. Use 1 mL of fresh LB as blank
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a. The goal is a value within 0,5-0,7 range. In case of value below threshold,
continue culturing and repeat measurements every 15 minutes
i.  When OD is within the specified range, bacterial cells are amidst
logarithmic phase of growth
7. Place the flasks on ice to stop bacterial growth. With this aim, all further steps
must be performed on ice
8. Transfer flask contents to the centrifuge bottles
9. Centrifuge at 4 000 xg at 4°C for 15 minutes
10. Discard SN by decantation
a. Itisimportant to get rid of all SN, even if it is at the expense of accidentally
eliminating a little bit of bacterial pellet
11. Resuspend each pellet with the sterile Pasteur pipette using 2 mL of glycerol 10%
12. Combine the resuspended pellets in one of the bottles and add 300 mL of glycerol
10%
13. Repeat centrifuge as in step 9 of this protocol
a. It is important to properly balance the centrifuge using the two bottles
14. Repeat steps 10 to 13 three times more, although with just one pellet now.
Eventually we will have washed the bacterial pellet four times. The first two will
be using 300 mL of glycerol 10%, but the last two will be using 150 mL of glycerol
10%
15. Resuspend pellet with the sterile Pasteur pipette using 2 mL of glycerol 10%
16. Prepare 50 uL aliquots in fresh Eppendorf tubes
17. Freeze immediately after pipetting each volume by placing the tubes in liquid
nitrogen within a safe tank

18. Store at -80°C

1.4.2 Bacterial Transformation and DNA Amplification
MATERIALS

- 50uL of DHS5a strain of E.Coli bacteria
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LB medium with selection antibiotic (Tryptone 1%, Yeast Extract 0,5%, NaCl 1%
in H2O, sterilized). The antibiotic (Kanamycin or Ampicillin) is added at 100
pug/mL concentration.

Micropulser™ electroporation cuvettes 0,1cm (Bio-Rad)

Electroporator (Bio-Rad Micropulser)

LB-agar Petri dishes with antibiotic for bacterial selection

PROTOCOL

For LB-agar Petri dishes with antibiotic for selection

1.

5.
6.

Prepare LB containing Agar

a. Peptone 5 gr, Yeast extract 2,5 gr, NaCl 5 gr, 7,5 gr agar in 500 mL Milli-
Q water

Autoclave LB (at 120°C for 20 minutes)

Bring solution temperature down in a water bath at 55°C

Add antibiotic and mix (work in semi-sterile conditions next to a Bunsen burner)
a. Kanamycin 50 pg/mL
b. Ampicillin 100 pg/mL

Pour on Petri dishes and let undisturbed for 16 hours to allow solidification

Seal using parafilm, label and store at 4°C

For DNA transformation
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Add 0,5 pL of the DNA to thawed electrocompetent bacteria
a. Bacteria should always be on ice once they leave -80°C freezer
Mix the bacteria by gently tapping
Transfer the volume to the cuvette
Place the cuvette in the electroporator and apply a 375V electric charge
Collect the electroporated bacteria by adding 250 mL of fresh LB medium and
transfer them to a 15 mL Falcon tube
Rest the bacteria by placing the Falcon tube in a table-top shaker at 37 °C and 250
rpm
Seed 50-100 pL of the bacteria on the antibiotic-containing LB-agar Petri dish
a. Seed just 5 pL if it is an expression vector plasmid amplification
Incubate the seeded dish at 37°C O/N in an incubator

a. Bacterial colonies should appear the next day on the plate



9. Select isolated colonies of bacteria and grow them in 4 mL of a mixture of LB
with antibiotic of selection at 37°C O/N
a. Recommended: work within range of a Bunsen burner. Gently tap the
colony of choice using a P20 pipette with the tip properly placed. Inoculate
the LB 4 mL aliquot

1.5 PLASMID DNA PURIFICATION: MINIPREP

Some commercial kits are designed to extract and purify the DNA produced by
transformed bacteria. In this work we used the QIAprep Spin Miniprep Kit (Qiagen). The
protocol is based on the alkaline lysis of bacteria followed by DNA binding to an ionic
resin. The miniprep kit can obtain small amounts (0,3-0,6pg/pL) of DNA from a small

volume (4 mL) of bacteria.
MATERIALS

- 4 mL of precultured transformed bacteria.
- QIAprep Spin Miniprep Kit:
o Resuspension Buffer (Tris-HC1 50 mM, pH 7,5; EDTA 10 mM; RNAse A
100 pg/ml)
o Lysis Buffer (NaOH 200 mM, SDS 1%).
o Neutralization Buffer (Potassium Acetate 2,55 M, pH 4,8).
o Qiagen ionic columns with coupled collector tubes
o Washing Buffer (NaCl 200 mM; Tris-HCI 20 mM, pH 7,5; EDTA 5 mM)
mixed 1:1 with absolute EtOH.
- Milli-Q water
- Eppendorf tubes

PROTOCOL

1. Centrifuge at 4 000 rpm for 10 minutes at RT
2. Resuspend the bacterial pellet in 250 pL of resuspension buffer
3. Add 250 pL of lysis buffer and mix by inversion
a. The solution should become blue
4. Add 350 pL of Neutralization buffer and mix by inversion
a. The solution should become white

5. Centrifuge the homogenate solution at 13 000 rpm for 10 minutes at RT
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10.
11.

12.
13.

Retrieve the SN by pipetting and transfer it to a column with the ionic resin from
the kit
Incubate for 1 minute at RT and centrifuge at 13 000 rpm for 1 minute
a. DNA binds to the resin in this step
Discard the SN
Wash the column by adding 750 pL of washing buffer and centrifuge at 13 000
rpm for 1 minute
Place the column over an Eppendorf tube (1,5 mL capacity)
Elute the DNA by adding 50 pL of Milli-Q water and incubating for 1 minute at
RT before centrifuging at 13 000 rpm for 1 minute
Quantify DNA using Nanodrop
Store at -20°C

1.6 DNA RESTRICTION ANALYSIS

Restriction endonucleases are enzymes that were discovered in bacteria. Their use is very

common in research, and they have several applications. Restriction endonucleases or

restriction enzymes recognize a specific DNA sequence, and they cleave it.

Due to this feature, they are useful in DNA cloning as well as genetic engineering. Also,

they can be used for diagnosis and DNA profiling. In this thesis, restriction enzymes have

been mostly used in restriction analyses, aimed at validating the specificity of DNA. We

can design a vector and create a map for it using computer software. Next, we can simulate

the restriction pattern that the activity of a certain restriction enzyme would give out of

cleaving our DNA. In the lab, we can validate this pattern reproducing the reaction and

running an agarose gel for restricted DNA samples

MATERIALS

Computer with Vector NTI software
DNA to be restricted

Restriction enzymes and buffers (NEB)
Milli-Q water

Eppendorf tubes

Lab equipment and reagents for agarose gel electrophoresis (see chapter 1.2)

PROTOCOL
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1. Design restriction using Vector NTI software
a. Check that the restriction enzyme (or combination of two enzymes) cuts
in the middle of the insert as well as in the middle of the insert-free area
of the vector
b. NEB supports an online website to check for compatibility of different
restriction enzymes activity, as well as the optimal buffer for the reaction:
Double Digest Finder (link)
2. Prepare reaction mix:
a. 600 ng of DNA
b. 1 puL of buffer
c. 1 pL of enzyme mix
d. Milli-Q water for a total volume of 10 pLL
3. Incubate in a thermal dry bath at 37°C for 90 minutes

4. Load the samples to an already prepared agarose gel
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2. PROTEIN BIOLOGY TECHNIQUES

The purpose of cloning genes of interest to use in expression systems is to express proteins
encoded by these genes and to perform biochemical studies on them. Several techniques
have been used in this thesis to achieve this goal. Aside from the classical techniques to
study protein localization and protein expression, several methodologies have been
developed in this work that allow the study of protein-protein interactions and protein

complexes.

2.1 IMMUNOCYTOCHEMISTRY

Immunohistochemistry assays are useful to study the subcellular localization of different
proteins. Briefly, these assays allow the analysis of this behavior for our proteins of
interest by detecting them with specific primary antibodies. Within
immunocytochemistry, in this thesis we have applied immunofluorescence technique. In
this protocol, the forementioned specific primary antibodies are detected in turn by
fluorescence-labelled secondary antibodies. The fluorescent signal can be observed under
the microscope. Our experiments feature immunofluorescence assays in either cell lines

(HeLa) or primary cultured astrocytes.
MATERIALS AND REAGENTS

- Cultured cells on 10 mm coverslips

- 24-well culture plate

- Surgical tweezers

- Paraformaldehyde (PFA) 4%

- Sterile PBS 1X

- Blocking solution (PBS 1X, FBS 10%)

- Blocking and permeabilizing solution (PBS1X, 0,1% Triton-X100, 10%FBS)
- Primary antibodies (at 1/50 to 1/200 dilutions, depending on the antibody).

- Secondary antibodies (1/500 diluted)

- Mounting medium Vectashield (VECTOR); DAPI 1,5 ng/mL

- Glass micro slides (26 x 76 mm)
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PROTOCOL

1. Wash cells with PBS 1X twice after discarding the medium of the cellular cultures
2. Fix cultured cells with PFA 4% at RT for 20 minutes
3. Wash cultured cells with PBS 1X 3 times
o Fixed cells can be stored in 0,05% NaN3-PBS 1X solution at 4°C
4. Incubate cultured cells with the blocking and permeabilizing solution at RT for 2
hours
o Ifthe immunoassay does not require permeabilization, cells are incubated
with the blocking solution (detergent-free) at RT for 2 hours
5. Incubate cultured cells with the primary antibodies diluted in blocking and
permeabilizing solution at RT for 1 hour
o Alternatively, primary antibodies can be incubated O/N at 4°C.
6. Wash cultured cells with PBS 1X 3 times with blocking/permeabilizing solution
for 10 minutes each wash
7. Incubate cultured cells with the primary antibodies diluted in blocking and
permeabilizing solution at RT for 2 hours, protected from light
8. Wash cultured cells with PBS 1X 3 times for 10 minutes each wash
9. Mount the coverslips onto glass micro slides with Vectashield + DAPI mounting
medium
10. Carefully remove excess mounting medium and seal with nail polish
11. Keep glass micro slides at 4°C and protected from light
12. Acquire images using a Cell R Olympus DSU spinning-disk microscope

DATA ANALYSIS

Immunofluorescence experiments on HelLa cells are analysed manually using ImageJ
software. Protein distribution across the plasma membrane together with enrichment in

tight junctions are the main assays performed for these experiments in this thesis.

Pairs of immunostained cells are selected for intensity profile analysis. As seen in Figure
35, this is used to discern between junctional and plasma membrane localization. The
analysis is based on the comparative quantification of the fluorescent signal between cell-
cell contacts (FC) and the plasma membrane of each cell (F1, F2). When FC > F1 + F2,
the analyzed protein is enriched at cell-cell junctions. This criterion is used to determine
determines the percentage of localization of the respective proteins in junctions Figure

49.
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Figure 49. Analysis of cell-cell junction localization using ImageJ command.

MATERIAL

- Microscope images acquired using Cell R

- Imagel software
PROTOCOL

1. Open images in Imagel software
2. Select Straight box to draw a straight line across a pair of cells
3. Calculate the fluorescence profile across the line following the command Analyze
> Plot Profile
a. If FC > F1 + F2, the immunolabeled protein is enriched at cell-cell

junctions.

2.2 PROTEIN-PROTEIN INTERACTIONS

2.2.1 Split-TEV Assays

The characterization of protein-protein interactions is of high relevance in molecular
biology. A wide array of techniques has been developed with this aim. Protein
complementation methodology features among the most used to determine the ability of
two proteins to interact with each other. Within this array of methods, in our lab we work
with the complementation of TEV protease protocol, also known as Split-TEV (as will

be referred to in this manuscript).

In this technique, TEV protease is split in two halves. Following a DNA cloning approach,
each of the split fragments is fused to either of the proteins we are assaying for interaction.

Thus, one protein will be attached to TEV-N half along with TEV recognition site and
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GV transcription factor. The second protein will be attached to TEV-C half of the
protease. Upon effective interaction, the fused fragments reconstitute TEV protease
activity and the transcription factor GV is released. This leads to the activation of Gaussia
luciferase, which is a chemiluminescent reporter gene. The enzyme is released into the
culture medium. Hence, the addition of a colenterazine substrate allows us to monitor the
chemiluminescent signal with a luminometer. A summary of this process can be seen in

Figure 50.

Colenterazine

PROMOTER: CMV TK

Figure 50. Schematic representation of the split-TEV method. Cells expressed a fusion of one protein
of interest (X) by a flexible linker to the TEV N-terminal fragment, the TEV recognition site of normal
affinity, and the transcription factor GV, under the control of a CMV promoter. The other protein of interest
(Y) is fused by a flexible linker to the TEV C-terminal fragment, and its expression is controlled by the
promoter TK. Interaction between the two proteins reconstitutes TEV protease activity, which releases a
transcription factor (GV) that enters the nucleus and activates the expression of the reporter gene Gluc after
binding to Gal4 responsive elements. The luciferase is released to the culture medium after peptide
cleavage, and its activity is monitored by a luminometer after the addition of coelenterazine. Figure and
description from (Capdevila-Nortes et al., 2012).

MATERIALS AND REAGENTS

Cultured HeLa cells in 6-well plates

Transfection Lipid Reagent (Bio-Rad)

- DNA constructs for Split-TEV assay

o TEV-N and TEV-C fused constructs for our genes of interest and control
groups

o pNEBr-X1Gluc reporter gene

o pCMV-B-Galactosidase vector for transfection normalization

Sterile PBS 1X
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Native coelenterazine (Nanolight technology)

Lysis solution (Triton X-100 1%, NaCl 150 mM, PMSF 1 mM,
leupeptin/pepstatin 1mg/L and aprotinin 2mg/L in PBS 1X)

Blocking and permeabilizing solution (PBS 1X, Triton X-100 0,1%, FBS 10%)
B-Galactosidase Detection Kit II (Clontech)

TD-20/20 Luminometer (Turner BioSystems)

PROTOCOL

For Split-TEV assay (chemiluminescent signal monitorization)

1.
2.

Seed HeLa cells on a 6 well plate the day before transfection

Transiently transfect each well with 1 pg of both plasmidic DNAs containing the
proteins of interest fused to either TEV-N or TEV-C, respectively. 0,3 pg of
reporter gene pNEBr-X1Gluc and 0,2 pg of pCMV-BGal vector are co-
transfected. Transfection! is performed following the protocol Transient
Transfection in Cell Lines (see section 3.1 from these methods)

Collect 20 pL of SN from each well and transfer to a fresh Eppendorf tube, at 48
hours after transfection

Add native coelenterazine to each tube at a final concentration of 20 uM

Read chemiluminescent signal immediately in a Luminometer

For transfection levels’ monitorization

10.
11.
12.
13.

Wash cells with PBS 1X after discarding the medium of the cellular cultures
Add 100 pL of lysis solution to each well

Scrape cells vigorously and collect the final volume after resuspending with a
pipette. Transfer to an Eppendorf tube

Incubate samples in a rotator at 4°C for 1 hour

Centrifuge at 18 500 xg at 4°C for 10 minutes

Transfer SN to fresh Eppendorf tube

Add 30 pL of SN to a reaction Eppendorf tube

Prepare -galactosidase mix according to manufacturer’s instructions

"'t is also important to transfect one control group with only the protein fused to TEV-N and the

GV transcription factor, since it may present certain degree of self-proteolysis and give

background signal that needs to be subtracted.
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a. Mix 196 pL reaction buffer with 4 uL of substrate for each sample group
14. Add 200 pL of the mix to each sample of cell lysate. Incubate the reaction at RT
for 1 hour
a. With the luminometer in our lab, the interval between machine reads is 25
seconds. Taking this into consideration, each volume is pipetted to the
sample group with a delay of 25 seconds to the former. Thus, reaction
times are equal across groups
15. Read luminescence values in the luminometer
16. B-galactosidase chemiluminescence values are subtracted from luciferase

chemiluminescence values

2.2.2 NanoLuc Binary Technology (NanoBiT)

NanoBiT system is another protein complementation technique to reveal protein-protein
interactions. This method is more recent in our lab than Split-TEV. It is based on NanoLuc
(Nluc) protein, which is an engineered luciferase derived from Oplophorus gacilirostris.
The enzyme has been optimized and it is characterized by its small molecular weight (19
kDa), its stability, sustained bright luminescence. For this system, Nluc is also divided in
two fragments. This configuration is selected for high conformational stability but low
intrinsic affinity, which allow for high sensitivity and specificity. This split reporter is

known as NanoBiT, short for NanoLuc Binary Technology.

The two NanoBiT subunits that are attached to candidate proteins are LgBiT and SmBiT
(for long and small NanoBiT, respectively). LgBiT is the big fragment and weighs 17,6
kDa. SmBIiT consists of 11 amino acids and it weighs 1,3 kDa. Upon interaction, active
luciferase is reconstituted. Only then the enzyme can emit luminescence in the presence

of reaction substrate (Figure 51)

This technique offers some advantages compared to other protein complementation
techniques like Split-TEV. Specifically, the luminescence response is fast as well as
reversible. This property enables the study of protein interaction dynamics, including the

effect of intracellular changes for a time span of up to 1 hour (duration of signal stability).
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Protein A Protein B

LgBiT SmBIT Luminescence

(17,6 kDa) (11 amino acids)

Figure 51. Schematic representation of NanoBiT interaction between two proteins. Each protein is
fused to either a LgBiT fragment or a SmBiT fragment. The interaction between the two fusion proteins
leads to complementation of the luciferase, restoring its function and eliciting reporter luminescent signal.

MATERIAL AND REAGENTS

Cultured HEK293T cells
Transfection Lipid Reagent (Bio-Rad)
DNA constructs for NanoBiT assay
o LgBiT and SmBIT fused constructs for our genes of interest and control
groups
o Venus construct for transfection efficiency normalization
Sterile PBS 1X
Dark-bottomed 96-well plates
H coelenterazine (Nanolight technology)
POLARSstar Optima plate reader
TD-20/20 Luminometer (Turner BioSystems)

PROTOCOL
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Seed HEK293T cells on a 6 well plate the day before transfection

2. Transiently transfect each well with 1,4 pg of both plasmidic DNAs containing

the proteins of interest fused to either LgBiT or SmBiT, respectively. 0,2 ng of
Venus fluorescent protein are transfected. Transfection is performed following the

protocol Transient Transfection in Cell Lines (see chapter 3.1)



NS s

10.
11.
12.

Wash cells with PBS 1X after discarding the medium of the cellular cultures, at
48 hours after transfection
Detach cells using 1 mL of PBS 1X and transfer to an Eppendorf tube 1,5 mL
Centrifuge at 200 xg at RT for 5 minutes
Discard SN and resuspend pellet using 70 uL of PBS 1X
Add 10 pL of each cell suspension onto wells in dark-bottomed 96-well plated

a. Itis important to homogenize cells properly before pipetting
Read fluorescence (Venus) using excitation filter 485+12 nm and emission filter
535+30 using the POLARstar Optima plate reader
Add 40 pL of H-coelenterazine (final concentration of 1 mM, 1:50 from stock) to
each Eppendorf tube
Incubate at RT for 1 minute
Read luminescence using TD-20/20 Luminometer (Turner BioSystems)
Normalize luminescence values using fluorescence values. Results are given as a
Luminescence/Fluorescence ratio.

a. A control group where we only transfect LgBiT-fused protein is important

to determine the experimental background (unspecific signal)

2.2.3 NF-kB Activity Assay: Dual-Luciferase Reporter System
MATERIALS AND REAGENTS

Cultured HEK293T cells
Transfection Lipid Reagent (Bio-Rad)
DNA constructs to test for NF-«xB activity stimulation
o NF-«kB reporter vector (Promega, #E8491)
o pCMV-B-Galactosidase vector for transfection normalization
Sterile PBS 1X
Dual-Luciferase Reporter Assay System (Promega, #E1910)
o Luciferase Assay Buffer II
o Luciferase Assay Substrate
o Passive Lysis Buffer (PLB) 5X
B-Galactosidase II detection kit (Clontech)
TNFa 10mg/mL

TD-20/20 Luminometer (Turner BioSystems)
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PROTOCOL

4.
5.
6.

Seed HEK293T cells on a 6 well plate the day before transfection

Transiently transfect each well with 1 pg of each plasmidic DNA encoding for the
protein of interest for study. 0,8 pug of NF-«xB reporter vector and 0,2 pg of pPCMV-
BGal vector are co-transfected. Transfection is performed following the protocol
Transient Transfection in Cell Lines (see section 3.1 from these methods)

Wash cells with PBS 1X twice after discarding the medium of the cellular
cultures, 24 hours after transfection

Add fresh serum-free DMEM, otherwise supplemented

Add TNFa 44 hours after transfection. Final working concentration is 10 ng/mL

Incubate cells for 4 hours

For cell lysate obtention

1.

> »

Sl A

Remove medium from cultured cells
Wash cells using PBS 1X to remove detached cells and residual growth medium

Add 250 pL. PLB 1X (dilution from stock in Milli-Q water)

Scrape cells vigorously and harvest them, tilting the plate and homogenizing using
a pipette

Transfer cell lysate to a tube
Incubate cell lysates in agitation at RT for 30 minutes
Centrifuge samples at 13 000 xg for 10 minutes

Collect supernatant in a fresh tube

For NF-kB reporter activity assay

1.

Add 50 pL of prepared Luciferase Assay Substrate (LAS) to a tube for each test
we want to perform

a. Blank

Add 50 pL of cell lysate to the tube already containing LAS. Mix by pipetting,
avoid vortexing

Read luciferase activity in the luminometer

a. Calibrate and adjust the sensitivity of the luminometer for each experiment
using a positive control

For B-Gal activity assay (normalization)

1.

2.
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Prepare a mix of 196 pL reaction buffer with 4 pL reaction substrate for each
condition.

Add 30 pL of cell lysate to a tube



3. Add 200 pL of the mix to each tube

4. Incubate for 1 hour at RT

5. Read B-gal activity in the luminometer
a. Set sensitivity at 30 %

2.3 TOTAL PROTEIN EXTRACTION AND QUANTIFICATION FROM CELLULAR
CULTURES

Quantification of protein levels is the most direct measure of protein expression. This is
one of the easiest and informative methods to determine the effects of various biochemical
modifications (gene mutation, gene overexpression, lack or inhibition of certain protein,
effect of drugs or chemical compounds) on our target proteins. In this thesis, these

experiments were mostly carried out on transfected cell lines or primary cultures.

To successfully quantify protein levels, a previous protein extraction from our samples is
necessary. This extraction consists in the lysis of cells expressing the proteins of interest,
by chemical and mechanical means. Lysis solutions containing detergents are used with
this aim. Detergent choice is relevant, because the solubilization level of our proteins will

largely depend on this decision.

Once the protein extraction is complete, total protein levels present on our sample is
necessary. When we talk about protein quantification, we always measure this expression
levels relative to the total amount of protein that is present in our sample. Depending on
the protein quantification assay to be further performed, the total protein quantification
will vary. Nonetheless, in this thesis we have mostly quantified total protein levels using

BCA commercial kit or Bradford assays.
MATERIALS
For protein extractions:

- Cellular cultures (cell lines or primary cultured astrocytes) seeded on cell culture
plates

- PBS1X

- Lysis buffer (Triton X-100 1%, NaCl 150 mM, Leupeptin 2 uM, Pepstatin 2 uM,
PMSF 1 uM, Aprotinin 1 pM?; in PBS 1X)

2 Leupeptin, Pepstatin, PMSF and Aprotinin are protease inhibitors. These compounds are necessary to
avoid protein degradation during cell lysis and protein solubilization. Also, working on ice is recommended
for the same reason.
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Cell scraper
1,5 mL Eppendorf tubes
Centrifuge

For protein quantification:

96-well cell culture plate

ELISA microplate reader (Biotek)

BCA Protein assay kit (Thermofisher Pierce)
BSA 2 mg/mL

PROTOCOL

For protein extraction and solubilization

1.

(O8]

7.

Wash cells using sterile PBS 1X twice after removing cell culture medium
o The solubilization process is made entirely on ice or at 4°C to avoid
protein degradation.
Add 100 pL lysis buffer to the 6-well cell culture plate

Scrape cells vigorously and harvest them, tilting the plate and homogenizing using
a pipette

4. Transfer cell lysates to a 1,5 mL Eppendorf tube
5.
6

Incubate samples in agitation at 4°C for 1 hour

. Centrifuge samples at 13 000 xg at 4°C for 10 minutes

Collect supernatant in a fresh tube

For BCA protein assay kit

8.
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Quantify protein lysates using BCA protein assay kit (Pierce) on a 96-well cell
culture plate:

o Set a standard calibration line with increasing amounts of protein.
Duplicates are performed for each concentration point, as well as for each
sample

= Calibration line: 0, 1, 2, 5 and 10 mg of BSA stock diluted in Milli-
Q water inside each well

o Set experimental groups and add 1 pL of sample to each replicate

o Adjust to a final volume of 10 pL per well

o Add 200 pL of BCA reagent to all groups



= Mix I pL of reagent B for every 50 uL of reagent A (contained
inside Pierce BCA kit)
o Incubated plate protected from light at 37 °C for 15-20 minutes
o Read the reaction at the ELISA microplate reader at a 595nm absorbance
o Calculate sample concentration using the values obtained for the

calibration line

2.3.1 Membrane protein extraction and quantification from brain tissue
For some experiments where the fraction of membrane proteins needed to be enriched,

total membranes from mouse brain and cerebellum were extracted.
MATERIALS
For protein extractions:

- Mouse tissue (Brain or cerebellum)

- Homogenate buffer (PBS 1X containing HEPES 25 mM, EDTA 4 mM, Sucrose
250 mM, Leupeptin 2 uM, Pepstatin 2 uM, PMSF 1 uM and Aprotinin 1 pM)

- Polytron

- 15mL glass test tubes

- 15mL falcon

- 1,5 mL safe-lock Eppendorf tubes

- Beckman Coulter Ultracentrifuge with a 70Ti Rotor

For protein quantification:

- 96 well ELISA plate

- ELISA microplate reader (Biotek)

- Bradford reagent (BioRad Protein Assay) diluted 1/5 in H>O.
- BSA 2 mg/mL

PROTOCOL

1. Place tissue in a 15 mL glass test tube already containing homogenate buffer

o 8 mL of Buffer are required for every 1 gram of tissue

o The extraction process is made entirely on ice to avoid protein degradation
2. Homogenize tissue with the polytron
3. Transfer the sample to a 15 mL Falcon tube

4. Centrifuge tissue homogenates at 4 000 xg at 4°C for 10 minutes
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Transfer supernatant to 1,5 mL safe-lock Eppendorf tube

Centrifuge at 100 000 xg at 4°C for 2 hours

Discard SN

Add 100-200 uL of homogenate buffer to resuspend the pellet, which contains the

el

membrane proteins
9. Quantify protein lysates using the Bradford protein assay:

o Set a standard calibration line with increasing amounts of protein.
Duplicates are performed for each concentration point, as well as for each
sample

= (Calibration line: 0, 1, 2, 5 and 10 mg of BSA stock diluted in Milli-
Q water inside each well

o Set experimental groups and add 1 pL of sample to each replicate

o Adjust to a final volume of 10 pL per well

o Add 200 pL of Bradford reagent diluted in Milli-Q water at a 1/5 ratio to
the wells

o Read at the ELISA microplate reader, at a 595 nm absorbance

o Calculate sample concentration using the values obtained for the

calibration line

2.4. WESTERN BLOT

The western blot is one of the most common techniques in molecular biology. Its main
application is the detection of specific proteins from biological samples. It allows us to
obtain information about protein presence and size, as well as several biochemical
properties (expression levels, states of oligomerization or phosphorylation). The assay is
divided in three major steps. First, an SDS-PAGE electrophoresis separates proteins
within the sample based on their molecular weight. In this step, the use of SDS for both
the gel and buffers keeps our polypeptides of study in a denatured state. Second, the
transference of the proteins from the gel onto a polyvinylidenedifluoride (PVDF)
membrane makes them accessible for the antibody detection. Last, the detection of

specific epitopes using specific antibodies reveals the proteins of interest.
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MATERIALS

For the SDS-Page electrophoresis

Protein extracts

Loading buffer LSB 4X (TrisHCl 0,4M pH 6.8, glycerol 80%, SDS 8%,
Bromophenol Blue 0,005%)

-mercaptoethanol 5% or DTT 100 mM

Mini—Protean Trans Blot system (BioRad)

Power supply

Electrophoresis buffer 10X (Tris Base 250 mM, Glycine 1,92 M, SDS 1%)
Electrophoresis separation gel buffer (TrisHCI1 1,5 M pH 8,8; SDS 0,1%)
Electrophoresis stacking gel buffer (TrisHCI 0,5M pH®6,8; SDS 0,1%)
Acrylamide/Bis solution 40% (BioRad)

APS 10%

TEMED

Page Ruler protein ladder (BioRad)

For the membrane transference

Trans-Blot turbo transfer system (BioRad)

Whatmann paper 3 mm

Immobilon-P 0,45um PVDF transfer membrane (Millipore)

Anode Buffer (Tris-Base 0,3 M, Methanol 20% in H>O)

Cathode Buffer (Aminocaproic acid 40 mM, Methanol 20% in H20)
Methanol

For the immunodetection

Ponceau’s solution (acetic acid 5%, Ponceau S 0,1% in H>O)
TTBS 1X washing solution (TBS 1X, Triton X-100 0,1%)
Blocking solution (dry fat-free milk 5% in TTBS 1X)
Primary antibodies diluted in blocking solution
Secondary antibodies, HRP-conjugated and diluted 1:5 000 in blocking solution
ECL western blotting substrate solution. Per each PVDF membrane, combine 1
mL of solution A with 20 pL of solution B
o Solution A (SmL Tris 1M, 110 pL of Coumaric Acid 90 mM, 250 pL of
Luminol 250 mM and 45mL Milli-Q H>0)
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o Solution B (100 pL of H20230% and 900 pL of Milli-Q H2O

- Hyperfilms (Amersham) and cassette

- AI680 machine

PROTOCOL

For SDS-Page electrophoresis

1. Dilute LSB 4X containing the reducing agent into the protein samples

2. Heat samples

a. At 56°C for 3 minutes for membrane proteins. In this thesis, Glial CAM
and VCAM-1 samples were heated at 65°C

b. At 95°C for 5 minutes for cytosolic proteins or very stable membrane

proteins.

3. Prepare polyacrylamide gels inside 1,5 mm glass plate moulds according to the

recipe found in the following table

a. Separation gel is prepared first. When polymerized, stacking gel is added

on top

b. Isopropanol is added on top of separation gel during polymerization to

ensure a smooth, flat edge. It needs to be removed before adding stacking

gel solution by washing three times with Milli-Q water

c. Either a 10-well or 15-well comb are added to the stacking gel in

polymerization for proper lane formation

SEPARATION GEL 7.5%
(2X1.5mm gels, 20mL)

Acrylamide 3.8mL
Running Buffer 5.2mL
Water I 1mL
APS 200uL
TEMED 20uL

10%

SmL

5.2mL
9.8mL
200uL

20uL

STACKING GEL
(2X1.5mm gels, 10mL)

Acrylamide
Stacking Buffer
Water

APS

TEMED

4%

ImL

2.5mL
6.5mL
200uL

20uL
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4. Cast the desired gels at the mini buffer tank and fill with electrophoresis buffer
1X
a. Electrophoresis buffer 1X is prepared by dilution of the stock buffer in
Milli-Q H>O.
5. Remove the well combs and load the samples into the wells
a. A protein ladder is added at the first lane next to the samples
b. Ideally, every well should contain liquid to avoid hydrostatic pressure.
LSB 4X can be added into wells that do not contain sample
6. Place the lid on the tank and connect to the power supply
7. Set power at a constant voltage of 100-120V until the desired level of protein
migration.
a. Monitor protein separation based on the protein ladder. Stop when it

matches the weight range of our protein or proteins of interest
For membrane transference

8. Hydrate PVDF membranes with methanol in agitation for 3 minutes
9. Assemble blotting cassettes. From the bottom of the box up to the cathode lid:
a. 3 Whatmann papers, previously soaked in anode buffer
b. The PVDF membrane, previously soaked in anode buffer
c. The polyacrylamide gel, previously soaked in cathode buffer
1. The stacking gel is removed using a plastic spatula
d. 3 Whatmann papers, previously soaked in cathode buffer
10. Set the blotting cassettes inside the Trans-Blot Turbo blotting instrument. The
protocol used is the Bio-Rad pre-programmed standard protocol for 1 or 2 mini

gels (25 V, 1 A, 30 minutes)
For immunodetection®

11. Stain transferred membranes using Ponceau solution to validate correct protein
transference
12. Wash stained membranes with TTBS 1X several times
a. Ponceau’s dye is reversible, and membranes should get back to former
color

13. Block membranes with freshly prepared blocking solution at RT for 1 hour

3 Each wash or incubation step is performed in agitation, excepte for O/N primary antibody incubation
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14. Incubate membranes with the primary antibody for either 1 hour at RT or O/N at
4°C

15. Wash membranes with TTBS 1X three times for 10 minutes

16. Incubate membranes with the corresponding secondary antibody at RT for 1 hour

17. Wash membranes with TTBS1X three times for 10 minutes

18. Incubate the membranes with the final combined ECL solution

19. Develop signal using AI680 Imaging System (Amersham, GE)
DATA ANALYSIS

Quantification of protein levels obtained in Western Blot assay

The images acquired for each western blot membranes show protein detection and
expression levels. This data is not fully quantitative. However, it is possible to transform

this data into quantitative information thanks to software data analysis.

As it was the case for IHC, Imagel] is the software of choice. Using command lines within
Image J we can measure the intensity of immunodetection and compare across samples

upon normalization from total protein levels.

MATERIAL

- Western Blot images acquired using AI1680

- Imagel software
PROTOCOL

1. Create a rectangular selection around the widest lane within our image
Drag the selection to the first signal band from the membrane

Go to Analyze > Gels > Select First Lane

Move the selection onto the following band using keyboard’s arrows
Go to Analyze > Gels > Select Second Lane

Repeat steps 4 and 5 for all bands

Go to Analyze > Gels > Plot Lanes

® N S N B w

Create a straight line closing the area under the peak for each graph that the
software will generate. Each graph equals one lane
a. The graph will give back a bell-shaped curve. The idea is to connect the

points at each end of the bell, once the curve flattens
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9. Select the magical wand menu and click on each bell-shaped graph
10. Copy data to our numerical data analysis software
a. With the aim of normalizing the protein levels of our protein of interest
regarding total protein levels, this process should be repeated for either
actin or tubulin. Thus, quantitative information should be plotted as a ratio.

Otherwise, the obtained quantitative data is not scientifically relevant

2.4.1 Cross-Linking Assays With Cysteine Mutants And Oxidizing Reagents

In this thesis, some of our western blot experiments were aimed at assessing potential
interaction between polypeptide chains through cysteine residues. In other words, we
wanted to test for the formation of disulphide bonds that would lead to oligomeric

structures. This study required several modifications to the standard protocol.

When processing samples following the standard SDS-PAGE protocol, we use reducing
agents along with denaturation to ensure that proteins resolve exclusively according to
molecular weight. However, when testing proteins that are candidate to establish
disulphide bonds, it is important not to treat these samples with reducing agents that
would eliminate this interaction. Thus, samples need to be prepared with LSB 4X without

reducing agents.

Nonetheless, it is necessary to confirm that resolved structures are dimeric and
specifically due to the formation of a disulphide bond. To that end, protein extracts were
divided in two groups. The first one was treated with LSB 4X without reducing agents
and the samples were heated at 56 °C for 3 minutes. The second one was treated with the
same LSB 4X, although complemented with DTT 100 mM and heated at 95°C for 5
minutes. DTT is a strong reducing agent, so this treatment breaks the disulphide bonds
that may be formed, eliminating its interactions on the protein visualization. Therefore, if
the structure observed in the western blot without reducing conditions is specific, it will

not be present in the western blot where samples have been treated with DTT.
CYSTEINE CROSS-LINKING ASSAYS USING OXIDIZING REAGENTS

At a structural level, some cysteine residues can be found close enough to form disulphide
bonds, but the addition of a redox catalyst boosts the reaction. Hence, disulphide bonds
can be induced by adding these compounds to cell cultures. At an experimental level, this

technique is known as cysteine cross-linking.
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In this work, cells have been treated with Cu(II)-(1,10-phenanthroline)(3) 500 uM in PBS
1X for 15 minutes before the preparation of protein extract as already detailed (see chapter

2.1).
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3. CELL CULTURE

Cell cultures are relatively easy, largely accessible, and cost-efficient models for
biomedical research. A big part of the experiments carried out in this thesis used cellular
models, either commercially available cell lines or primary cultures. Most of the projects
featured in this work involved transient expression of proteins in HeLa or HEK293 cells.
In addition, we produced primary cultures of astrocytes from the rodent brain. These
served as a more relevant model from a physiological standpoint since they allowed for
the study of our proteins of interest in an environment where they were endogenously
present. However, we developed adenoviral constructs to overexpress (or inhibit) our

proteins of interest as well as introducing mutant variations of them to our experiments.

Manipulation of cell lines or primary cultures from animal models were always performed
in conditions of sterility with fully equipped laminar flow cabinet. All materials used
during these protocols were either disposable or previously sterilized. Cultured cells were

kept at 37°C inside 5% COs sterile incubators.

3.1 TRANSIENT TRANSFECTION IN CELL LINES

To achieve transient protein expression in our cell lines, we performed transient
transfection of cDNAs encoding our proteins of interest. With this aim we used
Transfectin (Bio-Rad) as a lipid transfection reagent. We used mostly two different cell
lines: HeLa and HEK293. On the one hand, HeLa cells are an immortalized epithelial cell
line coming from human cervix adenocarcinoma. On the other hand, HEK293 cells are
an established cell line derived from human embryonic kidney cells. Both cell lines are
cultured in the same conditions: temperature 37°C, relative humidity 90% and CO2 5%,
in Dulbecco's Modified Eagle Medium (DMEM, Biological Industries) supplemented
with inactivated FBS 10%, Penicillin/Streptomycin antibiotic solution 1% and Glutamine

1%.
MATERIALS

- Supplemented DMEM

- Opti-MEM Glutamax medium (Gibco).

- HeLa or HEK293 cells seeded on confluent cell culture petri dishes
- Sterile PBS1X

- Disposable sterile serological pipette tips

- 6 well culture plates
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Transfectin Lipid Reagent (Bio-Rad)
Plasmid cDNAs (3 pg of total DNA per well)
Trypsin-EDTA 1X (Biological Industries)

- Eppendorf tubes
PROTOCOL
1. Wash cells on confluent cell culture dish using sterile PBS 1X after removing
supplemented DMEM for cell culture
2. Trypsinize cells by adding 1 mL of Trypsin-EDTA
3. Seed cells on a 6 well plate at a 35% confluence and add fresh supplemented
DMEM
a. Approximately 400 000 cells per well
b. After 24 hours incubated, cells should divide and reach an optimal 70-80%
confluence
4. Prepare transfection mix
a. Add 3 pg of the cDNA into an Eppendorf tube containing 250 uL of
OPTIMEM
b. Add 3 pL of Transfectin lipid reagent into 250ul. of OPTIMEM
(following a 1:1 DNA in pg to lipid reagent ratio)

1. Since all groups included in the experiment will require this mix,
it is recommended to prepare a global working stock keeping this
proportions

Combine both volumes in the same Eppendorf tube
d. Gently mix by inversion and short centrifuge
e. Incubate at RT for 20 minutes
5. Wash cells to be transfected using sterile PBS 1X after removing supplemented
DMEM for cell culture
6. Add 1 mL of OPTIMEM
7. Pipette the combined volume of OPTIMEM-Transfectin-DNA dropwise onto the
well containing the cells
8. Gently agitate the plate in a circular motion and place the cells inside the incubator
at 37°C for 4 hours
9. Washed transfected cells using sterile PBS 1X after removing transfection
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10. Add 2 mL of fresh, supplemented DMEM onto each well

11. Place cells inside the incubator until next experimental protocol
3.2 GENERATION OF PRIMARY CULTURED ASTROCYTES

Primary cultured rat or mouse astrocytes have been the cellular model of choice to study
the proteins involved in MLC disease. Since MLC1 protein displays an almost exclusive
astrocytic expression, primary cultured astrocytes have been used to study the behavior
of endogenously expressed proteins potentially exerting a role in MLC pathogenesis. The
protocol to obtain primary cultured astrocytes was adapted from the gold-standard
protocol by McCarthy and de Vellis, 1980. The animal handling procedures were
approved by the ethic committee of the University of Barcelona and the animal facility

of Bellvitge Health Campus.
MATERIALS

- Wistar Rats or C57b16 WT and Micl”- mouse PO-P3 pups

- Surgery tools (scissors, microsurgery forceps and surgical blades)

- 100 mm and 35 mm Petri dishes

- Dissection solution (sterile PBS1X containing Glucose 0,6%, BSA 0,3%)

- Sterile PBS 1X

- Sterile 15 mL and 50 mL Falcon tubes

- T25 or T75 tissue culture flasks

- Sterile 5 mL and 10 mL glass pipettes

- 100 pm filter

- Neubauer chamber

- Binocular loupe (Nikon)

- Supplemented DMEM (inactivated FBS 10%, Penicillin/Streptomycin antibiotic
solution 1%, Glutamine 1%)

- Trypsine-EDTA 1X (Biological Industries)

- DNAse I (1000 U/ml in NaCl 150 mM)

- AraC4 mM (Sigma)
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PROTOCOL

For pup dissection (perform everything on ice)

1.
2.

N e

8.

Anesthetize PO-P3 rat or mouse pups on ice
Euthanize by decapitation using scissors
Perform cuts to remove the head epidermis and skull brain
a. Proceed from the posterior of the head to the anterior end right up to the
ocular area
Remove the brain with surgery forceps
Place the piece on a Petri dish filled with pre-chilled dissection solution
Discard the cerebellum, olfactory bulbs and brainstem
Cut in half the two hemispheres with only the cortex and the hippocampus
remaining

Remove all meninges and both thalamus with the help of surgical forceps

For primary culture
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9.

10.

11.

12.

13.
14.
15.
16.

17.
18.

Transfer the cerebral cortices and hippocampi to a new 35 mm Petri dish
Incubated with Trypsin-EDTA at 37°C for 10 minutes
a. Proceed inside the culture hood
b. Dispense 1 mL of Trypsin for every 5 to 6 brains
Transfer tissue to a 50 mL falcon tube containing 5 mL of fresh, supplemented
DMEM and containing DNAse (stock diluted 1:100)
Homogenize by mechanical dispersion with the pipette, in a constant up-and-
down motion
Centrifuge the sample at 1 000 rpm at RT for 5 minute and discard SN
Resuspend the cell pellet in 10mL of supplemented DMEM
Filter cell suspension through the pm filter set on top of a 50 mL Falcon tube
Seed on cell culture flasks, distributing cell suspension volume
a. For rat pup brains, we use T75 flasks. We use one flask every three brains
and bring cell culture to a final volume of 12 mL
b. For mouse pup brains, we use T25 flasks. We use one flask every three
brains and bring cell culture to a final volume of 4 mL
Change medium for the first time 24 hours after the production of the culture

Repeat every 2-3 days until the flask is confluent



For astrocyte culture purification

The cultured flasks in DMEM contain the three types of glial cells (astrocytes,

oligodendrocytes and microglia). In order to purify the astrocytes, the flasks are subjected

to a strong mechanical agitation that will detach any other cell types (250rpm) O/N at

37°C.

19.

20.
21.
22.
23.

24.

25.

26.

27.
28.

29.
30.

Cover the confluent flasks with three layers of parafilm to seal them from outer
oxygen
Place the flasks on a shaker and attach them to the platform
Set the shaker to 250 rpm inside an incubator at 37°C
Incubate 12-16 hours (O/N)
Discard the medium, containing now all microglial and oligodendrocyte cells in
suspension
Wash the enriched astrocytes twice with sterile PBS 1X
Add Trypsin-EDTA to the cells and incubate at 37°C for 10 minutes or until cells
are detached

a. 500 pL for T25, 2 mL for T75 flasks
Resuspend the detached astrocytes in supplemented DMEM. Mix gently but
thoroughly and transfer to a 50 mL Falcon tube. Cells need to be perfectly
disaggregated and individualized
Count cells in a Neubauer chamber
Seed on multi-well plates according to the following numbers:

a. 60 000 cells in 24-well plates

b. 200 000 cells in 6-well plates

c. 1000 000 cells in 100 mm Petri dishes
Replace the cell culture medium every 3-4 days
Start AraC treatment once the multi-well plates reach 80-90% confluence. AraC
treatment consists in supplementing DMEM with 4 uM of AraC solution (1:1 000
dilution from stock)

a. AraC inhibits the DNA synthesis, arresting the astrocytes at the G0/G1

phase of the cell cycle. After 3 weeks of AraC treatment the experiments
are performed. This is the optimal situation to study MLCI1 proper location

at cellular junctions (Duarri et al., 2008, Duarri et al., 2011).
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3.3 ASTROCYTE TREATMENTS WITH EXTRACELLULAR SOLUTIONS

In several experiments of this thesis, astrocytes have been treated with solutions that
reproduce certain physiological conditions to observe the effects of these conditions on

our proteins of interest (MLC1, GlialCAM and CIC-2 concretely).
MATERIALS

- Primary cultured rat or mouse astrocytes seeded on 24well plates with coverslips
and differentiated with AraC for 3 weeks

- Physiological solution: NaCl 122 mM, KCI 3,3 mM, MgSO, 0,4 mM, CaCl, 1,3
mM, KH2PO4 1,2 mM, HEPES 25 mM, Glucose 10 mM, pH 7,2, 300 mOsm/kg
in H,O

- Depolarizing or High K" solution: NaCl 60 mM, KCI 60 mM, MgSO- 0,4 mM,
CaCl; 1,3 mM, KH>PO4 1,2 mM, HEPES 25 mM, Glucose 10 mM, pH 7,2, 300
mOsm/kg in H20

- TNFo: 10 ng/mL

PROTOCOL

1. Wash cultured astrocytes using sterile PBS 1X
2. Add the treatment onto the cells
a. 1,5 mL per well (6-well plates)
b. 400 pL per well (24-well plates with cells seeded on coverslips)
3. Incubate for 3 to 6 hours depending on the treatment
4. Proceed with cell processing to perform WB, immunofluorescence, or

electrophysiological studies

3.3 ADENOVIRAL PRODUCTION, AMPLIFICATION AND TITERING

Once primary cultured astrocytes are treated with AraC and arrested at GO/G1 phase of
the cell cycle, transfection is not an efficient technique to obtain transient expression of
the proteins we want to study. The chosen methodology in our lab to solve this problem
is the use of an adenoviral expression system. This technology allows us to overexpress
proteins or even inhibit protein expression (for instance, using miRNAs to generate

knockdown models).
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Adenoviruses (Adv) feature several advantages as a tool to express target proteins. While
they are relatively easy to obtain and manipulate, both the infection efficiency and the

protein expression levels achieved are extremely high.

In our research group we work with ViraPower Adenoviral Expression System
(Invitrogen). One of the most interesting features of this ViraPower is that it is compatible
with Gateway technology, already established in the lab. In this system, clonation of our
genes of interest is targeted into the expression vector pAdV/CMV/V5-DEST. This
means that the expression of our insert will be controlled by cytomegalovirus promoter.
In addition, the vector contains the 5° and 3° ITRs as well as the encapsidation signal
needed for the virion production. Generated adenoviral particles are non-replicative and
non-integrative since the vector lacks E1 and E3 viral genes. However, the adenoviral
constructs are then transfected into HEK293A cells. This cell line contains a stably
integrated copy of E1 necessary for viral generation. These cells will facilitate initial

production and amplification of adenoviruses.

MATERIALS
For adenoviral production and amplification

- Adenoviral DNA constructs (pAdV/CMV/V5-DEST vectors containing our
inserts, generated by LR reaction)
- Pacl enzyme + CutSmart Buffer (NEB)
- DNA purification kit
- Supplemented DMEM + Non-essential amino acids (NE-AA)
- HEK293A cells cultured in DMEM + NE-AA
o For adenoviral production: cultured on 6-well plates, at a 70-80%
confluence (ready to be transfected)
o For adenoviral amplification: cultured on 100 mm culture plates, close to
confluence
- Lipofectamine 3000 transfection reagent kit
- OptiMEM
- 6-well and 100 mm culture plates
- 15 mL and 50 mL Falcon tubes
- 0,2 um sterile filters
- NUNC cryotubes for -80°C storage
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For adenoviral titering

PROTOCOL

96-well cultured HEK293A cells

Methanol 100%

PBS-CM

Blocking solution (BSA 1% in PBS-CM)

a-2Hx-2antibody (or any other primary antibody of interest)
Alexa-conjugated secondary antibody of interest

Olympus DSU microscope

For adenoviral production (perform under the hood and in sterile conditions from step 3

on)

1.

Digest 10 pg* of verified adenoviral DNA with Pacl enzyme, at 37°C for 12-16

a. This step is aimed at exposing the viral [TRs
Purify digested DNA (see chapter 1.2)
Transfect 1 pg of digested and purified DNA to HEK293A cells cultured on 6-

well plates

Dilute Lipofectamine 3000 reagent in 250 pL. OptiMEM medium. A ratio
of 3:1 is used as 3 pL of reagent to 1 pg of DNA to transfect. Mix by

pipetting

. Add the DNA volume to 250 uL of OptiMEM combined with 3 pL of

P3000 reagent (1:1 ratio Lipofectamine 3000 to P3000 reagent). Mix by
pipetting and incubate at RT for 5 minutes

Combine both volumes, mix by pipetting and centrifuge gently

. Incubate at RT for 20 minutes

1. Wash HEK293A cells to be transfected using sterile PBS1X while
transfection mix is incubating
ii. Add 1 mL of OptiMEM
Pipette the transfection mix dropwise onto the cells. Shake gently in a

circular motion before placing the cells inside an incubator at 37°C O/N

4 The amount of digested DNA can be increased to 15 ug for constructs giving efficiency problems in the

production phase

134



10.

11.

Remove transfection medium 24 hours after transfection
Add fresh supplemented DMEM + NE-AA
Pass cells onto a 100 mm culture plate 48 hours after transfection
a. Normally, cells can be detached by gentle pipetting. If necessary, trypsin
can be used to this end
Harvest medium containing cells when the cytopathic effect of the virus is
observed across more than 80 % of the cells. We will detect cytopathic effect
because cells swell, eventually round up and detach
a. This takes around 7 to 10 days after transfection, although it is normal that
some adenoviruses take up to 14 days
Proceed to put the adenoviral stock through 3 cycles of freezing (-80°C) and
thawing in a water bath (37°C)
Centrifuge at 3 000 rpm at RT for 15 minutes to separate the cell lysates from the
virus in suspension.
Retrieve the supernatant (containing the virus in suspension) and filter to obtain
the adenoviral stock

Divide stock in aliquot cryotubes and store at -80°C

For adenoviral amplification

1.

Inoculate 10 pL of the adenoviral stock to a 100 mm cell culture dish with
confluent HEK293A cells

Harvest medium containing cells when the cytopathic effect of the virus is
observed across more than 90 % of the cells

Transfer to a 15 mL Falcon tube

The viral medium is treated as described in adenoviral production, from steps 8

until the end of the protocol

For adenoviral titering by immunocytochemistry (a-hexon antibody or others)

l.

Seed HEK293A cells on a 96-well plate (40 000 cells per well) at a final volume
of 100 puL per well
Culture cells inside a cell incubator at 37°C for 8-12 hours
Infect the viral stock in serial 1:10 dilutions at a final volume of 100 pL per well
and incubate at 37°C for at least and O/N and up to 24 hours

a. Dispense 10 puL of viral stock to the first well by pipetting against the well

wall with the plate tilted
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b. Mix gently with the same pipette
c. Replace the tip and repeat the same step. However, this time the 10 pL
come from the first well and are added to the second one. Thus, the first
well is back to a final volume of 100 pL
d. Repeat these steps up until the last well
4. Remove the cellular medium from each well
5. Leave the cells to air dry for approximately 5 minutes
6. Fix cells with 100 pL of cold methanol 100%. Incubate cells in fixation at -20°C
for 15 minutes
7. Wash cells twice using PBS-CM
8. Block and permeabilize cells using 100 uL blocking solution per well, at RT for
15 minutes
9. Incubate cells with 50 uL primary antibody diluted in blocking solution, at 37°C
for 1h
a. If the adenovirus features an insert with no molecular tag or we lack a
proper primary antibody, we use 1:5 of a-2Hx-2. This antibody recognizes
a capsid protein of the adenovirus
b. If we can use a primary antibody, dilution is 1:100
10. Wash cells three times using PBS-CM
11. Incubate cells with 50 pL secondary antibody diluted 1:500 in blocking solution
at 37°C for 1 hour and light-protected
12. Wash cells three times using PBS-CM
13. Image cells using an Olympus DSU spinning disk microscope. Fluorescence-
positive cells are counted for each dilution

14. Calculate the adenoviral titer in Transduction Units/milliliter (TU/mL) as follows:
TU/mL = % positive cells counted in dilution X x 100
3.4 ADENOVIRAL INFECTION IN PRIMARY CULTURED ASTROCYTES

Two main types of adenoviral constructs have been used in this thesis. On the one hand,
a few experiments have been based on the use of short hairpin RNA (shRNA) to suppress
endogenous protein expression in astrocytes. On the other hand, in the great majority of

experiments we aimed at obtaining the overexpression of proteins in astrocytes.
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Regarding the first case, the infection of adenovirus containing shRNA for a specific
protein requires preliminary optimization. Suppression of protein expression is accepted
at a reduction of more than 80% of original protein levels. Therefore, it is necessary to
validate what multiplicity of infection (MOI) as well as incubation time are needed to

achieve that. In our lab, these conditions are typically set at MOI 1 for 5 days

The second case implies the introduction of these proteins in adenoviral vectors that are
stably expressed in the primary cultured astrocytes. In this case, all adenoviruses are

infected at MOI 2 for 48 hours before the experiment is carried out.
MATERIALS

- Primary cultured astrocytes, AraC-treated for 3 weeks
- Adenoviral stocks, sterile and titered

- Calibrated automatic pipettes
PROTOCOL

1. Calculate the total amount of adenoviral stock needed to infect the total amount
of plated cells, using the titer
a. TU equal the number of cells that the stock can infect using a mL. The
obtained value is the necessary volume to infect cells at MOI 1
2. Replace DMEM containing AraC for the cell culture
3. Inoculate adenoviral stock using automatic pipettes
4. Shake gently and incubate cells as specified for each application
a. Overexpression: MOI 2, 48 hours
b. Knockdown: MOI 1, 5 day
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RESULTS
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1. STUDIES OF THE ROLE OF GPRCS5B IN THE REGULATION OF
VCAM-1. CHARACTERIZATION OF THE EFFECT OF MLC1 ON
THIS REGULATION
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1.1 IDENTIFICATION OF GPRC5B AS A RELEVANT PROTEIN IN MLC
PATHOPHYSIOLOGY

The first gene that was described to be involved in MLC disease was MLC1 (Leegwater
etal., 2002). Hence, our research group has studied the protein that it encodes, also known
as MLC1, since its beginning. Unfortunately, the function for MLCI1 is not known. This
has been an issue for our study of this protein. To overcome this problem, our group

started the study of MLC1 through the identification of its interacting proteins.

Our experimental approach consisted in several proteomic studies. In a first project, we
used brain membrane fractions from rat and mice samples. Affinity purifications were
conducted using polyclonal anti-MLC1 antibodies, and the purified proteins were
analyzed by means of Mass Spectrometry (MS). Using this methodology, we could obtain
quantitative results in terms of protein abundance of purified proteins. In the final work,
the affinity purifications of two anti-MLC1 antibodies were evaluated. Only proteins
enriched more than 10-fold over the obtained amount in the corresponding IgG control
were considered. In the two experiments, the Pearson correlation of one protein and
MLCI1 was r = 0,96. This protein was GlialCAM, and these experiments allowed for the
identification of GLIALCAM as the second gene involved in MLC disease (Lopez-
Hernandez et al., 2011a).

The second effort by our research group in these proteomic studies was directed at the
identification of Glial CAM partners. Therefore, two anti-Glial CAM antibodies were used
in affinity purification experiments. Samples used were also obtained from adult WT rat
and WT mice. This time, quantitative MS identified peptides belonging to C1C-2 chloride
channel in addition to GlialCAM and MLCI1 within the proteins consistently and
specifically copurified (Jeworutzki et al., 2012). In this published article, we showed that
CIC-2 is present in myelin by immunogold experiments. Interestingly, we also
characterized a regulation of CIC-2 by GlialCAM. Indeed, GlialCAM could induce
changes in the subcellular localization of CIC-2 and target the channel to cell-cell
junctions, both in cell lines and primary astrocytes. Moreover, Glial CAM changed the
gating properties of the channel: currents were increased, and the channel switched from
inwardly rectifying to conducting almost ohmic currents. This study confirmed
GlialCAM as an auxiliary subunit of CIC-2, but we could not provide a detailed molecular

mechanism for this regulation.
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The most recent published study in this research line featured a refinement of Glial CAM
proteomic studies, which led to a detailed GlialCAM interactome. The biggest
optimization that was featured in these experiments was the inclusion of samples obtained
from Glialcam” mice. Proteins identified by MS were evaluated based on their
abundance, consistency across different antibodies used, and correlated with the purified
GlialCAM protein. The used criteria allowed for the identification of 21 proteins
constituents of the Glial CAM interactome (Figure 52):

Identified proteins MLCLIP
HECAM: Hepatocyte cell adhesion molecule | yes
MLC1: Membrane protein MLC1 | yes
Transport/lon channels |
CLCNZ2: Chloride channel protein 2 (Clc-2) | yes
CXA1l: Connexin 43 | no
EAAL: Excitatory amino acid transporter 1 (Glast) | yes
EAAZ2: Excitatory amino acid transporter 2 (Glt-1) | yes
ATIAZ: Sodium/potassium-transporting ATPase subunit yes
alpha-2 |

S4A4: Electrogenic sodium bicarbonate cotransporter 1 yes
(Nbcel) |
TTYH1: Protein tweety homologl | yes
ATI1B2: Sodium/potassium-transporting ATPase subunit yes
beta-2 |

GTRI1: Solute carrier family 2, facilitated glucose no
transporter member 1 (Glutl) |

NAC1: Sodium/calcium exchanger 1 (Nex1) | no
Signalling |

GPR37: Prosaposin receptor GPR37 | no
GPR37L1: G-protein coupled receptor 37-like 1 | no
GPRCSB: G-protein coupled receptor family C group 5 yes®

member B

Adhesion/Junctions/Trafficking

TSN9: Tetraspanin-9 (CD9) no*
GPMG6A: Neuronal membrane glycoprotein M6-a yes
GPM6B: Neuronal membrane glycoprotein M6-b | yes
STX1B: Syntaxin-1B | no
STX1A: Syntaxin-1A no
SNP25: Synaptosomal-associated protein 25 no

* Identified in MYTH screenings using human MLC1 as bait

Figure 52. List of proteins belonging to the GlialCAM interactome. Classification according to the
protein function is provided. Also, the table features whether the proteins identified in the Glial CAM
interactome have also been purified using anti-MLC1 antibodies, as well as whether they have been
detected in a MLC1 MYTH screening. Modified from (Alonso-Gardén et al., 2021).

For the first time, GPCRs were retrieved as components of the Glial CAM interactome.
These receptors were GPRC5B, GPR37, and GPR37L1. On the one hand, GPRC5B
belongs to group IV, family C of GPCRs (Hirabayashi and Kim, 2020). This GPCR
displays ubiquitous expression, but it is enriched in the brain, where it has been described

to be important for motor learning (Sano et al., 2011, Sano et al., 2018). At a subcellular
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level, it is located in the plasma membrane, exosomes and the Golgi apparatus (Kwon et
al., 2014). On the other hand, the last two are also orphan receptors that belong to family
A of rhodopsin-like GPCRs, also known for being linked to endothelin B receptors
(Marazziti et al., 1997, Marazziti et al., 1998). These two GPCRs are highly expressed in
the CNS. GPR37 has been observed to negatively regulate oligodendrocyte
differentiation (Yang et al., 2016), whereas GPR37L1 would be important for the
regulation of neuronal and glial development in the cerebellum (Marazziti et al., 2013).
Among the three GPCRs, GPRC5B was also identified both in membrane yeast two-
hybrid (MYTH) studies and AP experiments for MLC1. Thus, GPRC5B was considered
a bona fide interactor (Alonso-Gardon et al., 2021). Several experiments indicated that

GPRC5B regulates Glial CAM and MLC1 expression.

In summary, this study supported the idea of a protein scaffold modulated by
Glial CAM/MLCI1 involving transporters and ion channels participating in neuronal
homeostasis. The identification of GPRC5B within this protein network was consistent
with the previously observed role of Glial CAM/MLCI in signaling pathways controlling
astrocyte activation and proliferation. To give an example, MLC1 overexpression has
been linked to reduced activation of IL-1B-induced inflammatory signals (pERK, pNF-
kB), pathways that are activated by GPRC5B (Elorza-Vidal et al., 2018, Lanciotti et al.,
2016). Consistently, the opposing effect was observed in primary astrocytes lacking Mlc1

expression (Alonso-Gardon et al., 2021).

1.2 A NOVEL GLIALCAM INTERACTOR THAT DEPENDS ON MLC1 PRESENCE:
VCAM-1

Other previous findings by our group showed that CIC-2 interaction with Glial CAM was
significantly reduced in the absence of MLCI1, as seen by comparison between co-
immunoprecipitation studies in solubilized brain membranes from WT mice vs Micl™”
animals. This was consistent with the lack of CIC-2 enrichment at cell-cell junctions in
primary astrocytes obtained from MlcI”~ animals, together with a lack of changes in
gating properties for CIC-2 in the same conditions (Sirisi et al., 2017). As mentioned
above, the incubation of WT primary astrocytes in high extracellular potassium
concentrations leads to a GlialCAM-mediated targeting of CIC-2 to cell-cell junctions
and a change in its electrophysiological properties. Taking this into consideration, we
were interested in determining whether there could be more interactors of Glial CAM that

were dependent on MLCI1 presence.
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Thus, in the last project regarding proteomic studies for MLC-related proteins we added
Micl”- samples in the control groups of these experiments. Comparative affinity
purifications were performed on these samples using either anti-GlialCAM antibodies or
a new monoclonal anti-MLC1 antibody, which was the only MLC1 antibody that was
able to immunoprecipitated CIC-2. Figure 53 shows the relative abundance of those
proteins interacting with GlialCAM in the WT samples compared to the Micl” samples.
Noteworthy, only proteins validated for immunoprecipitation with MLC1 are included in

the final graph.
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Figure 53. GlialCAM interaction with VCAM-1 and CIC-2 depends on MLC1. The figure shows
comparative AP studies using antibodies against GlialCAM in both Mlc1l WT and Mlcl KO samples. CIC-
2 and VCAM-1 were the only two proteins that showed a strong reduction in the quantitative interaction
with Glial CAM in the absence of Mlcl. Data represents the interaction folds provided by Logopharm.

Since CIC-2 was retrieved as a protein showing significant differences in its ability to
interact with Glial CAM comparing presence and absence of MLC1, we considered that
the analysis was robust. Thus, this project enabled the identification of VCAM-1 as a
GlialCAM interacting protein that was dependent on MLC1 presence.

Vascular Cell Adhesion Molecule 1 or VCAM-1 is a cell adhesion molecule found in
endothelial cells in the brain. The main ligand for VCAM-1 is integrin 041, also known
as VLA-4, which is present in inflammatory leukocytes (Elices et al., 1990). Indeed, while
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its expression is minimal in the normal brain (Miyamoto et al., 2016), VCAM-1 is
upregulated in inflammatory conditions. For instance, it is the case for multiple sclerosis
(Gimenez et al., 2004). At a physiological level, VCAM-1 participates in leukocyte
rolling and transmigration from the bloodstream to tissue. It also regulates T cell activity.
Indeed, VCAM-1 is expressed in cytokine-activated astrocytes, both in animal models
and primary cultures. The main cytokines inducing VCAM-1 expression are TNF-a, IFN-
v, or IL-1PB (Gimenez et al., 2004, Rosenman et al., 1995). Briefly, TNF-a binding to its
receptor leads to downstream NF-kB pathway activity, being VCAM-1 among the
induced genes by this pathway (Yang and Li, 2000). However, the exact role for VCAM-

1 in astrocytes remains unknown.

Unpublished preliminary results from our research group validated the proteomic results
(experiments by Dr Xabier Elorza Vidal and Dr Marta Alonso Gardon). First, in brain
membranes obtained from WT mice, VCAM-1 could be successfully immunoprecipitated
using monoclonal antibodies against MLC1 or GlialCAM. Also, when comparing
immunoprecipation using GlialCAM monoclonal antibody in brain membranes obtained
from Micl WT mice vs membranes obtained from Mic1”- animals, the detected IP levels

of VCAM-1 decreased in the second group Figure 54.

Glial CAM IP in Micl WT brain GlialCAM IP in Mlc1 KO brain
membranes membranes
Sol SN+  IP+ IP-  SN- Sol SN+  IP+ IP-  SN-
95kDa- N g W : 95kDa- SN e N cVCAM1

72kDa-

72kDa- . . aGlialCAM

Figure 54. The interaction between GlialCAM and VCAM-1 depends on MLC1 presence.
Immunoprecipitation of GlialCAM using the anti-GlialCAM monoclonal antibody in brain membrane
fractions obtained from either WT mice or MlcI” animals shows that detected levels of VCAM-1 are
significantly decreased in KO samples. Data shown comes from three independent experiments. Data
obtained by Dr Xabi Elorza Vidal.

Next, we wanted to reproduce VCAM-1 upregulation described in the literature (Gimenez
et al.,, 2004) in our model of primary cultured astrocytes after inflammation stimuli.
Indeed, a TNF-a treatment (48h, 10 ng/mL) could induce VCAM-1 protein level
upregulation as revealed by WB (Figure 55A). Also, the same treatment revealed a shift
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in the subcellular localization of VCAM-1 in primary astrocytes: IF assays of control
astrocytes showed internalization of VCAM-1 in basal conditions. However, the
treatment led to a redistribution of VCAM-1, which reached the plasma membrane and
cell-cell junctions (Figure 55B). Last, the interaction between GlialCAM/MLCI1 and
VCAM-1 also increased in inflammatory conditions, as revealed by Proximity Ligation

Assays (PLA) (Figure 55C).

A) B)

Control

Control +TNFa

9K Sl ovcam1
55kDa-
’ D W octin

C) Control

Figure 55. The GlialCAM/MLC1 complex interacts with VCAM-1 in primary astrocytes in
inflammatory conditions. A Treatment of rat primary astrocytes with TNFa (10 ng/mL, 48h) leads to the
upregulation of VCAM-1 as revealed by western blot. B VCAM-1 is enriched at cell-cell junctions in the
same TNFa-treated astrocytes. In control conditions, VCAM-1 is internalized and displays a weaker signal.
C Interaction between VCAM-1 and MLCI1 is boosted in primary astrocytes treated with TNFa, as revealed
by PLA assay. Preliminary results from Dr Xabi Elorza Vidal and Dr Marta Alonso Gardon.

Afterwards, we worked with the Glialcam™ model to obtain primary astrocytes from
these animals. We validated that total protein extracts from Glialcam™ primary astrocytes
showed upregulation of VCAM-1 after TNF-a treatment, consistent with what had been
observed in WT primary astrocytes. In addition, we addressed VCAM-1 plasma

membrane localization by surface biotinylation assays. Interestingly, the surface levels of
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VCAM-1 were found lower in Glialcam™" astrocytes, despite showing equal total VCAM-
1 expression to WT cells (data not shown). These results indicated that the interaction
between Glial CAM and VCAM-1 is somehow important for the proper localization and

function of VCAM-1 in inflammatory conditions in astrocytes.

1.3 GPRC5B IN THE REGULATION OF VCAM-1 EXPRESSION

As described in the introduction of this thesis (see section 3.2.3.1) the binding of TNF-a
to TNFR triggers a signaling pathway that results in NF-kB phosphorylation, which
further leads to the induction of VCAM-1 expression.

Alternatively, some researchers saw evidence of a functional link between GPRC5B
constitutive signaling and NF-kB activity in the vascular wall that was dependent on Fyn,
a downstream effector of GPRCS5B signaling. These authors noticed an upregulation of
GPRC5B in a context of inflammation (TNF-o stimulation) or high glucose
concentrations in cultured immortalized endothelial cells. Consistently, overexpression
of GPRC5B in these cells resulted in increased levels of phosphorylation of ERK1/2 and
increased activation of NF-kB signaling, responsible for enhanced VCAM-1 protein
levels. Furthermore, these effects were Fyn-dependent, since overexpression of GPRC5B
that was accompanied by suppression of Fyn showed no effects on NF-kB signaling
(Freundt et al., 2022). Complementarily, a study by Kim and colleagues (Kim et al., 2012)
identified a mutation in patients suffering from obesity that inhibited the phosphorylation
of a Tyrosine residue in the cytosolic C-terminal end of GPRCS5B that resulted essential
for Fyn activation. The authors showed that SH2 domains of Fyn specifically recognized
the Tyrosine residue 383 (referred as Y383) for the kinase activation, since the patient-

derived variant (p.Tyr383>Phe, Y383F) was not recognized by Fyn.

The combination of all the evidence available in the literature with both our proteomic
results and the obtained preliminary results raised a hypothesis. We reasoned that the
VCAM-1 induction by NF-kB signaling modulated by GPRC5B/Fyn could be important
in astrocytes. If that were true, we thought that MLC1 could be modulating this pathway
somehow. To proceed with this study, we generated both plasmids and adenoviral

constructs for GPRC5B WT and Y383F mutant.

First, we tested whether GPRC5B could upregulate VCAM-1 in our system Figure 56.

Also, we wanted to assess whether GPRCS5B is necessary for this upregulation by
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depleting endogenous Gprc5b in our cultured cells. We could observe VCAM-1
upregulation after GPRC5B overexpression using adenoviral constructs. Interestingly,
these protein levels did not differ from those detected in samples obtained from astrocytes
overexpressing GPRC5B while being treated with TNF-a. Last, we repeated this design
for Gprc5b depletion, which was achieved using specific shRNA targeting GprcSb
translation. For this group, the evoked VCAM-1 upregulation was lower, reinforcing the
idea of the contribution of GPCR signaling in this pathway that results in VCAM-1
expression. Nonetheless, the observed response was the same for untreated astrocytes,
where we would have expected VCAM-1 levels like control, untreated astrocytes. Here,
we thought that the protocol for adenoviral transduction of miRNA (five days) could
result in a unspecific stimulation of NF-kB, maybe due to cell stress and potential
inflammatory responses. For this reason, we did not take this group into consideration.
The development of a more specific, controlled tool could prove insightful in this

experiment.

GPRC5B KD
CONTROL GPRC5B O/E (miRNA 111)

- +TNFa - +TNFa - +TNFa

130 -

95 - S e e antiveama

S5 A S S . Anti-Tubulin

35 - Anti-GPRC5B

Figure 56. GPRCS5B upregulates VCAM-1 in primary astrocytes. Overexpression of GPRC5B using
adenoviral particles leads to increased VCAM-1 signal compared to untreated control astrocytes, as
revealed by western blot experiments. Elicited VCAM-1 levels corresponded to the obtained levels in
TNFa-treated (10 ng/mL, 48h) control astrocytes. Knockdown of Gprc5b lowered VCAM-1 upregulation
in TNFa-treated astrocytes. 30 pug of total protein extracts from each group were loaded in 10 % gels. Data
is representative of two independent experiments.
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1.3.1 GPRC5B Upregulation of VCAM-1 is Dependent on Fyn Kinase

Next, we wanted to analyze whether the increase of VCAM-1 expression induced by
GPRCS5B signaling was effectively mediated by Fyn activity. With this aim, we repeated
the experiments on primary astrocytes. We overexpressed either GPRC5B WT or the
mutant GPRC5B Y383F previously described, which Fyn does not recognize (Kim et al.,

2012). We repeated both conditions in combination with TNF-a treatment.

The obtained results are featured in Figure 57. Consistent with the preliminary hypothesis,
astrocytes overexpressing the mutant variant of GPRC5B did not show VCAM-1
increased levels, contrarily to what happened in astrocytes overexpressing the WT
version. Thus, our data supported the idea of a Fyn-dependency of the mechanism by

which GPRC5B induces VCAM-1.

CONTROL GPRC5B O/E GrRCoS
Y383F O/E
- +TNFa - +TNFa - +TNFa
130 -
Anti-VCAM-1
95 -
55 - Anti-Tubulin
35 -
Anti-GPRC5B

Figure 57. VCAM-1 upregulation induced by GPRC5B is dependent on Fyn activity. Overexpression
of GPRC5B Y383F variant using adenoviral particles does not upregulate VCAM-1 signal compared to the
effect of the overexpression of WT GPRCS5B, as revealed by western blot experiments. Elicited VCAM-1
levels in Y383F overexpression corresponded to the obtained levels in untreated control astrocytes. 30 pg
of total protein extracts from each group were loaded in 10 % gels. Data is representative of three
independent experiments.

1.3.2 MLC1 Modulates GPRC5B-Mediated VCAM-1 Upregulation
Once we showed that results available in the literature for immortalized endothelial cells
are valid for primary astrocytes, we wanted to address whether MLC1 and/or Glial CAM

are involved or affect this signaling pathway. In this regard, previous works by our

151



research group pointed out that ERK signaling is downregulated in astrocytes by the
overexpression of human MLC1, while ERK phosphorylation is enhanced in MLC1 KO
cells (Elorza-Vidal et al., 2018). Furthermore, MLC1 was found to be inhibiting of NF-
kB and ERK phosphorylation in astrocytoma (Brignone et al., 2019). Therefore, we
hypothesized that MLC1 would be having a negative modulatory effect on GPRC5B
activity. Taking all these data into account, we hypothesized that MLC1 would likely be
bound to GPRCS5B in the plasma membrane, clustering the receptor and thus hampering
its ability to initiate downstream signaling. In turn, this would reduce GPRC5B induction

of VCAM-1 upregulation.

To evaluate this hypothesis, we continued working with our astrocytic primary culture
system. Thus, we incorporated the test groups of combined overexpression of GPRC5B
and human MLCI1. The results for this experiment appear on Figure 58. In these
experiments, we saw a reduction of VCAM-1 upregulation in untreated astrocytes that

were overexpressing the combination of human MLC1 and GPRCS5B.

+ GPRC5B
CONTROL + GPRC5B +MLC1

- +TNFa - +TNFa - +TNFa

130-

55 - Anti-Tubulin

35- Anti-GPRC5B

28 -

Figure 58. MLC1 modulates GPRC5B-induced VCAM-1 overexpression in primary astrocytes.
Combined overexpression of GPRC5B and MLC1 using adenoviral particles results in lower VCAM-1
upregulation compared to the effect of the overexpression of WT GPRCS5B alone, as revealed by western
blot experiments. 30 pug of total protein extracts from each group were loaded in 10 % gels. Data is
representative of three independent experiments.
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To further analyze this experiment, we measured the elicited VCAM-1 protein levels for
the obtained groups. Using ImagelJ software, we measured relative intensity of VCAM-1
WB bands, together with the corresponding Tubulin signal as loading controls. We
established a ratio between the two measurements to normalize the obtained values for

each group.

The results of this analysis are shown in Figure 59. With this quantification we were able
to validate the statistical significance of VCAM-1 upregulation in TNF-a-treated cells,
the induced upregulation by GPRCS5B overexpression, and the lack of expression
provoked by the Y383F GPRCS5B mutant. This latter observation would confirm that the
upregulation is dependent on Fyn activity. Last, we could validate at a quantitative level
the negative modulatory effect of MLC1 on GPRC5B-induced of VCAM-1 upregulation.
Evoked VCAM-1 levels were around half of VCAM-1 levels induced with TNF-a
treatments on rat primary astrocytes. At the same time, observed differences between

control VCAM-1 levels and those showed in this group were not statistically significant.

VCAM-1 Upregulation
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Figure 59. MLC1 exerts negative modulation on GPRCSB induction of VCAM-1 expression. As
revealed by Image] software analysis for protein quantification, numeric protein abundance data
corresponded to what was observed at a qualitative level. GPRC5B overexpression elicited similar VCAM-
1 expression levels compared to TNF-a treatment in control astrocytes. On the other hand, GPRC5B Y383F
mutant resembled the phenotyp observed for untreated control astrocytes. Combined overexpression of
GPRC5B and hMLCI1 decreased the induced VCAM-1 levels. Represented data is the intensity folds of
normalized VCAM-1 signal respect control levels. Data comes from three independent experiments.
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Statistical analysis was assessed using One-way ANOVA with Tukey’s Multiple Comparisons Test. * p <
0.05, ** p <0.01. Statistical significance corresponds to the comparison with control VCAM-1 levels.

1.4 G-PROTEIN-ALFA-12/13 AND G-PROTEIN-ALFA-I ARE INVOLVED IN
GPRC5B DOWNSTREAM SIGNALING

Our experiments seemed to support a modulatory effect of MLC1 on GPRC5B signaling
via Fyn, but we reasoned that GPRC5B could be displaying signaling activities through
other pathways relevant to astrocyte homeostasis. In fact, some authors had published a
study that linked GPRC5B downstream activity to G-protein-12/13, which also
highlighted its relevance in neuronal differentiation occurring in the developing mouse

neocortex (Kurabayashi et al., 2013).

With the aim of better understanding signaling activities performed by GPRC5B, we
engaged in the in vitro characterization of several pathways that had previously been
related to the receptor. In this project, we worked together with my PhD student colleague

Laura Ferigle.

A first line of research tried to reproduce in vitro what had been observed for NF-xB
pathway and GPRCS5B described in the previous sections (Freundt et al., 2022). In the
experiments within this project, we used luc2P Reporter Vector with NF-kB Response
element from Promega (#E8491) in assays on HEK293T cells. The idea was to achieve
successful monitorization of NF-xkB stimulation by GPRCS5B through transient
transfection of the cells, to afterwards replicate in vitro the modulatory effect by MLC1
on this GPRC5B stimulation of NF-kB pathway. Having established that, this assay
would serve as a screening system for potential signaling partners or proteins participating
in these processes linked to MLC pathophysiology. Unfortunately, we could not make
this system work because we suffered technical difficulties. In our experiments, we
observed that this sensitive was extremely sensitive to cell state, background activity was
very high, and negative controls / empty vectors already elicited even higher responses.

Hence, we were forced to give up this project.

The second in vitro model we tested was the monitorization of this Gi2/13 downstream
activity of GPRCS5B. To this end, we used specific G-protein constructs for NanoBiT
system, in HEK293T cells. Additionally, we were interested in analyzing potential

impacts of Glial CAM/MLCI1 on the modulation of these signaling processes.
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Figure 60. MLC1 modulates GPRC5B interacion with G12/13 in vitro. GPRC5B interacts with G, (but
not other G-proteins) in vitro, as revealed by NanoBiT experiments performed on transfected HEK293T
cells. However, this interaction is decreased to baseline levels upon co-transfection of NanoBiT constructs
and MLCI. This effect is partially observed for GlialCAM and a bit less in Glial CAM/MLCI1 at equimolar
expression using E2A plasmids. Data comes from three independent experiments. Statistical analysis was
assessed using One-way ANOVA with Bonferroni Multiple Comparisons Test. * p < 0.05, **/## p < 0.01,
Rk p < 0.001. * Statistical significance corresponds to the comparison with GPRC5B-smallBiT +
longBiT group, # Statistical significance corresponds to the comparison with GPRC5B-smallBiT + G2
longBiT group. EV = empty vector, GEM = GlialCAM E2A MLCI, sm = smallBiT.

As shown in the experiment depicted in Figure 60, we confirmed that NanoBiT system
could reproduce specific Gq12 binding to GPRC5B. We used Gi, Gs, and Gq as controls.
The unexpected results were that G; also interacted with GPRC5B. Moreover, we tested
whether MLC1 or GlialCAM were interfering with this interaction. We observed that the
binding of GPRC5B and Gqi12 was largely reduced when MLC1 was co-expressed. The
differences observed were much lower in the groups of GPRC5B — Gg12 co-expression
with Glial CAM, and even less pronounced for the co-expression with Glial CAM/MLC1
at equimolar concentrations. However, in all cases the differences regarding GPRC5B-
Gq12 binding were statistically significant. In conclusion, this experiment supported our
hypothesis for the ability of MLC1 to cluster GPRCS5B and disrupt its signaling activity

via Ga12/13.
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2. MOLECULAR BASIS FOR THE PATHOGENICITY OF
PATIENT-DERIVED MUTATIONS LOCATED IN GLIALCAM
IGC2 DOMAIN INVOLVE GPRCSB. ESTABLISHMENT OF
GLIALCAM HOMOPHILIC LATERAL INTERACTIONS
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As already developed in the introduction of this thesis, Megalencephalic
Leukoencephalopathy with Subcortical Cysts (MLC) is a rare genetic disorder. 25 % of
the patients bear mutations in the GLIALCAM gene (Lopez-Hernandez et al., 2011a,
Ridder et al., 2011). From a clinical standpoint, two different phenotypes can be observed
in MLC patients: the classic phenotype (responsible for MLC2A subvariant if the affected
gene is GLIALCAM), and the benign or remitting phenotype (responsible for MLC2B
subvariant if the affected gene is GLIALCAM).

The classic phenotype is due to recessive mutations, whereas the remitting phenotype is
due to dominant mutations. Most missense mutations do not alter protein expression, but
rather the subcellular localization of GlialCAM at cell-cell junctions (Arnedo et al.,

2014a, Lopez-Hernandez et al., 2011b).

Among the identified disease-causing mutations in GLIALCAM, the only two missense
mutations that affect residues located at Glial CAM IgC2 domain are p.Ser196>Tyr and
p-Asp211>GIn. However, biochemical characterization of these GlialCAM variants
showed that their phenotype differs from the mentioned for most missense mutations.
These mutant proteins do not show reductions in protein expression, nor localization
defects at cell-cell junctions (Lopez-Hernandez et al., 2011a, Lopez-Hernandez et al.,
2011b). In addition, they interact with both MLC1 and CIC-2. Regarding their interaction
with CIC-2, they keep the ability of the WT protein to induce changes in the gating of the
channel when the two proteins interact at cell-cell junctions in depolarizing conditions
(Arnedo et al., 2014b). We were not able to observe a pathologic phenotype for these

mutations.

Other ongoing projects from our group showed that the lack of MLCI1 leads to Glial CAM
mislocalization, both in MicI”" mice (Hoegg-Beiler et al., 2014) and in an MLC patient
(Sirisi et al., 2014). However, we had also been unable to replicate this phenotype in our
in vitro model of primary astrocytes from MlcI”" mice, where GlialCAM protein was
localized at the plasma membrane. At this point, we hypothesized that we lacked the
stimulus that is present in vivo that could trigger the phenotype. With this aim, former
researchers from our group treated these primary cultures with a potassium-enriched
solution that would mimic the context of high neuronal activity found in vivo. These
experiments were successful and the mislocalization of GlialCAM was shown (Sirisi et

al., 2014).
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Thus, we tried to characterize GlialCAM variants S196Y and D21IN for this
internalization phenotype in MlcI”"-derived primary astrocytes upon incubation in high
extracellular potassium concentrations. These experiments showed that the localization
of both variants was not altered in these conditions (Figure 61). For the first time, we
could see a defective phenotype for these mutations. These variants showed resistance to

internalization in the absence of Mlc1 expression.

Physiological High potassium

Wild-type Mic1-"- Wild-type Mic1~~

+ GlialCAM .
p.S196Y Flag + GlialCAM-Flag

+ GlialCAM
p.D211N Flag

Figure 61. Patient-derived MLC-causing mutations in GlialCAM IgC2 domains always localize at
cell-cell junctions. Overexpression of p.S196Y and p.D211N Glial CAM variants in mouse WT astrocytes
or Mlcl” astrocytes reveals proper localization of both variants at cell-cell junctions (marked with
arrowheads), which show WT-like behavior. However, both variants are defective for internalization upon
conditions of increased potassium concentrations. While WT protein is internalized (labeled with an
asterisk), both GlialCAM IgC2 mutants maintain their subcellular localization in depolarizing conditions.
Modified from (Arnedo et al., 2014b).

However, we did not know how this phenotype led to disease. Our information up to this
point indicated that Glial CAM IgC2 domain was not essential for the intracellular traffic

of Glial CAM. At the same time, the domain did not seem to be involved in the interaction
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with Glial CAM molecular partners. In this thesis, we tried to understand the mechanism

by which this ‘gain-of-function’ MLC-causing mutations are pathogenic.

2.1 GLIALCAM IGC2 DOMAIN IS RELEVANT FOR PROTEIN LOCALIZATION

First, we wanted to confirm that I[gC2 domain is indeed not important in the normal traffic
of GlialCAM. We assessed that by heterologous expression of the Flag-tagged WT
protein and modifications of the Glial CAM protein lacking IgV or IgC2 domain (Figure
62). While the WT protein appeared concentrated at cell-cell junctions with a proportion
of 60 %, both the lack of IgV domain or the lack of IgC2 domain compromised this
property and reduced it to almost 0. The experiment was carried out by Flag-

immunolabeling in transiently transfected HeLa cells. The Flag tag from each protein was

detected by means of ICC.
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Figure 62. IgC2 is necessary for the localization of GlialCAM protein at cell-cell junctions. A
Schematic representation of the DNA constructs lacking either IgV (AlgV construct) or IgC2 (AIgC2)
domain used in ICC assays. B Graph showing the proportion of cells displaying each of the analyzed
GlialCAM constructs at cell-cell junctions. C Representative IF images of HeLa cells expressing WT
GlialCAM or AlgC2 GlialCAM protein. Left GlialCAM at cell-cell junctions, right diffuse GlialCAM
pattern. Detection of the protein was directed against the Flag tag. Data comes from 3 independent
experiments. Unpaired Student’s multiple comparison tests were used for statistical analysis. *** p <0,001.
Scale bar = 20 um. Modified from (Capdevila-Nortes et al., 2015)
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Contrary to what we had hypothesized, IgC2 domain is essential for proper Glial CAM
function and behavior. Thus, we wanted to characterize more GlialCAM mutations
encoding for amino acids within IgC2 domain, to improve our understanding of IgC2
function. However, very few mutations identified in patients for GLIALCAM encode for
residues located at Glial CAM IgC2 domain. Since GlialCAM had been described to be
altered in some cancers (Moh et al., 2008), we decided to look up for candidate residues
in the COSMIC (Catalogue of Somatic Mutations in Cancer) database. There, we
retrieved a list of all described mutations for HEPACAM in cancer. Based on the
properties of the mutated residues, we selected four candidate mutations/residues of

interest (Figure 63).

5196

Figure 63. Selected COSMIC mutants for GlialCAM IgC2 domain Residues T165, D198, K200, and
R206 were featured in COSMIC database. We selected these residues based on the biochemical properties
of the amino acid encoded by the mutant codon. The figure also features residues that are involved in
patient-derived mutations (R73, K135, P148§, S196).

The selected mutations were p. Thr165>1le (also T165I in this work), p.Asp198>Lys (also
D198K), p.Lys200>Asn (also K200N), and p.Arg206>Cys (also R206C). We designed
and cloned GLIALCAM coding sequences for each of them, to be able to express them in
HeLa cells and characterise the variants. The final constructs included a Flag molecular
tag. We expressed them in HeLa cells and performed the same ICC assays against Flag

epitope. Results are depicted in Figure 64.
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GlialCAM COSMIC mutants

% cells with GlialCAM
at cell-cell junctions

Figure 64. Biochemical characterization of GlialCAM IgC2 COSMIC mutants. COSMIC mutants
were defective for localization at cell-cell junctions compared to the WT protein, as revealed by
Immunofluorescence assays detecting the FLAG molecular tag attached to GlialCAM variants. Data is
representative of two to three independent experiments. Ordinarye One-way ANOVA with Tukey’s
Multiple comparisons test was carried out for statistical analysis. * p <0.05, ** p <0.01.

GlialCAM WT protein locates at cell-cell junctions with a rate of close to 60 % out of the
total amount of analyzed cells. All mutants were defective for this phenotype, being the

mutant R206C the one suffering the biggest decrease.

These results confirmed that IgC2 is important for the localization of Glial CAM at cell-
cell junctions. Nonetheless, Glial CAM variants for patient-derived mutations did not
show a phenotype of mislocalization in vitro. Hence, we decided to generate a Knock-in
(KI) mouse model for one of these mutations, GlialCAM p.Ser196>Tyr. The model
would allow us to decipher whether in vivo this variant is properly localized. On the long
term, we would also be able to confirm whether the mutation leads to a vacuolizing

phenotype in KI animals.

2.2 GENERATION OF AN ANIMAL MODEL OF GLIALCAM IGC2 PATIENT-
DERIVED MUTATION: P.SER196TYR KNOCK-IN MOUSE MODEL

To develop the mouse model for p.Ser196>Tyr KI, we worked with the Transgenic
Animal Unit (UAT, Unitat d’Animals Transgenic) in Autonomous University of

Barcelona (UAB, Universitat Autonoma de Barcelona). Our goal was to establish it using
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CRISPR/Cas9 technology. Also, for the animal housing, as well as histological and future
behavioural studies on these animals, we collaborated with the research group led by Dr

Assumpcié Bosch.

The general workflow of this facility for KI generation consists in the microinjection of
DNA in Embryonic Stem Cells (ESCs) plus injection of blastocysts using CRISPR/Cas9
system. The technique requires the design of short guide RNA (sgRNA), single-stranded
oligodeoxynucleotides (ssODNs), and the election of the Cas9 protein. Briefly, sgRNA
is the specific RNA sequence necessary for the binding for Cas9 activity while it contains
the nucleotide spacer that defines the genomic target to be modified. This spacer is around
20 nucleotides long, usually. On the other hand, ssODNs are the homology-directed repair
(HDR) template DNA sequence that we design to be introduced after the targeted double
strand break by Cas9. The advantage of ssODNSs is that they have been reported to be one
of the most efficient donor systems for successful recombination in mammalian cells
(Yoshimi etal., 2016, Wu et al., 2013). A visual and schematic summary of the procedure

is featured in Figure 65.
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Figure 65. Generation of a Knock-in (KI) mouse model by CRISPR/Cas9 mediated by Homology-
directed repair (HDR). The guide RNA is injected in the embryo, together with the Cas9 and ssODNs.
The combination of the three elements allows for a non-mosaic mutant model with directed amino-acid
substitution. Extracted from (Ma et al., 2017).
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The sgRNA needed to be designed considering that HEPACAM p.Ser196>Tyr mutation

is located in the exon 3. Its sequence is listed below:

5'TGCCCATTTCAAGGCCGCAGGTATTAGTGGCTTCAACCACTGTGCTGGAG
CTCAGTGAGGCCTTCACCCTCAACTGCTCCCATGAGAATGGCACCAAGCCTA
GCTACACGTGGCTGAAGGATGGCAAACCCCTCCTCAATGACTCCCGAATGC
TCCTGTCCCCTGACCAAAAGGTGCTCACCATCACCCGAGTACTCATGGAAG
ATGACGACCTGTACAGCTGTGTGGTGGAGAACCCCATCAGCCAGGTCCGCA
GCCTGCCTGTCAAGATCACTGTGTATA3’

Among the different possibilities, in collaboration with UAT service we decided to design
an antisense sgRNA to the underlined sequence. The sequence was the following:
5’ GTGAGCACCTTTTGGTCAG3". Also, to design the ssODN, the whole exomic
information was relevant. The codon highlighted in bold within the sequence (TCC) was

changed to TAC to confirm the missense mutation and encode for Tyrosine.

With this design, UAT facility injected this CRISPR/Cas9 system into ESCs and
blastocytes for the generation of non-mosaic animals (FO). Then, animals were to be
genotyped in search of homozygous animals that would allow for the establishment of a

homozygous line.

Genotyping of the animals was performed by PCR amplification of DNA extracted from
the tail of the animals. The amplified DNA fragment was 540 bp long. To screen for
homozygous animals for the KI missense mutation, Rsal restriction enzyme was used. In
Figure 66, we see a first round of screened animals. While the whole DNA was 540 bp,
digested WT DNA would give a pattern of fragments consisting of three bands (268 bp,
249 bp, 23 bp), and digested KI DNA would give a pattern of four bands (268 bp, 215 bp,
34 bp, 23 bp). The agarose gel with the extracted DNA further digested with the enzyme
revealed only one clear candidate for being homozygous for the KI (animal 90), whereas
two animals seem to be heterozygous (animals 91 and 95) Figure 66. Complementary

gels were prepared to better decipher the low molecular weight bands (not shown).
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Figure 66. Screening of F0 animals for GlialCAM KI generated by CRISPR/Cas9. Rsal-digested DNA
samples obtained from the animals were loaded in an agarose gel for low molecular weight samples. DNA
coming from a homozygous KI animal would give a pattern of 268 bp, 215 bp, 34 bp, and 23 bp. Only
animal 90 fits the pattern. 91 and 95 are candidate for heterozygous carriers. Samples for each animal were
loaded undigested and digested (lanes represented as X and Xd, where X stands for animal number and d
for digested).

Animal 90 was confirmed to be heterozygous after DNA sequencing. This animal would
be further bred to establish the animal line. Analyzing the offspring between putative
homozygous KI animals with WT animals also leads to confirmation of the animals being

bred, based on the percentage of animals displaying each phenotype.

At the time this thesis is being written, the line has been successfully established and it is
fertile, giving enough homozygous offspring. We still do not have animals old enough to
proper screen for vacuole formation, which is developed at an animal age of around 12
months. Nonetheless, we performed Hematoxylin-Eosin stainings (HE) on cerebellar
slices from KI animals at 6,5 months of age, as an intermediate timepoint. The results of
the histological analysis are depicted in Figure 67.

Mean: 0.2% Mean: 5.8% Mean: 10.7% 1.2%
WT Mic1+ Glialcam™ GlialcamSer196Tyr

Figure 67. Glialcam KI mouse seems to develop vacuoles in slices of the cerebellum. HE stainings
performed on slices of WT, Micl”, Glialcam™, and Glialcam®"'?*"" animals at 14 months of age, except
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for KI mice which were 6,5 months old. Animals lacking Glialcam display the most vacuole formation,
whereas animals lacking Mic! display barely half the number of vacuoles. The analyzed animal for KI
genotype already displayed vacuoles, but the percentage is still not comparable to the other groups due to
lack of age equivalence. Experiments performed in collaboration with Alejandro Brao, PhD student from
Dr Assumpci6 Bosch group.

Although it is important to highlight that only one animal was analyzed, it did show
observable and clear vacuoles already formed. We would expect this phenotype to be
even more progressed had the animal arrived at the year of age. Nonetheless, we cannot
predict the percentage of white matter affected at 12 months of age based on these results.
If they were to be repeated, we would confirm that the KI animal is a proper model for

the study of the phenotype and pathophysiologic mechanisms underlying MLC disease.

Furthermore, we used the cerebellar slices for KI animals at this time point of 6,5 months
of age to analyze the potential effect of the KI mutation on the physiology and biology of
MLC-related proteins can be assessed before this timepoint. To do that, we performed
immunofluorescence (IF) assays. In this regard, the localization of MLCI1, CIC-2 and
GlialCAM in Bergmann Glia in the cerebellum of a KI animal are featured in Figure 68.
The experiment reveals proper localization for all proteins. Therefore, they support the
idea that GlialCAM patient-derived IgC2 mutations are not defective for protein
localization at cell-cell junctions, and the pathogenic mechanism does not include the
mislocalization of any of the proteins within the ternary complex we described in previous

publications (Sirisi et al., 2017).
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Figure 68. MLC1, CIC-2 and GlialCAM are properly localized in the Bergmann Glia of KI animals.
Inmunofluorescence assays on cerebellar slices from GlialCAM p.Ser196>Tyr KI mice at 6,5 months of
age reveal that all three proteins display the same localization in Bergmann Glia as happens in WT animals,
as previously published (Hoegg-Beiler et al., 2014, Lopez-Hernandez et al., 2011a). Thickness of tissue
sections = 12 pm. Scale bar = 100 pum. Experiments performed in collaboration with Alejandro Brao, PhD
student from Dr Assumpcié Bosch group.

2.3 GPRC5B ACTIVITY MODULATES GLIALCAM ENDOCYTOSIS

Previously in this section, we reviewed the GlialCAM phenotype observed in primary
astrocytes: WT GlialCAM protein is mislocalized upon incubation in depolarizing
conditions in cells obtained from Mlc1”- animals. In line with these results, simultaneous
ongoing experiments carried out by Dr Xabier Elorza Vidal made uncovered that
GPRCS5B overexpression induces GlialCAM endocytosis in the absence of MLCI1 in
depolarizing conditions, in primary astrocytes obtained from Mlcl”- animals (Figure 69).
Since the observed phenotype for Glial CAM matched in the two situations, we reasoned
that these two processes might be connected. Thus, we hypothesized that GPRC5B could
be participating in the induction of GlialCAM endocytosis. Moreover, we thought that
GPRCS5B could be interacting with GlialCAM, and that this complex would be

endocytosed for signaling.
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Micl WT Micl KO
Figure 69. GPRCS5B leads to Glial CAM endocytosis in the absence of MLC1. WT GlialCAM is localized
at cell-cell junctions in primary astrocytes, both in WT astrocytes (upper left panel) and in Mic1” astrocytes

Control

+ GPRC5B

(upper right panel). When GPRCS5B is overexpressed using adenoviral constructs, however, Glial CAM is
internalized in the absence of MLC1 (lower right panel), but not in WT cells (lower left panel). Images are
representative of three independent experiments. Scale bar = 20 pm. Experiments performed by Dr Xabi
Elorza Vidal.

We tested this hypothesis in vitro. We expressed the patient-derivad GlialCAM variants
in HeLa cells, both alone and in combination with GPRC5B. We analyzed the cells by
ICC detecting the Flag tag attached to each GlialCAM construct. As we can see in the
results plotted in Figure 70, the internalization of neither of the GlialCAM mutated
proteins could be induced by GPRC5B, unlike what happened for the Glial CAM WT
protein. Importantly, the experiments confirm that all proteins reach the plasma
membrane and behave normally. The only observed difference in phenotype was this

resistance to endocytosis.
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Figure 70. GPRC5B does not induce internalization of GlialCAM IgC2 variants. Immunofluorescence
assays on transfected HeLa cells showed that GPRC5B induces the internalization of WT GlialCAM
protein, but not of patient-derived GlialCAM IgC2 mutant variants. The graph shows the phenotype of
Glial CAM enrichment at cell-cell junctions for each variant, either alone or in co-expression with GPRC5B.
The values expressed are percentage of localization in relation to the control WT Glial CAM protein. Data
comes from three independent 4 to 7 independent experiments. Statistical analysis was performed as One-
way ANOVA with paired comparisons (Sidak’s multiple comparisons test) between the two conditions for
each variant. ** p <0.01, ns = not significant. Experiments performed in collaboration with Laura Ferigle.

One interpretation to these results could have been a lack of interaction between the tested
GlialCAM variants and GPRC5B we analyzed whether Glial CAM S196Y and D211N
variants can interact with GPRC5B, to confirm the specificity of the obtained information.
We approached this idea by means of Split-TEV assays, which are summarized in Figure

71.
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Figure 71. GlialCAM S196Y and D211N variants are not defective for their ability to interact with
GPRCSB. Split-TEV assays analyzing the ability of Glial CAM IgC2 patient-derived variants to interact
with GPRC5B in transfected HeLa cells. Data indicates the average percentage of interaction shown by
each protein related to the interaction showm by GlialCAM WT protein. Empty vector ‘pcDNA6.2TK” and
4F2 were used as control groups. Data comes from three independent experiments. Statistical significance
was addressed by One-way ANOVA with Bonferroni post-test. ns = not significant, *** p < 0,001.
Experiments performed by Dr Marta Alonso Gardon.

Since GlialCAM IgC2 mutants maintain direct interactions with GPRCS5B, our data
supports the idea of GPRC5B actively playing a role in the endocytosis of Glial CAM
protein. In this regard, Glial CAM IgC2 patient-derived mutants would be resistant to the
induction of GPRC5B-mediated internalization. However, we wanted to understand how

these mutations confer resistance to endocytosis to Glial CAM protein.

2.4 LATERAL INTERACTIONS BETWEEN ADJACENT GLIALCAM IGC2 DOMAINS
LEAD TO GLIALCAM OLIGOMERIZATION

As a result of our established collaboration with Dr Juan Fernandez-Recio, a
bioinformatic model of the extracellular region of the Glial CAM dimer was available in
our lab. This model was obtained in two stages. First, a monomer model was genereated
by homology modeling based on CAR protein due to its homology with Glial CAM. Then,
a docking modeling was applied using the monomer model. After both processes,

biochemical experiments were performed to validate the models. This allowed for the

171



optimized final Glial CAM homo-dimerization model, featured it in one of our published

works (Elorza-Vidal et al., 2020).

A closer examination of this model for this thesis made us realize that the residues
encoded by both patient-derived mutations are located in each of the two outward-facing
a-helices contained in GlialCAM IgC2 domain. In the literature, some authors described
the property of other similar IgCAMs to form zipper-like structures through lateral
interactions between IgC2 domains (Kamiguchi and Lemmon, 2000). Based on this
feature together with the importance of cis- and trans- interactions for Glial CAM (Elorza-
Vidal et al., 2020), we hypothesized that IgC2 domain in GlialCAM could also be
responsible for lateral interactions essential for GlialCAM oligomerization, necessary for
the correct function of the protein. Hence, we reasoned that these a-helix motifs might be

involved in these putative lateral interactions.

To address whether Glial CAM IgC2 domains show lateral interactions to form oligomeric
structures, we engaged in mutagenesis studies. The first of the two helices will be referred
in this manuscript as a-helix 1. It comprises residues from 191 to 196. The second,
referred to as a-helix 2, is smaller and comprises residues from 209 to 211. The detailed
list of the residues that conform these two motifs is in Figure 72, whereas the models for
predicted lateral interactions and the position of the residues conforming both a-helices

are featured in Figure 73.

Serine 191 Leucine 194 Methionine 209
Arginine 192 Leucine 195 Glutamic acid 210
Methionine 193 Serine 196 Aspartic acid 211

Figure 72. List of residues candidate for lateral interactions from the two outward-facing IgC2 a-
helices.

Specifically, our experimental approach was to design individual Glial CAM mutants for
each amino acid to replace it with a cysteine. The idea was to assess whether any of the
newly introduced residue is close enough to its counterpart in the adjacent IgC2 domain

to establish disulfide bonds. These experiments are also known as cross-linking assays.
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Figure 73. GlialCAM IgC2 motifs hypothesized to be establishing lateral interactions. A Model for
Glial CAM zipper-like structures and oligomer formation via IgC2 lateral interactions (red box). B Zoom
of the two a-helices displaying the selected residues as colored spheres. Arrows point at residues that are
originally affected in patient-derived mutations (S196Y, D211N).

Our aim was to characterize the phenotype for these Glial CAM mutants by means of ICC
and WB. WB experiments were also carried out in the absence of reducing conditions to
ensure integrity of putative disulfide bonds. In addition, protein extracts were split in two
groups and loaded in separate polyacrylamide gels. In one of the groups samples were
treated with DTT as a strong reducing agent, in order to determine the specificity of
dimers that could appear in the untreated samples provided that cysteine mutants formed
lateral interactions as hypothesized. Interestingly, specific dimers appeared in cysteine
mutants in both helices. Among them, the more evident residues were Ser191, Argl92
(a-helix 1) and Glu210 (a-helix 2). However, almost all cysteine mutants suggested to be
establishing disulfide bonds as revealed by the membrane in which untreated protein was

detected (Figure 74).
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Figure 74. GlialCAM IgC2 cysteine mutants from o-helix 1 and a-helix 2 form cross-links. Dimeric
structures could be observed for most of the cysteine mutants transfected in HeLa cells, as revealed by
western blot experiments. 30 pg of cell protein samples were loaded in a 7,5 % gel. Samples were split in
two groups, one of which further treated with DTT 100 mM and heated at 95°C. This step was aimed at
ensuring specificity of dimeric structures. E86C variant was used as positive control for specific cross-link
formation, as it had been previously validated in the lab. Dimer formation (ca. 145 kDa) was confirmed for
variants S191C, R192C, E210C, and D211C. For all experiments, detection was directed against the FLAG
tag of the variants. Actin (35 kDa) was used as a loading control. Data comes from three independent
experiments. Experiments performed in collaboration with Dr Efren Xicoy Espaulella.

Interestingly, this had a moderate correlation with what we could observe in
immunofluorescence assays. Glial CAM mutants S191C, R192C, E210C and D211C
showed an increase in the proportion of cells displaying the phenotype of enrichment at
cell-cell junctions for the Flag-tagged protein detected in transiently transfected HelLa
cells. However, only the mutant S191C did so in a statistically significant manner, with

over 90 % of the cells displaying the Glial CAM protein targeted at junctions (Figure 75).
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Figure 75. Glial CAM Cysteine-mutants that show dimerization appear enriched at cell-cell junctions.
The graph shows the percentage of cells displaying each of the tested GlialCAM variants at cell-cell
junctions, as revealed by Immunofluorescence assays detecting the FLAG molecular tag attached to
GlialCAM mutants. Data corresponds to the mean for each group, together with SEM. Statistical
significance was addressed by One-way ANOVA with Bonferroni post-test. Data comes from three
independent experiments. p<0,05. Experiments performed in collaboration with Dr Efren Xicoy Espaulella.

2.5 RESISTANCE TO ENDOCYTOSIS AS A PROPOSED MECHANISM FOR
GLIALCAM IGC2 MUTATIONS PATHOGENICITY

Next, we wanted to find out whether this phenotype was accompanied by resistance to
internalization in primary astrocytes, as occurring with disease-related GlialCAM
variants. We generated adenoviral constructs for the GlialCAM variants that were more
evidently forming dimeric structures, as revealed by WB experiments. Indeed, we
generated the constructs for GlialCAM S191C and GlialCAM E210C and used them to
infect primary cultured astrocytes. We wanted to address whether these mutants were
perfectly localized at cell-cell junctions even after treatment with a potassium-enriched
solution, as was described to happen in the constructs for the patient-derived Glial CAM

variants.

The results confirmed such functional link. As Figure 76 shows, the control group of WT-
Infected MlcI”" primary astrocytes showed GlialCAM internalization after treatment with
depolarizing solution. Mutant S196Y was used as a control, and it was observed to be
resistant to this internalization, as expected. Interestingly, the same occurred for the two

cysteine-mutants. Therefore, these experiments confirmed that an abnormal/gain-of-
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function-like stabilization of oligomeric structures at the plasma membrane is linked to

the phenotype of the disease.

Micl WT Micl KO

GlialCAM WT
3XFLAG

GlialcCAM
S191C
3XFLAG

GlialCAM
E210C
3xFLAG

GlialcCAM
S196Y
3XFLAG

Figure 76. GlialCAM IgC2 o-helix Cysteine-mutants behave like MLC-derived mutant variants.
GlialCAM variants S191C and E210C were overexpressed in mouse primary WT astrocytes or Mlcl”
astrocytes. In a context of high potassium concentration, both variants were defective for internalization.
This behavior corresponded to what had been observed for S196Y patient-derived mutant, here used as a
control. In these conditions, WT protein is internalized in KO astrocytes, while Glial CAM [gC2 mutants
maintain their subcellular localization. Images are representative of three independent experiments.
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Combined, all the new information on cysteine-mutants in I[gC2 was a big advance in our
understanding of the role of I[gC2 domain since it seemed to indicate that our hypothesis
of Glial CAM IgC2 forming lateral interactions with adjacent molecules would be correct.
At the same time, the experiments with these mutants in our in vitro model of primary
astrocytes established that the cross-linked, oligomeric variants of Glial CAM show the

same phenotype that patient-derived mutations confer to Glial CAM.

We collaborated again with Dr Juan Ferndndez-Recio to further refine a model for
GlialCAM interactions in the plasma membrane that considered these new experimental
restrictions (lateral IgC2 interactions through the identified structural proximity of
residues of adjacent a-helices). We hoped to obtain a model that would optimize our
understanding of the pathogenicity of the patient-derived mutations at a

structural/functional level. The results of this approach are depicted in Figure 77.

Top view

Figure 77. Model for GlialCAM oligomerization at the plasma membrane considering IgV cis- and
trans- interactions, as well as IgC2 lateral interactions.
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The analysis of this model revealed that both mutant residues have a characteristic in
common regarding their structural localization within the GlialCAM oligomerization
surface. While S196Y residue is pointing at K185, D211N finds itself in a region of
negative charges. Therefore, the replacement of a serine for a tyrosine residue is likely
creating a de novo cation-pi bond. On the other hand, the loss of a negative charge in
when Aspartate is substituted by Asparagine could be having a similar effect by a
reduction of electrostatic repulsion forces. A model representing this hypothesis is

represented in the following Figure 78.

Figure 78. Proposed mechanism underlying pathogenicity of MLC-causing GlialCAM IgC2
mutations. A interaction interface between adjacent a-helix motifs from oligomerizing GlialCAM
molecules. Serine residue 196 (S196) is in close proximity with Lysine residue 185 (K185). B Since Lysine
is a positively charged amino acid, the replacement of S196 for Tyrosine provides negative electrostatic
potential to the residue. Hence, a cation-pi bond would be established between the abnormal Tyrosine
residue and the Lysine residue, thus resulting in the stabilization of the structure. This gain of function
would be preventing the physiological lability of GlialCAM oligomeric structures, which would be
necessary for its signaling-related endocytosis.
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3. PHOSPHORYLATION EVENTS AND SIGNALING PATHWAYS
MODULATE MLC-RELATED CHLORIDE CHANNELS VRAC
AND CLC-2
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3.1 GPRC5B MODULATES VRAC ACTIVITY VIA FYN KINASE

Brain biopsies of MLC patients reveal white matter vacuolation (Duarri et al., 2011).
Consistently, MRI studies in patients show increased water content (De Stefano et al.,
2001). In addition, both primary astrocytes and oligodendrocytes from Glialcam™ and
Milcl”" mice are swollen and vacuolated (Bugiani et al., 2017, Capdevila-Nortes et al.,
2013, Hoegg-Beiler et al., 2014). This data suggested that MLC patients suffer defects in
fluid homeostasis (Elorza-Vidal et al., 2018). Related, several studies reported that the
MLC1/GlialCAM complex is related to proteins that are relevant to these processes
(Estévez et al., 2018). In the literature, works by various authors show that VRAC activity
is compromised in patient-derived lymphocytes or monocytes, as well as primary rat
astrocytes with MLC1 or Glial CAM reduced expression (Capdevila-Nortes et al., 2013,
Dubey et al., 2015, Petrini et al., 2013).

As a research group, we were interested in assessing whether Glial CAM/MLCI1 complex
could be modulating VRAC activity via phosphorylation, since GlialCAM/MLCI1 do not
show direct interaction with VRAC. Indeed, we proved that MLC1 is correlated with two
phosphorylation events in VRAC accessory subunit LRRC8C. Also, we observed a
negative modulatory role for MLC1 on molecular pathways like ERK signaling in
primary astrocytes (Elorza-Vidal et al., 2018). The same was observed in astrocytoma,
together with the inhibition of NF-xB signaling (Brignone et al., 2019). These findings
are relevant because ERK has been involved in the activation of VRAC (Pedersen et al.,
2016). Thus, Glial CAM/MLC1 would be modulating signaling pathways that result in
regulation of VRAC.

Furthermore, one of the latest studies published by our group identified GPRC5B as a
member of the GlialCAM interactome (Alonso-Gardon et al., 2021). Specifically, we
found that the last experiments from this work aimed at establishing a functional
relationship between GPRCS5B activity and VRAC currents. What we found was that the
Gprc5b is essential for VRAC activation induced by hypotonicity in rat-derived primary
astrocytes (Figure 79). Indeed, patch-clamp experiments were performed in these cells
with or without GprcSb expression. Depletion of GprcS5b expression was obtained by

degradation of Gprcb5 mRNA using specific short hairpin RNA (sh Gprc5b).
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Figure 79. GprcSb activity is necessary for hypotonicity-induced VRAC activations in rat primary
astrocytes. Left panel Representative whole-cell recordings from control and GPRC5B-depleted rat
astrocytes showing VRAC currents evoked by voltage pulses (from —80 to +80 mV) before and after 5 min
of hypotonic stimulation. The protocol applied is depicted in between recordings. Middle panel Current-
voltage relationships from the same recordings. The curves show that current activation upon hypotonicity
was not statistically significant in GPRC5B-depleted astrocytes. Also, VRAC currents from these cells
were much smaller when compared with those of control astrocytes incubated in a hypotonic solution. Right
panel Quantification of the current measured at +80 mV for all groups. All featured whole-cell currents are
normalized by cell capacitance. ns, not significant, *P < 0,05, **P < 0,01. The number of experiments is
Control = 12, sh Gprc5b = 8.

Next, we wanted to elucidate the molecular mechanism by which GPRC5B regulation of
VRAC was taking place. We came across an article by Trouet and colleagues (Trouet et
al., 2001) that proposed that VRAC activity would be modulated by c-Src tyrosine kinase
targeted to caveolae. In this paper, the authors claimed that this inhibition is mediated by
direct interaction between SH domains from the kinase with VRAC. Interestingly,
GPRCS5B is known to signal via Fyn kinase (Kim et al., 2012), which is another Src
tyrosine-kinase. Therefore, we hypothesized that Fyn might be involved in the GPRC5B-
mediated modulation of hypotonicity-induced VRAC activity.

In this case, our hypothesis was that the lack of Fyn activation was responsible for the
lack of VRAC activation after a hypotonic stimulus in the absence of GPRC5B. We
intended to prove that using this GPRC5B mutant. If our hypothesis were true, the
heterologous expression of GPRCS5B Y383F variant (see section 1.3 of the results of this
thesis) would lead to the same effect as the lack of GPRC5B.

Again, we carried out patch-clamp experiments on rat-derived primary astrocytes to test
this hypothesis (Figure 80). A first surprise was that we could observe that the
overexpression of GPRC5B WT protein reduced VRAC currents. However, this effect
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was not seen for the overexpression of Y383F mutant. In conclusion, these results support

the idea that Fyn would be regulating the observed effect by GPRC5B on VRAC activity.
A Time-course of VRAC activation B Current quantification
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Figure 80. The overexpression of WT GPRCS5B, but not Y383F mutant, reduces VRAC currents after
hypotonic stimuli. A Time-course of VRAC activation. The graph features elicited VRAC currents at +80
mV in hypotonic conditions for 5 minutes, in one-minute intervals, for all experimental groups: control
uninfected astrocytes, GPRC5B overexpression (RAIG2 OE), GPRC5B Y383F overexpression (RAIG2
Y383F OE). B Comparison of the quantification of the currents measured at +80 mV after the first 5 minutes
after hypotonic stimulation for the same experimental groups All whole-cell currents shown are normalized
by cell capacitance. * p < 0,05. N = 11 (Control), 7 (RAIG2 OE), 8 (RAIG2 Y383F OE). Experiments
performed by Dr Aida Castellanos Esparraguera.

We reasoned that one possibility to explain these results would be the lack of interaction
of GPRCS5B Y383F mutant with VRAC. Therefore, we measured the ability of this variant
to interact with the main VRAC subunit, LRRC8A. To this end, we performed Split-TEV

experiments (Figure 81).
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Figure 81. GPRCSB mutant Y383F conserves the ability to interact with LRRCS8A, the main VRAC
subunit. A, B Split-TEV assays assessing the ability of GPRC5B Y383F to interact with LRRC8A in
transfected HeLa cells. Data indicates the average interaction folds for GPCR5B or GPRC5B Y383F related
to the baseline (interaction with the empty vector ‘pcDNA6.2TK’) from three independent experiments.
CIC-2 was used as a negative control. Statistical significance was addressed by One-way ANOVA with
Bonferroni post-test. ** p < 0,01, *** p <0,001.

We observed that the mutant variant does not lose WT GPRCS5B ability to interact with
VRAC. In the future, we will complement these experiments using Fyn inhibitors as well
as adenoviral constructs for the overexpression of two new mutants. One will be a Fyn
variant lacking enzymatic activity (K299M variant, (Kim et al., 2018), whereas the other
will be a GPRCS5B variant designed to enhance Fyn activity. Specifically, we cloned
Y383D variant to mimic a constitutive phosphorylated state of GPRC5B, that would in
turn be activating Fyn in a constitutive manner. This approach will allow us to determine
whether the effect of Fyn on VRAC activity is via phosphorylation or it is by direct

interaction, as described for c-Src (Trouet et al., 2001).

3.2 PHOSPHORYLATION/DEPHOSPHORYLATION EVENTS MODULATE CLC-2
ACTIVITY

Our group has been studying CIC-2 since Glial CAM was discovered to be its auxiliary
subunit (Jeworutzki et al., 2012). In that published work, it was shown that the association
between GlialCAM and CIC-2 leads to changes in the localization and functional
properties of CIC-2 in vitro. Specifically, the electrophysiological properties of the
channel switch from inward rectification to ohmic behavior upon interaction with
GlialCAM. Further in vivo studies in Micl”- and Glialcam” models highlighted the

importance of GlialCAM in proper function and localization of CIC-2 in
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oligodendrocytes. However, CIC-2 properties were not altered in recordings from
Bergmann Glia in Glialcam™” mice (Hoegg-Beiler et al., 2014). At first, studies in primary
astrocytes expressing both MLC1 and GlialCAM still could not replicate the reported
changes in CIC-2 properties (Jeworutzki et al., 2012, Sirisi et al., 2017).

Nonetheless, former works carried out in our lab observed that incubation of these
primary astrocytes using potassium-enriched solutions induced these functional changes
in CIC-2 channel. These solutions, also referred to depolarizing solutions or High K in
this thesis, mimicked the context of high neuronal activity found in the brain. The
observed changes were consistent both at low potassium concentrations as well as high
potassium concentrations (ranging from 12,5 mM to 60 mM). Importantly, this behavior
was observed both for the endogenous protein and for Flag-tagged CIC-2 overexpressed
using adenoviral constructs. Along with the changes in the electrophysiological changes,
depolarizing conditions lead to a shift in the subcellular localization of CIC-2. When
detecting CIC-2 in IF assays, the protein concentrated at cell-cell junctions in potassium-
enriched conditions (Figure 82). This phenotype was not observed in primary astrocytes
in which Glialcam was depleted (data not shown, experiments performed by Dr. Xabi
Elorza-Vidal). Additional GlialCAM expression in Glialcam” astrocytes using
adenoviral particles rescued the ability of CIC-2 to switch its properties in these cells. In
Mic1”" astrocytes, depolarizing conditions did not lead to the reported changes in CIC-2
activity. Also, in samples obtained from the brain of MicI”~ animals, the
immunoprecipitation of CIC-2 and GlialCAM was abolished. Indeed, our group
suggested that some ternary complex between Glial CAM/MLCI1 and CIC-2 was being
formed in depolarizing conditions, as revealed in cultured astrocytes and in vivo (Sirisi et

al., 2017).
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Figure 82. GlialCAM induces changes in CIC-2 localization and electrophysiological properties. Upon
incubation with a depolarizing solution, overexpressed FLAG-tagged CIC-2 concentrates at cell-cell
junctions in primary astrocytes, as revealed by immunofluorescence (upper panels). Consistently, high
potassium concentrations lead to increased currents and disappearance of inward rectification of the channel
(lower panels).

Finally, this work also proved that the formation of this ternary complex is dependent on
both calcium flux through L-type calcium channels and calcium-dependent calpain
proteases, which are typically activated as a response to high concentrations of potassium
in the extracellular compartment (Yaguchi and Nishizaki, 2010). Indeed, the addition of
calcium chelators or calcium channel blockers prevented the localization of CIC-2 at cell-
cell junctions as well as its gating modifications under depolarizing conditions (Sirisi et
al., 2017). However, preliminary data using a calcium ionophore seemed to indicate that

the single addition of calcium to astrocytes is not sufficient to trigger these changes.

Other ongoing projects in the lab linked CIC-2 function and GPCR activity. Specifically,
we showed that the lack of Gprc5b in rat primary astrocytes leads to defective CIC-2
activity. In the absence of Gprc5b, the channel is not enriched at cell-cell junctions after

cells are incubated in depolarizing conditions Figure 83.
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Figure 83. Lack of Gprc5Sb affects CIC-2 localization at cell-cell junctions after incubation in
depolarizing conditions. A Immunostainings of CIC-2 in Control or Gprc5b-depleted primary astrocytes
treated with physiological or depolarizing conditions. CIC-2 enrichment at cell-cell junctions is not
observed in GprcSb-depleted astrocytes in depolarizing conditions, a phenotype that is observed in control
astrocytes (red arrows). Adapted from (Alonso-Gardon et al., 2021).

Therefore, we wanted to know the mechanism behind this apparent modulation of CIC-2
activity by GPRC5B. Indeed, we were interested in addressing whether the channel is
regulated by phosphorylation. Together with our proposed hypothesis of the observed
changes in calcium levels activating kinase or phosphatase activity, we decided to
perform phosphorylation-proteomic analyses in rat primary astrocytes, comparing control
conditions and potassium-enriched conditions. A selection of the obtained results is

summarized in Figure 84.
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Figure 84. Analysis of CIC-2 phosphorylation status in rat primary astrocytes. Proteomic data obtained
in rat primary astrocytes, both in high potassium concentrations and in control conditions. Results come
from two independent experiments.
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The most interesting piece of information from these results was that Serine residue 667
is completely phosphorylated in control conditions, but this post-translational
modification is completely reverted in depolarizing conditions. Serine residue 647 was
also completely dephosphorylated in potassium-enriched conditions, although
phosphorylation levels for this amino acid were already low in control conditions.
However, we thought that these dephosphorylation events could be linked to the signaling
activity that we hypothesized to be taking place together with calcium fluxes, as suggested

by our previous works.

3.2.1 Development of a Molecular Tool to Study CIC-2 Phosphorylation: Phospho-Specific
Antibody Against Serine 667

To begin the study of the role of phosphorylation in the regulation of CIC-2 activity, we
decided to develop a tool to monitor the changes in the phosphorylation status of CIC-2
predicted in our proteomic studies of CIC-2 phosphorylation. With this aim, we developed
a phosphorylation-specific (or phosphor-specific, or P-specific) antibody for Serine

residue 667, based on our preliminary phosphor-proteomic data.

We ordered the production of this antibody to Eurogentec company. We designed the
antibody to be responsive to a selected peptide featuring the desired phosphorylated

residue. The 13 amino acid sequence of the peptide was the following:
N-terminal CQMSPPSDQESPP C-terminal (Underlined ‘S’ represents Serine 667)

In the production process, two variants of this peptide were synthesized. The first variant
featured the Serine with an attached phosphate group, whereas the second one was
unmodified Serine. Therefore, we obtained the Specific Peptide and the Unspecific
Peptide. These peptides were used for rabbit immunizations to eventually obtain purified
antibodies (IgG) against either the phosphorylated (specific peptide) form or the non-
phosphorylated (unspecific peptide) form of the protein.

We further tested the antibody in our working environment using an ELISA protocol. We
aimed at comparing the affinity and the detection window of the Phospho-specific
antibody to our total CIC-2 antibody (Ct New antibody). We used an antibody dilution
series for both antibodies. Regarding the plate coating, we tested both specific peptide
and unspecific peptide for our phospho-specific antibody. The use of Ct New antibody

on its own peptide served as experimental control. The results are featured in Figure 85.
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Phospho-specific antibody was able to detect the specific peptide with good sensitivity
and showed little background binding reaction to the unspecific peptide. As expected,
elicited ELISA signal for specific reaction decreased the more diluted the antibody. As
for the control group, The Ct New antibody perfectly validated the experiment, giving

great epitope detection.
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Figure 85. ELISA assay revealed good sensitivity and specificity for phospho-specific antibody.
Purified phosphorylation-specific antibody could detect a coating of the phosphorylated (specific) peptide
on an ELISA plate (squared dots), but not a non-phosphorylated peptide coating (triangle dots). Regular
CIC-2 (Ct New) antibody (circle dots) was used as a control using its own peptide coating.

These tests confirmed that the developed antibody was a good tool to monitor
phosphorylation activity for CIC-2. Thus, we proceeded to characterize whether this tool
served to replicate the expected results from the preliminary phospho-proteomic studies.
Indeed, we wanted to address whether we could see this dephosphorylation of Serine 667
in our primary astrocyte system in WB experiments using the developed antibody. To this
end, we overexpressed FLAG-tagged CIC-2 WT protein using adenoviral constructs in
rat astrocytes. We subsequently treated incubated those cells in a physiologic solution or

in a potassium-enriched solution.

Importantly, during the obtaining of the total protein extracts for WB analysis, we used
PHOSTOP reagent to ensure that phosphorylation modifications were maintained in the

final sample.
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What we expected to see was that samples belonging to cells treated with a depolarizing
solution would elicit a band of lower intensity compared to the same cells treated with a
physiologic solution, whereas total CIC-2 detection would be comparable across the two
groups. Indeed, Figure 86 shows a representative experiment confirming these

forementioned results.
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Figure 86. The developed P-specific antibody is a good tool to monitor phosphorylation and
dephosphorylation events in protein extracts from rat primary astrocytes. Increased phosphorylated
CIC-2 was observed in protein extracts obtained from astrocytes at physiological conditions (labeled as
PHYSIO) compared to the same cells incubated with potassium-enriched solutions (60 mM). Total CIC-2
levels were equal across groups. This meant that the antibody monitored CIC-2 dephosphorylation in
depolarizing conditions. Protein extracts were obtained using lysis buffer containing PHOSTOP to ensure
phosphate groups were preserved in the final protein extract. 30 pug of total protein extracts from each group
were loaded in 10 % gels.

Interestingly, we also measured the quantitative signal from these membranes using
ImageJ software. The results can be observed in Figure 87, and they showed that the
designed antibody can be applied in quantitative studies of phosphorylation changes in
CIC-2.
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Figure 87. Phospho-specific anti-CIC-2 allows for quantitative analysis of CIC-2 phosphorylation
changes. Imagel software analysis for protein quantification validates the observed changes for CIC-2
dephosphorylation after incubation in high extracellular potassium concentrations in rat primary astrocytes.
As revealed by Imagel] software analysis for protein quantification, numeric protein abundance data
corresponded to what was observed at a qualitative level. Represented data corresponds to ratios between
phosphorylated CIC-2 and total CIC-2, expressed as a percentage and normalized using the highest signal
ratio. Data comes from three independent experiments. Statistical analysis was assessed using standard t-
test. ¥ p <0.05.

3.2.2 Dephosphorylation is Necessary for CIC-2 Activity Changes

Once we confirmed that P-antibody is a good tool to study CIC-2 activity regulation by
phosphorylation, we began tackling a validation of the importance of the phosphorylation
status of these residues at the functional level. Considering the reported results on the
changes of the phosphorylation status that CIC-2 undergoes when switching from control
conditions to depolarizing conditions, we decided to conduct mutagenesis studies to
verify that these modifications are directly linked to the change in behavior previously

reported for CIC-2 in depolarizing conditions.

Specifically, we generated constructs aimed at the production of adenoviral particles to
overexpress the distinct CIC-2 variants in rat primary astrocytes. We generated CIC-2
double mutants for both Serine residues found dephosphorylated in depolarizing
conditions. We designed constructs featuring Alanine residues and Aspartic Acid

residues, that we named p.Ser647>Ala; p.Ser667>Ala (from here on referred to as
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S647A/S667A), and p.Ser647>Asp; p.Ser667>Asp (from here on referred to as
S647D/S667D). The reason that we did these directed mutations is that Alanine residues
mimic the dephosphorylated status of these Serine residues, whereas Aspartic acid

residues mimic the phosphorylated status of the same amino acids.

Our first experiment within these studies was to express both S647A/S667A and
S647D/S667D in our model system using rat primary astrocytes, using the expression of
WT CIC-2 as a control. In addition, we conducted these studies in control conditions as
well as in potassium-enriched conditions. Our hypothesis was that the mutant mimicking
constitutive dephosphorylation of these residues would be localized at cell-cell junctions
independent of the extracellular osmolarity, while we expected the ‘phosphorylated’
mutants to be internalized or reaching the plasma membrane displaying a diffuse pattern.
Instead of detecting total CIC-2 protein in the cells, we performed these tests against the
molecular Flag tag that was added to each construct. With this approach we only were to
monitor the overexpressed protein, giving us a clearer picture of the phenotype of each

variant.

The results obtained for these experiments confirmed our hypothesis. A visual summary
of the observed phenotype in each group is provided in Figure 88A. The detailed
quantification of the results appears in Figure 88B. The mutant mimicking for
constitutive dephosphorylation showed constant enrichment at cell-cell junctions, like
was the case for the WT CIC-2 incubated using a high-potassium solution. This phenotype
was not observed for CIC-2 S647D/S667D variant.
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Figure 88. CIC-2 dephosphorylation is linked to the localization of the channel at cell-cell junctions.
A IF assays were performed on rat primary astrocytes, directed against the FLAG tag of overexpressed
CIC-2 variants. Experiments showed that CIC-2 variant S647A/S667A is localized at cell-cell without
increased extracellular potassium concentration. Groups overexpressing WT CIC-2 showed the normal
diffuse and internalized localization of the protein, whereas the overexpression of the S647D/S667D variant
resulted in some CIC-2 at cell-cell junctions, but less than half of the dephosphorylated variant. The
quantitative results can be observed in the graph in B. Images are representative of three independent
experiments. Scale bar = 20 pm. Statistical analysis was performed using One-way ANOVA with
Bonferroni post-test. ***, ### p < 0.001.

After the confirmation of these results, we checked whether the dephosphorylation of
these Serine residues also led to the shift of the electrophysiological properties of CIC-2

observed in depolarizing conditions.
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We continued with the functional assessment of the effect of dephosphorylation on CIC-
2 activity using rat primary astrocytes. We performed whole-cell patch-clamp to analyze
cells overexpressing either WT CIC-2 or the S647A/S667A double mutant. Uninfected
astrocytes were recorded as background control group. Also, we used YFP to detect
infected cells, since our adenoviral constructs for CIC-2 overexpression were not

fluorescent Figure 89.
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Figure 89. Dephosphorylation alters CIC-2 gating. A Representative whole-cell recordings from
uninfected cells and rat astrocytes overexpressing rCIC-2 S647A/S667A (+ YFP). Starting from a holding
potential of 0 mV, CIC-2 currents were evoked by 10 mV-voltage pulses from -120 mV to +50 mV. The
protocol applied is depicted on the right and the scale applies to all traces. B Left panel Steady-state current-
voltage relationships show an increase in current density in astrocytes overexpressing rCIC-2
S647A/S667A (+ YFP) when compared to the control group and uninfected astrocytes (in red, black and
white, respectively). Right panel Quantification of the current measured at -120 and +50 mV in both
uninfected and rCIC-2 S647A/S667A (+YFP) - expressing astrocytes. Lower panel Rectification index for
all groups. Whole-cell currents shown in B are normalized by cell capacitance. *** p <0.001. Experiments
performed in collaboration with Dr Aida Castellanos Esparraguera.
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Consistent to what was observed for Immunofluorescence assays, these experiments
confirmed that CIC-2 variant mimicking constitutive dephosphorylation of the Serine
residues conducted bigger currents in response to our protocol of applied voltage pulses,
compared to the WT channel and uninfected astrocytes, and in physiological conditions.
Also, when assessing the rectification pattern of the channel, the double mutant showed
a statistically significant reduction in the rectification index than the WT, indicating

electrophysiological properties closer to an ohmic behavior.

Together, this data strongly supported the functional link between dephosphorylation
events in CIC-2 Serine residues 647 and 667 and the altered gating observed in vivo upon

interaction with Glial CAM.
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Megalencephalic Leukoencephalopathy with subcortical Cysts (MLC) is a rare type of
genetic leukodystrophy caused by mutations in either MLCI or GLIALCAM genes. Both
genes encode for membrane proteins expressed almost exclusively in glial cells
(Leegwater et al., 2002, Lopez-Hernandez et al., 2011a). While the etiology of the disease
is properly characterized, the pathophysiological mechanisms underlying MLC are still
not fully understood. The exact physiological roles of MLC1 and Glial CAM remain
unclear. However, several studies using animal and cellular models, together with some
histological studies on patient-derived brain samples, allowed to determine myelin and

astrocyte vacuolation as the main hallmark in MLC pathology (Duarri et al., 2011).

These findings indicated that ion and water homeostasis are compromised in the disease.
Several published works by our research group are dedicated to investigating the role of
the Glial CAM/MLC1 complex in the regulation of these processes. In these studies, the
complex has been related to the modulation of the activity of ion channels such as VRAC
and CIC-2, among other partners. Specifically, one of these studies showed that MLCI
and VRAC are functionally linked, despite not showing direct interaction nor co-
localization. In this regard, we showed that overexpression of MLCI leads to reduced
phosphorylation of extracellular signal-regulated kinases (ERK) (Elorza-Vidal et al.,
2018). Thus, a connection between Glial CAM/MLC1 and signaling processes was proved
for the first time. The following figure Figure 90 summarizes our model for the regulation
of physiological processes carried out by the GlialCAM/MLC1 complex, involving

signaling events:
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Figure 90. Physiological processes involving the activity of Glial CAM/MLC1 complex. The absence
of Glial CAM/MLCI alters the activity of different transporters and ion channels, such as CIC-2, VRAC,
Cx43, and Na'/K* ATPase (red crosses). Hence, Glial CAM/MLCI participate in the modulation of
hyperpolarization phase of the neuronal action potential (CIC-2), regulatory volume decrease or RVD
(VRACQ), potassium siphoning (Cx43), and restoring membrane potential (Na“/K* ATPase). Our previous
working hypotheses to explain the regulation of these processes by Glial CAM/MLC1 was via ERK
signaling cascade, as we observed that it was upregulated in the absence of MLC1. Modified from (Pla-
Casillanis et al., 2022).

This remark was consistent with what we could later observe in proteomic studies for
MLC1 and GlialCAM interactome. Indeed, several GPCRs were identified to be
molecular partners of this complex. Among them, GPRC5B was the receptor that showed
a stronger functional relationship with Glial CAM/MLCI, CIC-2 and VRAC. When we
characterized the interplay between this GPRC and MLC-related proteins, we found out
that a reduction of GPRC5B expression levels in cellular models (primary astrocytes) led
to the downregulation of Glial CAM/MLCI. This translated into an impaired activation
of CIC-2 and VRAC (Alonso-Gardon et al., 2021).

Also, we obtained quantitative results within our proteomic data that aimed at comparing
GlialCAM co-immunoprecipitated partners in WT samples vs Mlcl”" samples. Such
experiments revealed that two proteins interacted significantly less with Glial CAM when

Mic1 was not present. The proteins were CIC-2 and VCAM-1.
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MLC1 modulates GPRCSB/Fyn-mediated VCAM-1 upregulation via NF-kB

signaling

In the literature, we came across a published work by some authors who observed that
GPRCS5B leads to increased activation of NF-kB through direct interaction with Fyn
kinase. These results were obtained in immortalized Endothelial cells (iECs) (Freundt et
al., 2022). In this project, we validated that this process is also occurring in mature
primary astrocytes obtained from rat pups, our experimental model. Moreover, we
showed that MLC1 is somehow exerting a negative modulatory effect on this signaling
pathway, since we demonstrated that induced upregulation of VCAM-1 after GPRC5B

overexpression is diminished upon co-expression with MLC1 protein.

GPRCS5B is an orphan receptor belonging to family C of metabotropic glutamate
receptors, with 7 TMD and a short N-terminal domain. As orphan receptors, no ligand
has been linked to the activation of the receptor. At the same time, no specific mechanism
for its activation has been confirmed. However, it is described that class C GPCRs
typically require dimerization or heteromerization to transduce signaling in response to
agonists (Kniazeff et al., 2011, Vischer et al., 2015). The most studied case is GABAg
receptor, in which case the functional receptor consists of heterodimers of GABAg; and
GABAB:. Both subunits undergo allosteric transactivation upon binding of GABA to the
N-terminal domain of GABAR (Kniazeff et al., 2002).

Here, we hypothesize that a similar need for multimerization would be necessary for
GPRCS5B signaling activity. Also, with this project we have observed that MLCI
interferes with GPRC5B signaling activity, while previous results from our lab showed
that GPRCS5B stabilized MLC1 at the plasma membrane (Alonso-Gardon et al., 2021). In
this regard, we propose that the interaction of GPRC5B with MLCI1 prevents its
multimerization, thus modulating the cellular response that leads to the upregulation of
VCAM-1 via NF-xB in inflammatory conditions. This hypothesis would also be
consistent with the previously described role of MLC1 in the restoration of astrocyte
homeostasis after inflammation (Brignone et al., 2019). The summarized model for this

process is featured in Figure 91.
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Figure 91. Proposed model for MLC1 modulation of GPRC5B/Fyn-mediated activation of NF-xkB
signaling pathway, which regulates VCAM-1 expression. We validated in primary astrocytes that
GPRCS5B displays signaling activity via Fyn that leads to the activation of the positive feedback loop
established between IKKe/TBK1 and NF-kB. When this loop is stimulated, NF-xB translocates to the
nucleus and induces VCAM-1 expression. In this regard, our results indicate that MLC1 exerts a negative
modulatory effect on this downstream signaling of GPRC5B. Here, we propose a model to explain the
observed effects. We believe that active GPRC5B could require formation of multimers (left), which would
be disrupted by the binding of MLC1 to GPRC5B monomers (right). This interaction would be hampering
the activation of NF-kB pathway, downregulating VCAM-1 induced expression.

Pathogenicity of GlialCAM IgC2 patient-derived mutations

One of the main goals of our research group is to understand the pathophysiologic
mechanisms underlying MLC disease. Despite the progress made in this direction, some
questions are not yet resolved. Among these unanswered questions lies the pathogenicity
mechanism of GLIALCAM mutations that encode for residues located at the [gC2 domain
of Glial CAM protein.

Previous works had been dedicated to the study of mutations in the IgV domain of
GlialCAM since it is where most missense mutations are found. These studies showed
that the pathogenicity of dominant GlialCAM IgV mutations was linked to the disruption
of interaction surfaces between Glial CAM proteins, either in cis- or in trans (dimerization

interfaces and interaction with molecules from neighbouring cells, respectively).

Related, the results from this thesis confirm that Glial CAM forms oligomeric structures
through the lateral interactions of Glial CAM IgC2 domains from adjacent proteins, as

seen by cross-linking experiments. In addition, we report that this interaction between
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GlialCAM monomers is mediated by outward-facing a-helices. Interestingly, the residues

encoded by patient-derived Glial CAM IgC2 mutations are located within these motifs.

Our former works already established that mutants p.Ser196>Tyr and p.Asp211>Asn
showed a lack of endocytosis phenotype. Specifically, experiments carried out in primary
astrocytes showed that GlialCAM variants bearing those mutations were resistant to
endocytosis upon incubation in potassium-enriched conditions in the absence of Mlcl. A
similar phenotype was observed for Glial CAM upon GPRC5B overexpression: whereas
GPRC5B induced GlialCAM endocytosis in physiological conditions in primary
astrocytes, this internalization is not induced in the absence of MLCI1. Thus, our
experimental data allows us to propose a mechanism to explain the pathogenicity of
GlialCAM IgC2 mutations. Here, we report that the observed abnormal phenotype of the
mutant variants is due to the stabilization of Glial CAM oligomeric structures provided by
the mutation that prevent its physiological endocytosis. This endocytosis would be
mediated by GPRCS5B, so that an internalized GPRC5B/Glial CAM complex would be
involved in signaling pathways yet to be characterized. We believe that our observations
could also be explained by a signaling activity from endosomes as it has been reported to
happen for some GPCRs like B2-adrenoceptor (Irannejad et al., 2013). The visual

summary of our proposed model is featured in Figure 92.

Last, in Figure 78 from chapter 2.5 of this thesis Results section, we proposed the
mechanism by which IgC2 mutations achieve the stabilization of Glial CAM oligomeric
structures. Specifically, we hypothesized that p.Ser196>Tyr would favor the formation of
a de novo cation pi interaction with a neighboring Lysine residue (K185), whereas
p.Asp>211Asn would be removing electrostatic repulsion through the loss of a negative
charge in the oligomerization interface. Therefore, future mutagenesis experiments could
be useful to further confirm this mechanism. In the case of K185 — Y196 (mutant residue)
cation- pi formation, we could clone a GlialCAM variant replacing K185 for a small,
apolar amino acid like Alanine. We would expect the double mutant K185A/S196Y to
rescue the WT phenotype by removal of the de novo cation-pi interaction that we

hypothesize the mutation is originating.
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Figure 92. MLC-causing GLIALCAM mutations encoding for residues located at IgC2 domain
abnormally stabilize GlialCAM oligomeric structures. A Our proposed model is that GPRC5B interacts
with GlialCAM at the plasma membrane of astrocytes, leading to the endocytosis of both proteins. We
believe that the complex formed by GPRC5B/GlialCAM could be important for signal transduction from
the resulting endosomes. B Glial CAM mutant variants would be abnormally stabilized at the plasma
membrane, preventing the dissociation of the oligomeric structure. Thus, no Glial CAM would be released
to interact and bind GPRC5B. Hence, potential downstream signaling of this complex regulating
homeostasic processes would not occur, leading to disease.

Signaling events in MLC-related chloride channels regulation

In the past, several signaling pathways have been associated with MLCI activity, being
ERK phosphorylation one of the most studied (Elorza-Vidal et al., 2018). Also,
Glial CAM/MLCI1 have been shown to be involved with the regulation of chloride channel
activity, especially VRAC and CIC-2 (Alonso-Gardon et al., 2021, Capdevila-Nortes et
al., 2013, Dubey et al., 2015).
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Published results from our grup demonstrated that GPRC5B is important for VRAC
function and for CIC-2 localization (Alonso-Gardén et al., 2021). From those results, we
continued to study how signaling processes affect MLC-related chloride channels at a

functional level.

Tyrosine phosphorylation had been proposed as an activation mechanism for VRAC
(Bertelli et al., 2021). Specifically, PKC downstream signaling was suggested as the
mechanism underlying this phosphorylation events regulating VRAC activity (Konig et
al., 2019). With this thesis, we intended to figure out whether GPRCS5B was involved in
activation of VRAC through phosphorylation. On the one hand, our results indicated that
GPRCS5B is indeed modulating VRAC activity via Fyn kinase. However, we also showed
that Fyn effect would be kinase-independent, since inhibitors of its enzymatic activity did
not influence VRAC activation mediated by GPRCS5B. Interestingly, some researchers
observed a similar effect on the modulation of VRAC activity in caveolae regarding c-
Src kinase. For that case, the authors of the study showed that it was direct interaction
between c-Src and VRAC that led to the observed modulation of the channel activity
(Trouet et al., 2001). On the other hand, within our work in this thesis we also identified
that GPRC5B would be acting downstream with Gai12/013 proteins. Related to that finding,
other published studies connect the activity of such G-proteins to Rho and Rho associated
kinase (ROCK) signaling pathway, that are necessary for VRAC currents (Carton et al.,
2002).

Therefore, our results are compatible with two independent modulatory mechanisms of
VRAC activity mediated by GPRC5B. A summarized model integrating the two
pathways is featured in Figure 93.
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Figure 93. Hypothetical scheme of VRAC channel activity regulation by GPRCSB and the
Glial CAM/MLC1 complex. As indicated, two mechanisms are postulated: A Hypotonicity and/or
depolarization leads to an increase of intracellular calcium, which leads to an increase in the formation of
the Glial CAM/MLC1/GPRC5B complex. Activated GPRC5B would signal through Ggai2/Gais release,
resulting in the activitation of the GTPase Rho and the Rho associated kinase (ROCK), which have been
shown to activate the VRAC channel. B Fyn, downstream effector of GPRC5B, interacts directly with the
LRRCS8A subunit and it inactivates the channel. The release of GPRC5B from VRAC through its interaction
with the Glial CAM/MLC1 complex might end VRAC inhibition.

Alternatively, we analyzed the effect of phosphorylation on CIC-2 activity. We observed
that dephosphorylation events in key residues, especially residue Serine 647, was
necessary for subcellular localization of the channel and its gating alteration characteristic
of a context of high neuronal activity. In the future, it will be interesting to identify which
are the molecular partners that specifically phosphorylate and dephosphorylate CIC-2 at
this residue. Dr Kevin Strange and colleagues work with the C1C-2 ortholog in C.elegans,
which is CLH-3b. Using oocytes from these animals as a model, they have shown that
inhibitors of PP2A (Calyculin A) reduce current activation in up to 90 % (Rutledge et al.,
2002).

Concluding remarks of the relevance of our findings in MLC disease and in glial

physiology

This thesis has served to obtain valuable new knowledge of the pathophysiological events

responsible for MLC disease that could help develop novel therapies for patients in the

206



future. We hope that the focus on the interplay between Glial CAM/MLCI, chloride
channels, and especially GPRC5B/signaling pathways will provide a new therapeutic
outlook that will lead to novel treatments to improve the condition of patients suffering

from MLC and other pathologies that involve these pathophysiologic processes.
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CONCLUSIONS
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. GPRCS5B overexpression in rat primary astrocytes is able to induce VCAM-1

upregulation like TNF-a treatments. This effect is mediated by a downstream
effector of GPRC5B, Fyn kinase. The activity of this enzyme leads to the
activation of NF-kB signaling pathway, that results in enhanced VCAM-1

expression. MLC1 has a negative modulatory effect on this process.

. GlialCAM IgC2 domain is involved in the formation of oligomeric Glial CAM
structures through the interaction with other IgC2 domains from adjacent
GlialCAM molecules. Specifically, two outward facing a-helices conform the
interaction surfaces responsible for this oligomerization.

. Patient-derived GLIALCAM mutations encoding for residues located at
GlialCAM IgC2 domain result in a gain-of-function-like stabilization of
oligomeric structures. This phenotype hampers the internalization ability of
Glial CAM, which is mediated by GPRCS5B.

. GPRC5B modulates VRAC activity in rat primary astrocytes in a Fyn-dependent

manner.

. Dephosphorylation changes on specific CIC-2 serine residues are responsible for

the change of both the subcellular localization of the channel and its gating

properties, in a context of depolarizing conditions in rat primary astrocytes.
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Abstract

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a type of leukodystrophy characterized by white
matter edema, and it is caused mainly by recessive mutations in MLC1 and GLIALCAM genes. These variants are called MLC1
and MLC2A with both types of patients sharing the same clinical phenotype. In addition, dominant mutations in GLIALCAM
have also been identified in a subtype of MLC patients with a remitting phenotype. This variant has been named MLC2B.
GLIALCAM encodes for an adhesion protein containing two immunoglobulin (Ig) domains and it is needed for MLC1
targeting to astrocyte-astrocyte junctions. Most mutations identified in GLIALCAM abolish GlialCAM targeting to junctions.
However, it is unclear why some mutations behave as recessive or dominant. Here, we used a combination of biochemistry
methods with a new developed anti-Glial CAM nanobody, double-mutants and cysteine cross-links experiments, together
with computer docking, to create a structural model of GlialCAM homo-interactions. Using this model, we suggest that
dominant mutations affect different Glial CAM-GlialCAM interacting surfaces in the first Ig domain, which can occur
between GlialCAM molecules present in the same cell (cis) or present in neighbouring cells (trans). Our results provide a
framework that can be used to understand the molecular basis of pathogenesis of all identified GLIALCAM mutations.

Introduction . ) 4

lencephalic leukoencephalopathy with subcortical cysts (MLC)
Leukodystrophies constitute a large group of genetic disorders is characterized by early-onset macrocephaly, epilepsy and cere-
primarily affecting CNS white matter (1). Within these, Mega- bral white matter edema (2). It can be caused by mutations in two
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different genes: MLC1, which is more frequent (3), and GLIALCAM
(4). Detailed characterization of MLC patients with GLIALCAM
mutations revealed two different phenotypes: MLC2A, caused
by two recessive mutations and which is indistinguishable from
patients containing mutations in MLC1, and MLC2B, caused by
one dominant mutation and which shows a remitting, more
benign MLC phenotype (2,5).

MLC1 is a membrane protein of unknown functions (6),
while GlialCAM is an adhesion molecule that belongs to the
immunoglobulin superfamily (7). GlialCAM works as an oblig-
atory subunit of MLC1, being required for MLC1 endoplasmic
reticulum exit and targeting to astrocyte-astrocyte junctions (8-
10). In addition, Glial CAM is further characterized as an auxiliary
subunit of the CIC-2 chloride channel (11), targeting it to cell-cell
junctions and modifying its functional properties (12).

Mutagenesis studies determined that the extracellular
domain of GlialCAM is required for cell junction targeting, as
well as for mediating interactions with itself or with MLC1 and
CIC-2 (13). Accordingly, all MLC missense mutations in GLIALCAM
have been identified in the extracellular domain (2). Within
this domain, most missense mutations are located in the first
Ig domain (IgV type) and affect GlialCAM localization at cell-
cell junctions, observing the same phenotype for mutations
identified in MLC2A or MLC2B patients (4,14,15). In contrast, the
remaining mutations, which are located in the second Ig domain
(IgC2 type), do not affect GlialCAM localization (14).

In order to understand what was the biochemical basis of
the genetic character of these mutations, co-expression exper-
iments in primary astrocytes were performed (4). These exper-
iments revealed that the co-expression of GlialCAM wild-type
(WT) with GlialCAM containing an MLC2B mutation affected the
targeting of GlialCAM WT. In contrast, no effect was observed
in GlialCAM WT upon co-expression with GlialCAM containing
MLC2A mutations. These effects have been recently validated
in vivo after the characterization of a knock-in Glialcam mice
containing the mutation G89S identified in MLC2B patients (9).
This mutation affected the targeting of the protein to cell-cell
junctions in Bergmann glia, showed vacuoles in the cerebellum
in homozygous mice and the heterozygous mice for this muta-
tion showed also a partially altered GlialCAM localization.

All GLIALCAM missense mutations studied to date in the
first IgV domain reduce the ability of the mutant to interact
with GlialCAM WT in the same cell. However, the mutation
p-D128N, identified in MLC2B patients, showed an equal ability to
interact with GlialCAM WT (14). Thus, a reduced interaction with
GlialCAM WT does not sufficiently explain why some mutations
behave in a dominant or in a recessive manner. Furthermore,
none of the GLIALCAM MLC2A or MLC2B mutations identified
to date show a decrease in the interaction of GlialCAM with
MLC1 or CIC-2, and all GlialCAM mutants are still able to change
the functional properties of CIC-2, although its targeting to cell
junctions is abolished (14).

So far, there is no evidence to suggest molecular clues that
could be used to predict the genetic behaviour of GlialCAM
mutants. One puzzling example is that some amino acids have
been found containing recessive (the mutation p.R92Q was iden-
tified in MLC2A patients) or dominant mutations (the mutation
p-R92W was identified in MLC2B patients) (4). Therefore, the
molecular basis explaining why a mutation in GLIALCAM is
recessive or dominant is completely unknown.

In this work, we aimed to understand the biochemical basis
that determines why some GLIALCAM mutations behave as
recessive or as dominant. Using a combination of computational

and biochemical approaches, we provide a model for GlialCAM
homo-interactions that explains the genetic behaviour of
GLIALCAM mutations.

Results

Biochemical characterization of newly identified MLC2B
GLIALCAM mutations

Previous studies (14) characterized most missense GLIALCAM
mutations identified in MLC2A and MLC2B patients located in
the first IgV domain. These studies indicated that nearly all
IgV mutations caused a reduction of the targeting of GlialCAM
to cell-cell junctions as well as a reduced ability to interact
with GlialCAM WT (as measured by split-TEV assays). An excep-
tion was the mutation p.D128N that, despite having a targeting
defect, maintained its ability to interact with WT GlialCAM (14).

We characterized in more detail two newly identified MLC2B
GLIALCAM mutations, p.S59N (2) and p.Q56P (16). Both mutations
showed a targeting defect to cell-cell junctions (Fig. 1A and B).
Then, we analyzed their ability to interact with GlialCAM WT
using split-TEV assays. The experiments showed that mutants
p-Q56P and p.S59N maintained the ability to interact with Glial-
CAM WT, as the mutant p.D128N (14) (Fig. 1C).

Taking these new results into account, we classified
mutations affecting residues into the first IgV domain of
GlialCAM into three different groups (Fig. 1D): 1) mutants found
in MLC2A patients (in green: p.R98C, p.R92Q) that show a reduced
ability to interact with GlialCAM WT; 2) a subset of mutants
(Dominant 1, D1) found in MLC2B patients (in red: p.G89S/D, p.
R92W) with a reduced ability to interact with GlialCAM WT; and
3) a subset of mutants (Dominant 2, D2) found in MLC2B patients
(in blue: p.Q56P, p.S59N, p.D128N) which display a normal ability
to interact with GlialCAM WT. In a homology model of GlialCAM
monomer (see Materials and Methods) (Fig. 1E), D2 mutants
were in predicted loops within the same region of the IgV
domain, very close in space, despite some of them being far
in sequence.

In vitro biochemical assays of the dominant behaviour
of MLC2B mutants

To systematically analyze the dominant behaviour of MLC2B
mutations, we developed a simple test to determine whether a
mutation was acting as dominant in terms of altered trafficking
of the WT protein. To achieve this, we transfected HelLa cells
with pCDNA3 GlialCAM (WT or containing an MLC2 mutation)-
E2A-flag-tagged WT GlialCAM, which allowed the stoichiometric
expression of untagged WT/mutant GlialCAM and flag-tagged
WT (Fig. 1F, inset). We also co-transfected with MLC1 in order
to maximize the cells containing GlialCAM at cell-cell junc-
tions, as previously described (15). We then evaluated the per-
centage of cells where the flag tagged GlialCAM protein was
located at cell-cell junctions by immunofluorescence experi-
ments. These experiments indicated that GlialCAM containing
an MLC2A mutation (p.R92Q) did not influence the localization
at cell-cell junctions of the flag-tagged WT GlialCAM, whereas
GlialCAM containing two different types of MLC2B mutations
(p-R92W and p.D128N) reduced the localization of flag-tagged
GlialCAM at cell-cell junctions (Fig. 1F). Thus, this newly devel-
oped assay was suitable to elucidate whether a GlialCAM mutant
was affecting in a dominant manner, the junctional trafficking
of the WT protein.
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Figure 1. Dominant and recessive MLC2 mutations in GLIALCAM. (A) Subcellular localization of flag-tagged WT or S59N GlialCAM at cell-cell junctions. Scale bar: 20 pm.
(B) Quantification of WT and S59N GlialCAM at cell-cell junctions. ***P <0.001 when compared with the WT in paired t-student test. Graphics represent mean + SEM.
(C) Split-TEV assays of GlialCAM WT interaction with different GlialCAM dominant mutants Q56P, S59N and D128N. Protein 4F2 is used as a negative control of protein
interaction. Graphics represent mean + SEM. ns =non significative, *P < 0.05 when compared with GlialCAM WT-WT interaction in Bonferroni multiple comparison’s
test of five different experiments. (D) Classification of GlialCAM IgV mutants according to inheritance (dominant or recessive) and the results of a biochemical assay
that measures the level of interaction of the mutants with GlialCAM WT. Mutants are coloured according to this classification. Recessive mutants are coloured in
green, dominant mutants (D1) that show a reduced oligomerization in red, and dominant mutants (D2) with a normal oligomerization in blue. (E) Three-dimensional
homology model of the IgV domain of GlialCAM, with the position of the mutations highlighted. (F) Quantification of the percentage of GlialCAM WT cell-cell junction
targeting when co-expressed with the GlialCAM WT (130 pair of cells counted) recessive mutant p.R92Q (115 pair of cells) dominant p.R92W (128 pair of cells) or
dominant p.D128N (119 pair of cells). Graphics represent mean + SEM. ns=non-significant, P <0.01 when compared with co-expression with the WT, ## P <0.01
when comparing dominant mutants with recessive mutant p.R92Q with Bonferroni multiple comparison’s test of four different experiments. The inset is a schematic
representation of the dominance assay performed, where different GlialCAM proteins (WT or mutant) are co-expressed with flag (F)-tagged Glial CAM WT is achieved
by the fusion of both proteins through an E2A peptide.
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Characterization of a newly developed nanobody that
blocks GlialCAM targeting at cell junctions

As indicated in previous studies (9,13), GlialCAM may form
homophilic interactions in cis (within the same cell) and
homophilic interactions in trans (with the neighbouring cell)
in order to localize at cell-cell junctions. With the aim of getting
information about the regions of the GlialCAM molecule that
may be important in mediating trans interactions, we developed
nanobodies recognizing the extracellular side of GlialCAM.
Interestingly, the application of one of the developed nanobodies
(Nb 139G1) to cells expressing GlialCAM-VFP blocked the
localization of GlialCAM at cell-cell junctions in a concentration-
dependent manner (Fig. 2A). In contrast, the application of a
control nanobody detecting an unrelated protein at the maximal
concentration used did not inhibit GlialCAM localization at cell-
cell junctions.

To find which regions of the extracellular domain of Glial CAM
were recognized by the nanobody, we expressed GlialCAM
with deletions in the IgC2 or in the IgV domain and used
flow-cytometry to detect the expressed protein. To normalize
for expressed protein at the plasma membrane, we used
a monoclonal antibody that detects extracellular GlialCAM.
Previous immunofluorescence experiments indicated that both
mutant forms (lacking either IgV or IgC2 domain) are expressed
at the plasma membrane (13). Deleting the IgC2 reduced partially
the binding of the monoclonal and the nanobody (Fig. 2B). In
clear contrast, deletion of the IgV domain abolished completely
the binding of both antibodies, suggesting that both antibodies
mainly bind to the IgV domain (Fig. 2B).

We then tested whether MLC2 GlialCAM mutants affect the
binding of the nanobody using flow cytometry. We monitored
the binding of the monoclonal antibody as a control of surface
expression, which was similar for all our mutants of interest
(Fig. 2C for p.Q56P). Interestingly, we observed differences in the
binding of the nanobody between the different mutations. We
represented the mutants and the effect on nanobody binding
in the model of GlialCAM monomer (Fig. 2E). Some mutants,
such as p.G89D and p.R98C, decreased binding (Fig. 2D and E).
On the other hand, other mutants such as p.R92Q and p.R92W
increased binding (Fig. 2D and E). Importantly, mutant p.Q56P
was the only that showed completely abolished binding of the
nanobody (Fig. 2C-E).

Investigating D2 MLC2B mutants reveal a mechanism
of dominance

From our previous results using a nanobody that blocked Glial-
CAM junctional targeting possibly by inhibiting trans interac-
tions, we hypothesized that the region close to residue Q56
may be involved in the formation of these trans interactions.
Accordingly, we reasoned that mutations p.Q56P, p.S59N and
p-D128N, which are all very close in space and are all D2 dom-
inant mutants, may affect specifically trans interactions. The
replacement of a glutamine by a proline may introduce a kink
in the beta-strand. Nonetheless, how mutations p.S59N and
p-D128N may affect the structure was unclear.

In western blot experiments, we realized that mutants p.S59N
and p.D128N showed a higher motility in SDS gels than the
WT protein (Fig. 3A). Analyzing the amino acid protein sequence
around the mutation, we noticed that in both cases, the muta-
tions putatively introduced new N-glycosylation sites (Fig. 3B).
To prove that this was the case, we compared the motility of
GlialCAM WT and these mutants after treatment with Endo

Glycosidase-F (Endo-F), which removes all N-glycosylation sites
(Fig. 3C). The motility of the mutants in SDS after treatment with
Endo-F was equal to the motility of the WT protein, indicat-
ing that the mutants in fact introduced a new N-glycosylation
site. Thus, we speculate that the new glycosylations created
by these mutations might affect specifically trans interactions
within GlialCAM proteins.

After careful analysis of homologous structures, we iden-
tified a possible template for trans interactions, between the
domains 2 and 3 of contactin (PDB 3JXA) (17). This protein has
the highest sequence identity with the GlialCAM extracellular
domain (30% SI) (Fig. 3D). Therefore, we built a trans dimer by
superimposing two copies of the GlialCAM monomer model on
contactin domains 2 and 3. In this model, the three mutations
studied here mapped to the same interface (Fig. 3E). We therefore
conclude that D2 mutations are dominant because they specif-
ically disrupt trans interactions between opposed molecules,
without interfering with GlialCAM homooligomerization in the
same cell.

Experiments toward the development of a structural
model of GlialCAM dimers

We further aimed to clarify the molecular basis for the domi-
nance of D1 mutants. As happens in other diseases caused by
mutations with both recessive and dominant behaviours (18), we
reasoned that the dominant mutations might affect specifically
protein contact interfaces of the GlialCAM molecule. As previous
studies reported a cis dimer orientation that was quite conserved
in other members of the CAM family (e.g. nectin-1-EC, CAR) (19),
we explored whether GlialCAM could adopt the same cis dimeric
orientation by superimposing two copies of the monomer model
on the corresponding subunits of the CAR dimer.

We first aimed to demonstrate using experimental evidence
that the resulting template-based cis model may be correct. The
model suggested the existence of intermolecular interactions
between the pair of residues D129-R92 and R64-E86 (Fig. 4A).
We performed directed mutagenesis of these residues to change
them to cysteines and expressed in HeLa cells alone or together
with the predicted corresponding pair, and the presence of Glial-
CAM dimers was evaluated by western blot in non-reducing
conditions.

Unexpectedly (Fig. 4B), the mutants E86C and R92C formed
dimers when expressed alone, independently of the co-
expression with the predicted pair. Thus, the cysteine cross-
linking experiments invalidated this first structural model based
on homology modelling.

As the cross-linking experiments suggested that the glu-
tamate 86 (E86) of one GlialCAM monomer was predicted to
be close to the glutamate 86 of the other monomer, we rea-
soned that other closer residues containing a positive charge
might form a positive-negative pair. A closer inspection of the
template-based model showed lysine 68 (K68) of one monomer
in the vicinity of glutamate 86 (E86) of the other monomer
(Fig. 4C), which could be even closer after a small re-arrangement
of the dimeric interface. In agreement with the hypothesis that
E86 is being stabilized by K68, mutating E86 to arginine (p.E86R)
abolished GlialCAM protein expression (Fig. 4D), and its expres-
sion was recovered by mutating additionally K68 to glutamate
(p-K68E) (Fig. 4D). In contrast, expression was not abolished in
the protein containing only the mutation K68E (Fig.4D) and
both mutants (i.e. p.K68E and p.K68E-E86R) showed a defective
targeting to cell-cell junctions (Supplementary Material, Fig. S1),
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Figure 2. Characterization of a nanobody that blocks Glial CAM localization at cell-cell junctions. (A) HeLa cells were transfected with VFP-tagged GlialCAM WT construct
and treated with different doses of 139G1 Nb (5, 25 and 50 pg); 181 Nb was used as a negative control. Quantification of the percentage of cells with GlialCAM at cell-cell
junctions without Nb was 67.1+2.86% (110 cells), with 5 pg of Nb was 61.7 £ 0.84% (122 cells), 25 ng of Nb was 39.2 +4.4% (117 cells), 50 g of Nb was 27.8£0.5% (111
cells) and 50 pg of Nb control was 68.143.4% (104 cells). Graphics represent mean + SEM. ** P <0.01 in ANOVA Bonferroni multiple comparison test against WT. Data
from two independent transfections. (B) Quantification of the percentage of antibody binding in HEK293T cells transfected with GlialCAM WT, IgC2 deletion of GlialCAM
and IgV deletion of GlialCAM using a flow cytometry assay. Deletions of IgV and IgC2 were performed by PCR resulting in the aminoacid sequence ‘..TSPVPISRPQV..’
for del(IgV) and ‘..TTVLQGRSLPV..” for del(IgC2). Percentage of antibody binding against del (IgC2) and del (IgV) was normalized with the antibody binding against WT.
The mean percentatge of monoclonal antibody (white) against del (IgC2) was 52.8+8.6% (n=4) and against del (IgV) was 0.42+0.07% (n=4). The mean percentage of
139G1 Mb (black) against del (IgC2) was 27.46+7.1% (n=4) and against del (IgV) was 0.74+0.3% (n=4). Graphics represent mean + SEM. xx P <0.01 s##xP < 0.0001 in
ANOVA Bonferroni multiple comparison test. (C) Representative flow cytometry experiments showing the binding of the monoclonal antibody (left) and the 139G1
monobody (right) in untransfected HEK293T cells and cells transfected with WT and p.Q56P GlialCAM. (D) Quantification of 139G1 Mb binding by flow cytometry assay
in HEK293T cells transfected with different GlialCAM IgV mutants. All the signal of the nanobody for the different GlialCAM IgV mutants were divided by the signal
of the monoclonal antibody and normalized with the 139G1 Mb binding against GlialCAM WT. The mean percentage of antibody binding for each mutant was the
following: p.Q56P was 0.7 +0.4% (n=5); p.S59 N was 47.5+9.9% (n=5); p.G89D was 22.9+8.1% (n=4); p.G89S was 43.1+21.4% (n=4); p.R92Q was 176.3+23.9% (n=4);
P-R92W was 189.3 +26.3% (n=4); p.R98C was 17.1+4.5% (n=3) and p.D128N was 42.3 +13.8% (n=5). Graphics represent mean + SEM. ns =non-significant; *P < 0.05;
#xP <0.01 in ANOVA Bonferroni multiple comparison test.
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Figure 3. Dominant mutants p.S59N and p.D128N introduce new glycosylation sites in Glial CAM. (A) Western blot of transfected cells with flag-tagged GlialCAM WT or
carrying dominant or recessive mutations was performed with an antibody detecting the flag epitope. Dominant mutants p.S59N and p.D128N present an increased
molecular weight. Another independent experiment gave the same results. (B) Predicted N-glycosylation motifs that appear in the Glial CAM amino acid sequence due
to the p.D128N or the p.S59N dominant mutations. (C) Western-blot assay of transfected cells with WT, p.S59N or p.D128N GlialCAM plasmids in control conditions (left)
or treated with Endoglycosidase-F (Endo-F) (right) that removes all asparagine-linked mannoses. Treatment with Endo-F results in all GlialCAM constructs presenting
the same molecular weight around 50 kDa. Two additional experiments gave the same results. (D) Alignment between the Ig domains of contactin and GlialCAM. The
IgV domain of GlialCAM is coloured in red and the IgC2 domain in blue. (E) Homology model generated to explain the trans interaction between the IgV domain of two
GlialCAM molecules with key dominant mutants p.Q56P, p.S59N and p.D128N highlighted in blue.

suggesting that E86 may form additional interactions with other
residues.

Development of a new structural model of GlialCAM
dimerization

Since mutational data and cross-linking experiments did not
support the template-based dimer model, we decided to model
the cis dimer by docking, using the monomer model as input (see
Materials and Methods). We selected only docking orientations
in which E86 residues from both molecules were within 8 A
distance. From the resulting docking models, the one with the
closest E86-K68 distance (6.3 A) was consistent with all the
above mutational data and cross-linking experiments. The new
model suggested a large interface formed by the surfaces of the
same opposing beta-strands of the IgV domains of two Glial CAM
molecules (Fig. 5A, dotted-rectangle in yellow). The interacting
segment was formed by residues ranging from Glutamate 86
(E86, in the top) to Arginine 92 (R92, in the bottom) of each
GlialCAM molecule (Fig. 5A). To test if this segment (beta strand)

from each GlialCAM monomer was interacting in the dimer, we
generated new cysteine mutants from the residues of this strand
(Isoleucine 88 (188), Threonine 90 (T90), Leucine 91 (L91)). As a
control, we generated the cysteine mutant of Glutamine 81 (Q81),
which is also very close, but it is not predicted to be interact-
ing. After expressing these mutants in HeLa cells, we analyzed
the formation of GlialCAM dimers by western blot (Fig. 5B). We
observed the dimer formation between the pairs of residues E86,
188, T90,L91 and R92, but not with Q81. Treating the extracts with
reducing agents (DTT) disrupted the dimers, further confirming
that dimers of the cysteine mutants were formed by disulphide
bonds (Fig. 5B). In summary, these experiments indicated that
the residues from positions 86 to 92 form a specific GlialCAM-
GlialCAM interacting segment.

As an additional test that this segment was interacting, we
reasoned that introducing a glycosylation site in that segment
might work as a dominant mutation. Mutation I88N (Fig. 5C),
which increased the motility of GlialCAM because it introduces
a new glycosylation (Fig. 5C, inset), caused a dramatic reduction
of Glial CAM WT targeting to cell junctions (Fig. 5SD). As a control,
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Figure 4. Development and biochemical testing of a structural domain of GlialCAM cis-homooligomerization. (A) Three-dimensional model of GlialCAM generated
by homology modelling using another IgCAM molecule as a template. Possible pairs of interacting residues R64-E86 and R92-D129 are highlighted in orange/purple
colours. (B) Western blot of GlialCAM WT or mutants changed to Cysteine R64C, E86C, D129C and R92C expressed alone or co-transfected in pairs (R64C + E86C and
D129C + R92C) performed to observe Cysteine cross-linked dimerization between the two-paired mutants. Mutants E86C and R92C alone show dimerization, as observed
at the 140 kDa band. Representative western blot from three independent experiments. (C) Structural representation of the negatively charged residue E86 in the IgV
dimer interface. Structural analysis revealed the positively charged residue K68 in the vicinity of E86, which could be even closer after a small interface rearrangement.
(D) Western blot of transiently transfected cells with GlialCAM WT, K68E mutant, E86R mutant or GlialCAM carrying both aminoacid changes K68E and E86R. While
E86R is not expressed, double mutant E86R + K68R protein levels are recovered and similar to protein levels of GlialCAM WT. Data shown are from a representative

experiment, out of three independent ones. Actin was used as a loading control.

mutation P76N (Fig. 5C), which also introduces a glycosylation
site, reduced only slightly the targeting of GlialCAM WT to cell
junctions (Fig. 5D).

Additional characterization of cysteine mutants in the
interacting segment provide new keys to differentiate
dominant and recessive mutants

We additionally assessed if these cysteine mutants from the
GlialCAM interacting segment showed a defect in the targeting to
cell-cell junctions (Fig. 6A). Unexpectedly, compared with Glial-
CAM WT expressed alone, mutant E86C showed an increased
targeting to cell-cell junctions, reaching the same values of the
co-expression of GlialCAM plus MLC1 (Fig. 6A) (15).In contrast, all
the other cysteine mutants (I88C, T90C, R91C and R92C) showed
a defect in the targeting to cell-cell junctions.

Given these results, we reasoned that mutation E86C might
stabilize the GlialCAM dimer in a more stable conformation,
which will result in an increased targeting of the mutant to cell-
cell junctions. Then, we decided to explore whether the intro-
duction of the mutation E86C might reverse the trafficking defect

caused by recessive or dominant mutations. It was found (Fig. 6B)
that the E86C mutation rescued almost completely the traffick-
ing defect caused by the recessive mutation p.R92Q, while it did
not increase the targeting of dominant mutants (D1 (p.R92W)
and D2 (p.S59N)) to cell junctions (Fig. 6B).

Analyzing the structural mechanism of dominance
of some MLC2B mutations

From all GLIALCAM mutations identified in MLC2B patients,
those affecting their interaction with GlialCAM (i.e p.G89S/D,
p-R92W) are found in the identified cis-dimerization interacting
segment. In contrast, all the MLC2A mutations except p.R92Q
are found outside of this segment (p.K68M, p.R98C, p.T132N),
suggesting that mutations located in this specific segment will
be dominant. To understand the behaviour of the residue R92, we
constructed several mutants of this residue to different amino
acids, co-expressed them with GlialCAM WT (Fig. 7A) and ana-
lyzed whether they behave in a dominant or recessive manner
regarding the targeting of GlialCAM WT. Mutation of R92 to the
small amino acid alanine (A) did not result in a significant dom-
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Figure 5. Three-dimensional model of GlialCAM homo-dimerization based on docking. (A) Structural representation of the new structural model of GlialCAM dimer
based on docking analysis after applying several constraints based on the results from biochemical studies. The interacting surface between the two IgV domains is
highlighted in yellow (left). Residues E86 and R92 are paired in close proximity and residue K68 is also highlighted. (B) Western-blot assay of cysteine cross-link in
the absence or in the presence of 100 mm DTT between the following residues mutated to cysteine: Q81C, E86C, 188C, T90C, L91C and R92C. GlialCAM WT is used as a
negative control. Dimers are observed on the mutants E86C, I83C, T90C, L91C and R92C at 140 kDa. Representative western-blot of three independent experiments. (C)
Scheme of the IgV interaction showing the position of the introduction of two different glycosylation sites, I88N in the interacting segment and P76N as a control. The
inset shows a western blot of transfected cells with flag-tagged GlialCAM WT or carrying the introduced glycosylation sites detected with an antibody detecting the
flag epitope. Both P76N and I88N present an increased molecular weight. Another experiment gave the same results. (D) Biochemical dominance assay of GlialCAM
WT targeting to cell-cell junctions co-expressed with different glycosylation mutants. Quantification of flag-tagged GlialCAM at cell-cell junctions (right) when co-
expressed in E2A constructs with GlialCAM WT (232 cells), mutant P76N (174 cells) and mutant I88N (176 cells). Graphics represent mean # SEM. #xP < 0.01, s#xP < 0.001
when compared with co-expression with the WT. In addition, we also compared with the mutant P76N, to distinguish better between recessive and dominant effects.
##P <0.01 when comparing I88N with mutant P76N in Bonferroni multiple comparison’s test of three-four different experiments.

inant effect, whereas mutation to tryptophan (W) or tyrosine (Y)
was dominant (Fig. 7A). Interestingly, mutants R92 to aspartate
(D) or cysteine (C) were also dominant (Fig. 7A). We hypothesized
that the dominant mutants of this residue may have the ability
to form novel interactions around this region, maybe distorting
the native dimer orientation.

By inspecting in the new dimer model residues near to the
position of R92 in the other monomer, we found R96 (Fig. 7B).
To test the putative interaction of R92 mutants with R96, we
focused on the mutant R92D and then constructed the single

mutant R96D and the double mutant R92D/R96D and assayed
its localization at cell-cell junctions (Fig. 7C). Both R92D and
R96D mutants showed a defective targeting to cell-cell junctions
(Fig. 7C). In contrast, the double mutant R92D-R96D was targeted
to cell junctions as the WT protein.

In summary, our results suggest that there is an interac-
tion segment between residues E86 (located on the top of the
beta strand) and R92 (found in the bottom) (Fig. 7D). Although
residues E86 from each dimer are close, they are stabilized by
its interaction with K68. In the bottom edge, opposed residues
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Figure 6. Characterization of the trafficking to cell junctions of GlialCAM cysteine mutants in the interacting segment. (A) Percentage at cell-cell junctions of GlialCAM
E86C (230 cells) I88C (177 cells) T90C 185 cells) L91C (123 cells) and R92C (91 cells) compared with Glial CAM WT (198 cells). Graphics represent mean + SEM. *P < 0.05,
**p <0.01 in Bonferroni multiple comparison test versus WT of three independent experiments. ##P <0.01 in T-student test compared with WT in data from four
independent experiments. (B) Quantification of percentage of cells with GlialCAM in cell junctions for WT (101 cells) E86C (94 cells), E86C-p.R92Q (356 cells), E86C-
P-R92W (137 cells) and E86C-p.S59N (147 cells). Graphics represent mean + SEM. **P < 0.01 and ***P < 0.001 in Bonferroni multiple comparison test, compared with WT.

Data from three independent experiments.

R92 may be slightly separated through electrostatic repulsion
with R96 (Fig. 7D). The mutation of R92 by charged aspartate can
introduce favourable salt bridge with R96 of the other monomer,
bringing to a close vicinity this bottom region that in princi-
ple was slightly separated in the native protein. Similarly, the
introduction of aromatic residues (tryptophan or tyrosine) could
introduce novel cation-pi interactions with R96, producing sim-
ilar effect. The dominant effect of R92C might also be explained
by the formation of dipole-dipole interactions or by a disulphide
bridge, suggesting that Glial CAM may form oligomers of dimers
by lateral interactions (see Discussion). Thus, we speculate that
residues in this segment that create aberrant neo-interactions,
which might be inducing a different dimer orientation, may be
dominant.

Discussion

Our aim was to understand why missense mutations from the
first Ig domain (IgV), which are found in MLC2 patients, differen-
tially behave as dominant or recessive. The study of most MLC2B
missense dominant mutations that have a trafficking defect has
revealed that they can be classified in two groups taking into
account regarding whether they display or not a reduced ability
to interact with the WT protein. Locating both types of MLC2B
mutations in a structural model of the extracellular domain of
GlialCAM protein developed in the present work, which takes
into account homologous structures, docking energetics and
biochemical experiments (Fig. 8), suggested that both types of
MLC2B mutations affect GlialCAM-GlialCAM interacting inter-
faces. In one case (D1), they may affect to interactions involved
in Glial CAM-GlialCAM cis interfaces, whereas for the other group
of mutants (D2), they allegedly affect interactions involved in
Glial CAM-GlialCAM trans contacts. As it has been shown in other
IgCAM molecules (20,21), GlialCAM dimers may be formed first
in the endoplasmic reticulum through cis mediated interac-
tions that then will travel to the plasma membrane where trans

interactions may occur. We suggest that MLC2B mutants that
showed normal ability to interact with Glial CAM WT may disrupt
specifically GlialCAM-GlialCAM trans mediated interactions, for
instance as in the case of the mutants p.S59N and p.D128N,
by creating a new glycosylation site in the mentioned trans
interaction surface. Possibly, mutant p.Q56P may also disrupt
this interaction surface, as proline has a restricted degree of
freedom.

Furthermore, GlialCAM is also able to form heterophilic cis
interactions with MLC1 or CIC-2. It has been previously shown
that, although GlialCAM alone reach cell-cell junctions, co-
expression with MLC1 increases the percentage of GlialCAM
present at cell-cell junctions. Here, we have found a mutant,
E86C that also improves the ability of GlialCAM to reach cell-
cell junctions. Based on these studies, we suggest that MLC1
may stabilize GlialCAM at cell-cell junctions by changing the
conformation of GlialCAM to a similar configuration as the one
caused by the mutation E86C.

We analyzed whether mutation E86C could stabilize MLC2A
and MLC2B mutants. As the MLC2B p.S59N mutant was not
rescued by E86C, we suggest that mutants E86C and p.S59N
influence GlialCAM stability by different mechanisms. Contrar-
ily, the double mutant containing E86C and the MLC2A recessive
mutation p.R92Q showed a normal targeting to cell-cell junc-
tions, but the double mutant E86C-R92W failed to reach cell-
cell junctions. We believe that the MLC2B mutant p.R92W may
destabilize cis interactions in a different manner than the MLC2A
mutant p.R92Q, probably by creating novel interactions, as our
experiments with the double mutant R92D-R96D suggest. MLC2B
mutant p.R92W may also form novel cation-pi interactions with
the residue R96. Thus, we conclude that MLC2B mutants affect-
ing GlialCAM homooligomerization may affect the interacting
segment by disrupting extensively the normal pattern of inter-
actions in this segment, as for example, by creating new interac-
tions or by affecting several interactions simultaneously. Using
this model, for instance, we could explain why the recently
identified p.R92P mutation in MLC2B Chinese patients (22) may
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Figure 7. Structural clues on the difference between dominant and recessive mutants at the CIS interacting surface. (A) Biochemical dominance assay of GlialCAM WT
targeting to cell-cell junctions co-expressed with different R92 mutants (left). Quantification of flag-tagged GlialCAM at cell-cell junctions (right) when co-expressed in
E2A constructs with GlialCAM WT (130 cells), mutant p.R92Q (115 cells) R92A (94 cells), R92Y (115 cells), R92D (127 cells), R92C (114 cells) and p.R92W (128 cells). Graphics
represent mean + SEM. ns = no statistical differences, **P < 0.01, ***P < 0.001 when compared with co-expression with the WT. In addition, we also compared with the
mutant p.R92Q, to distinguish better between recessive and dominant mutations. ns = no statistical differences, ##P < 0.01, ###P < 0.001 when comparing with mutant
R92Q in Bonferroni multiple comparison’s test of three-four different experiments. (B) Structural representation of the interaction between two IgV domains in CIS,
with focus on the possible interactions between the residue R92 and the residue R96. (C) Immunofluorescence of flag-tagged WT and Glial CAM mutants R92D, R96D
or double mutant R92D-R96D, where localization at cell-cell junctions is compared with the WT protein. Quantification of percentage of cell-cell junctions in WT (235
cells), R92D (240 cells), R96D (293 cells) or R92D + R96D (278 cells). Graphics represent mean + SEM. *P < 0.05 and **P < 0.01, ns = no statistical differences, in Bonferroni
multiple comparison test, compared with WT. Data from three independent experiments. (D) A proposed model of GlialCAM IgV dimerization indicates that dimer is
stabilized both by attracting charges at the top of the IgV interacting segment and by repulsive charges at the bottom.

be also dominant. We also hypothesized that the MLC2B mutants
p-G89S and p.G89D may also form new interactions through new
hydrogen bonds or by electrostatic effects.

As previous studies have revealed (13), efficient targeting of
GlialCAM to cell-cell junctions may require multiple interac-
tions of GlialCAM with GlialCAM forming a GlialCAM dimer in
the same or in the opposite cell, but also with the cytoskele-
ton through the C terminus, and with MLC1 or CIC-2 through
unknown interacting surfaces. Moreover, recent work has shown

that GlialCAM, MLC1 and CIC-2 may form a ternary complex (23).
Considering the volume of the CIC-1 channel (homologous to
CIC-2) (24), in the GlialCAM dimer, there is only space for CIC-
2, but not for MLC1. Thus, we suggest that GlialCAM dimers
may also form lateral interactions with other GlialCAM dimers
accommodating CIC-2 or MLC1 within a dimer. The presence
of multiple GlialCAM dimers could explain how mutation R92C
may be dominant, as the possible formation of a disulphide
bridge in one of these different dimers containing two GlialCAM
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Dominant (D1)

Dominant (D2)

Figure 8. Summary of the structural model proposed for GlialCAM homodimers forming cis and trans interaction through different surfaces of its IgV domain. Cis
dimerization is achieved by interactions between two opposing beta-strands of the IgV domain and trans interactions occurr between salient loops of both IgV domains.
Residues mutated in MLC2A patients (recessive) are shown in green, D1 residues mutated in MLC2B patients are shown in red and D2 residues mutated in MLC2B patients
are shown in blue. The classification of D1 and D2 mutants has been explained previously.

molecules with R92 mutated to cysteine may destabilize the
overall oligomeric organization at the cell junction. It has been
shown that other IgCAM molecules similar to GlialCAM have the
ability to form lateral interactions that are also important for
clustering through IgC2 domains (20). Therefore, maybe some
mutations found in MLC2 patients in the IgC2 domain may affect
Glial CAM-GlialCAM lateral interactions.

To conclude, our structural model (Fig.8) of GlialCAM-
GlialCAM dimers mediating cis and trans interactions could
be used to predict the behaviour of new MLC2 mutants (22).
For instance, the recently identified MLC2A mutation p.T132N
is not found in an interacting surface of GlialCAM, so it may
be recessive. The other new mutant identified, p.K68M, may
destabilize GlialCAM-GlialCAM interaction by affecting its
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electrostatic interaction with E86. Since it is not creating a new
interaction, we propose it may also be recessive. In summary,
this work provides new insights into the molecular basis of
GLIALCAM mutations. We believe that this knowledge will be
important to help developing therapeutic strategies for MLC
patients with GLIALCAM mutations.

Materials and Methods
Molecular biology

Plasmids were constructed using standard molecular biology
techniques employing recombinant PCR and the Multisite Gate-
way System (Invitrogen, Carlsbad, CA, USA). For localization
studies, all GlialCAM constructs were flag tagged at their C-
terminus (three flag copies) and cloned into the pCDNA3 vector.
Flag tagged WT GlialCAM was co-expressed with different Glial-
CAM mutants by generating constructs where both cDNAs were
linked to the self-cleavable 2A peptide (E2A). The sequence of
the E2A peptide was: Gly-Ser-Gly-Glu-Gly-Arg-Gly-Ser-Leu-Leu-Thr-
Cys-Gly-Asp-Val-Glu-Glu-Asn-Pro-Gly. The integrity of all cloned
constructs was confirmed by sequencing. All cDNAs are from
human origin. In the results section, mutations found in patients
are mentioned using the genetic nomenclature (for instance
p-R92W), whereas other mutants simply describe the mutation
(for instance E86C).

Cell transfection

HelLa cells were grown in Dublecco’s modified Eagle’s medium
containing (v/v) 10% foetal bovine serum (FBS, Sigma, St
Louis, MO, USA) 1% glutamine and 1% penicillin/streptomycin
at 37°C in a humidity controlled incubator with 5% CO,.
Cells were transiently transfected with Transfectin Lipid
Reagent (Bio-Rad, Madrid, Spain) following the manufacturer’s
instructions  (https://www.bio-rad.com/webroot/web/pdf/lsr/
literature/4106254A.pdf). Experiments were performed 48-72 h
after cell transfection. To assay whether a mutant was acting
in a dominant manner, cells were co-transfected with GlialCAM
WT (or mutant)-E2A- GlialCAM WT-flag tagged plus MLC1. This
was done to maximize the percentage of GlialCAM in cell-cell
junctions, as it was previously described that MLC1 improves
the percentage of GlialCAM in cell-cell junctions (15). In this
case, we always detect MLC1 and flag-tagged GlialCAM by
immunofluorescence and performed our quantitative analyses
on GlialCAM only on cells that express MLC1. To study the effect
of mutations on GlialCAM trafficking, GlialCAM WT or mutant
flag-tagged were transfected independently.

Immunofluorescence of transfected cells

Twenty four hour transfected Hela cells were split and trans-
ferred onto glass coverslips in Petri dishes, and grown for further
24-48 h. Later, cells were fixed with phosphate-buffered saline
(PBS) containing 3% paraformaldehyde (PFA) for 20 min, blocked
and permeabilized with 10% FBS and 0.1% Triton X-100 in PBS for
2 h at room temperature (RT). Primary antibodies were diluted in
the same solution and incubated 1 h at RT. The antibodies used
were mouse anti-flag (1:500) (Sigma) and polyclonal rabbit anti-
MLC1 (1:100) (25). Cells were washed and incubated with sec-
ondary antibodies for 2 h at RT. Coverslips were mounted in Vec-
tashield medium (Vector Laboratories, Burlingam, CA, USA), with
1.5 pg/mL 4',6-diamidino-2-phenylindole (DAPI, Sigma) and visu-
alized using a DSU spinning disk confocal microscope (Olympus,
Tokyo, Japan). Pairs of immunostained cells were analyzed man-

ually to determine whether or not the staining was present in
junctions, as described previously (13).

Split-TEV method

The Split-TEV assay was performed exactly as described pre-
viously (Lopez-Hernandez et al. 2011b; Capdevila- Nortes et al.
2012; Jeworutzki et al. 2012). Briefly, TEV protease was divided
into two fragments: the TEV-N (residues 1-118) and the TEV-C
(residues 119-242). TEV-N fragment, the TEV protease recogni-
tion site and the chimeric transcription factor GV were fused
to the C-terminus of GlialCAM WT in a pCDNA3 vector con-
taining a cytomegalovirus promoter. In addition, we fused the
TEV-C fragment to the C-terminus of WT or different GlialCAM
mutants. All proteins with the TEV-C fragments were cloned in
a pCDNAG6.2/V5-pL Dest, containing the herpes simplex virus
thymidine kinase promoter, to obtain low to moderate levels
of expression. The non-interacting protein 4F2hc was used as a
negative control.

Cysteine crosslinking assays, western-blot and
glycosylation analysis

For western blot studies, lysates were prepared by cell homog-
enization in PBS containing 1% Triton X-100 and protease
inhibitors: 1 mmM pepstatin and leupeptin, 1 mM aprotinin and
1 mM PMSF, incubated for 1 h at 4°C and centrifuged. Proteins in
supernatants were quantified using the BCA Kit (Pierce, Thermo
Scientific, Rockford, IL, USA) and mixed with SDS loading sample
buffer (LSB4X). When processing samples of proteins that may
establish disulphide bonds, samples were prepared with LSB4X
without reducing agents and boiled for 3 min at 50°C. In order
to confirm the disulphide-bound nature of dimeric proteins,
protein extracts were treated with 100 mm DTT in SDS loading
sample buffer and boiled at 95°C for 5 min.

Western blot analysis was performed as previously described
(26). Membranes were incubated with primary antibodies: anti-
Flag (1:500) and anti-beta actin (1:5000, Sigma) and secondary
antibodies: HRP-conjugated anti-mouse (1:5000; Jackson).

Evaluation of glycosylation status of GlialCAM protein was
achieved through denaturing glycosylation assays with PNGase
F (New Englan BioLabs, Ipswich, UK). Protein extracts were dena-
tured by heating at 100°C for 10 min with glycoprotein denatur-
ing buffer and treated with PNGase F enzyme for 1 h at 37°C.
Finally, treated samples were prepared with LSB4X and analyzed
by western blot.

Obtention of nanobodies and minibodies against
GlialCAM

The sequence of 139G1 Nb was cloned into the vector pHEN2
that included a hexa-histidine tag at the C-terminus. 139G1 Nb
was produced by Hybrigenic Services SAS, Paris, France. Three
rounds of phage display selection were carried out using cells
expressing GlialCAM. Hybrigenics’ synthetic hsd2Ab VHH library
of 3.109 clones was expressed at the surface of M13 phage.
Hybrigenics’ phage display allowed selecting VHHs recognizing
the non-adsorbed antigen in a native form. Selected VHHs were
validated in non-adsorbed Phage ELISA and were then tested in
FACS assay. The 139G1 nanobody plasmid was amplified in the
E. coli WK6 strain (SBRC, Instruct Integrating Biology, Brussel),
as described previously (27). In brief, 3-4 individual colonies
of the 139G1 Nb were randomly picked, and those were pro-
duced as soluble His- and Capture Select C-tagged proteins (MW

2202 JequiedeQ 1 uo 1senb Aq 2£860.G/201 L/L/62/3191e/Buwy/woo dno-olwepese//:sd)y woly papeojumod


https://www.bio-rad.com/webroot/web/pdf/lsr/literature/4106254A.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/4106254A.pdf

12-15 kDa) in the periplasm of E. coli. Inducible periplasmic
expression of Nb in E. coli WK6 strain produced milligramme
amounts of >95% pure Nb using immobilized Ni/NTA Agarose
resin (Qiagen, Hilden, Germany) from the periplasmic extract of
a 1-1 culture. Purified Nb (2-10 mg ml~?) in 20 mm Tris-Base, NaCl
150 mM, pH 7.4 were frozen in liquid nitrogen and stored at —80°C
before use.

The VHH 139G1 coding sequence was inserted in pFuse plas-
mid (Hybrigenic Services), which included an Fc fragment of
rabbit IgG2. The production of 139G1 Minibody (Mb) VHH 139G1
fused at their C-terminus to the Fc fragment of rabbit IgG2 was
carried out in HEK 293 T cells. These cells were grown at 37°C
in an atmosphere of 5% CO, in DMEM (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 1 mM sodium pyruvate, 2 mm L-
glutamine, 100 U/ml streptomycin, 100 mg/ml penicillin and
5% (v/v) fetal bovine serum. The cells were seeded on 10 cm
culture dishes and transiently transfected with 10 pg of 139G1
Mb using Trasfectin reagent (Bio-Rad, Hercules, CA, USA). At 24 h
after the transient transfection, the media was exchanged for a
serum-free media, and the cell supernatant was collected 1 day
later. The presence of the Mb in this supernatant was confirmed
by western blot using an HRP-conjugated anti-rabbit antibody
(1:5000; Jackson).

Flow cytometry

For flow cytometry, cells were processed as previously described
(26). Cells were transfected with the different GlialCAM IgV
mutants into six-well plates. Forty-eight hours after transfec-
tion, cells were detached using Trypsin-EDTA 1X (Biological
Industries, Kibbutz Beit-Hanemek, Israel) and resuspended in
500 pL of DMEM (Sigma-Aldrich, St Louis, MO, USA) supple-
mented with 1 mm sodium pyruvate, 2 mm L-glutamine, 100 U/ml
streptomycin, 100 mg/ml penicillin and 5% (v/v) fetal bovine
serum. The following antibodies were used: monoclonal anti-
HepaCAM 0.5 mg/ml (1:50; R&D Systems) and the Mb developed
in this work 139G1 Mb 0.015 mg/ml (1:1; Hybrigenic Services).
These antibodies were added separately to each condition and
incubated for 30 min at 4°C. Cells were washed once in 1 mL
of 0.2% FBS in PBS and resuspended again in 100 mL of cell
culture medium. The secondary antibodies used were: Alexa
fluor 488 anti-mouse and Alexa fluor 488 anti-rabbit (1:20;
Molecular Probes, Inc., Eugene, OR, USA). Secondary antibodies
were added and further incubated for 30 min at 4°C. Cells were
rinsed once more and resuspended in 1 mL of 0.2% FBS in
PBS. To assess viability, propidium iodide was added to a final
concentration of 1 mg/ml immediately before FACS analysis,
performed with a Cytometre FACS Canto using the following
filter sets: 550 bandpass (GFP) and 620/22 (PI). Untransfected
cells and unstained transfected cells were used to set the
compensation parameters. Data analysis was performed using
DIBA software.

Incubation of cells with the 139G1 nanobody

HeLa cells transiently transfected with VFP-tagged GlialCAM
WT construct were seeded on coverslips (100.000 cells) and
treated with different doses of 139Gl Nb (5, 25 and 50 pg)
for 24 h. Cells were then fixed with PBS containing 4% PFA
for 20 min and blocked with 10% FBS in PBS for 2 h at RT.
Cells were washed three times and coverslips were mounted
in Vectashield medium (Vector Laboratories) with 1.5 pg/ml
DAPI (Sigma). For the image acquisition, we worked with an
Olympus DSU spinning disk confocal microscope. Experiments
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were analyzed using Image]. Cells incubated with 50 pg with the
control nanobody 181Nb (28) were used as a negative control.

Modelling of GlialCAM monomer

A model of extracellular GlialCAM (containing the IgV and IgC2
domains) was built with HHPred (29) based on CAR structure
(PDB 3JZ7; 24% SI). There are other available templates for the
GlialCAM extracellular domains with 24-30% SI (e.g. 2V5T 24%,
1F97 28%, 3LAF 29%, 3JXA 30%), but none of them yielded bet-
ter models. Modelling of the IgV alone (with templates 4GOS,
2PKD, INEU, 4K55, 3RON), or using other modelling software (e.g.
PSIPRED, genThreader, pDomThreader, pGenThreader, T-coffee),
did not improve the models.

Modelling of GlialCAM cis dimer

Previous studies reported a cis dimer orientation that was quite
conserved in other members of the CAM family (e.g. nectin-1-EC,
CAR) (19). We initially explored whether GlialCAM could adopt
the same cis dimeric orientation by superimposing two copies of
the monomer model on the corresponding subunits of the CAR
dimer (PDB 3JZ7).

However, mutational data and cross-linking experiments did
not support the template-based dimer model, so we also mod-
elled the cis dimer by docking, using the monomer model as
input. We applied the standard pyDock protocol (30,31). We ran
FTDock for exhaustive scanning of protein-protein orientations
and then evaluated the energy of the 10000 resulting docking
poses with pyDock scoring function. We finally checked all dock-
ing models in search for those that satisfied mutational data.

Modelling of GlialCAM trans dimer

During our analysis of homologous structures, we identified a
possible template for interactions, between the domains 2 and
3 of contactin (PDB 3JXA) (17). This protein has the highest
sequence identity with GlialCAM extracellular domain (30% SI).
Therefore, we built trans dimer by superimposing two copies of
GlialCAM monomer model on contactin domains 2 and 3.

Supplementary Material

Supplementary Material is available at HMG online.
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Abstract

Megalencephalic Leukoencephalopathy with subcortical Cysts (MLC) is a type of vacuolating leukodystrophy, which is
mainly caused by mutations in MLC1 or GLIALCAM. The two MLC-causing genes encode for membrane proteins of yet
unknown function that have been linked to the regulation of different chloride channels such as the CIC-2 and VRAC. To
gain insight into the role of MLC proteins, we have determined the brain GlialCAM interacting proteome. The proteome
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includes different transporters and ion channels known to be involved in the regulation of brain homeostasis, proteins
related to adhesion or signaling as several G protein-coupled receptors (GPCRs), including the orphan GPRC5B and the
proposed prosaposin receptor GPR37L1. Focusing on these two GPCRs, we could validate that they interact directly with MLC
proteins. The inactivation of Gpr3711 in mice upregulated MLC proteins without altering their localization. Conversely, a
reduction of GPRC5B levels in primary astrocytes downregulated MLC proteins, leading to an impaired activation of CIC-2
and VRAC. The interaction between the GPCRs and MLC1 was dynamically regulated upon changes in the osmolarity or
potassium concentration. We propose that GlialCAM and MLC1 associate with different integral membrane proteins
modulating their functions and acting as a recruitment site for various signaling components as the GPCRs identified here.
We hypothesized that the Glial CAM/MLC1 complex is working as an adhesion molecule coupled to a tetraspanin-like
molecule performing regulatory effects through direct binding or influencing signal transduction events.

Introduction

Megalencephalic Leukoencephalopathy with subcortical Cysts
(MLC) is a rare type of leukodystrophy (1). Patients suffering
from MLC present macrocephaly, subcortical cysts and white
matter vacuolation, leading to epilepsy as well as motor and
cognitive impairments (2). MLC is caused by mutations in
either MLC1 (3) or GLIALCAM (also called HEPACAM) (4). These
genes encode for membrane proteins that form a complex
located at cell-cell junctions in brain perivascular astrocytic
processes or in Bergmann glia at the cerebellum (5). A reduced
number of patients (2%) do not harbor mutations in MLC1 or
GLIALCAM, suggesting the existence of other unknown disease
genes (6).

The functional role of the GlialCAM/MLC1 complex is
still unknown. Nevertheless, different proteins and activities
related to brain homeostasis are affected in a GlialCAM or
MLC1-dependent manner. Therefore, a role for these proteins
in neuronal ion/water homeostasis has been hypothesized.
For instance, depletion of MLC1 has been shown to reduce
VRAC activity in primary astrocytes (7,8). In addition, GlialCAM
and MLC1 have been shown to form a ternary complex with
the CIC-2 chloride channel (9). Also, co-expression of human
GlialCAM with CIC-2 changes the channel activity from inwardly
rectifying to an ohmic channel (10). Furthermore, the Na*t/K*-
ATPase pump has been identified as a MLC1-interacting protein,
whereas the overexpression of MLC1 was observed to reduce
its activity (11). Finally, Cx43 has been identified as a GlialCAM
interacting protein (12) and MLC1 might influence Cx43 stability
at gap junctions in astrocytoma cells (13).

It is not clear how GlialCAM and MLC1 affect the activity of
different ion channels and transporters. It has been suggested
that they might influence signaling cascades by yet undefined
mechanisms (14). In this sense, recent work has shown that
the overexpression of human MLC1 in astrocytes decreases the
phosphorylation of extracellular signal-regulated kinases (ERK),
whereas primary astrocytes lacking MLC1 show an increase in
ERK phosphorylation (15).

In summary, although it is clear that GlialCAM/MLC1 pro-
teins regulate the activity of different ion channels and trans-
porters that play a role in neuronal brain homeostasis, the
mechanisms involved in this process remain unclear. Here, we
have determined the GlialCAM interactome from mouse brain
and analyzed its interaction with GlialCAM and MLC1. Among
the proteins identified as part of this network, we found spe-
cific G protein-coupled receptors (GPCRs), concretely the orphan
GPRC5B (16) and the proposed prosaposin receptor GPR37L1 (17),
which show a dynamic association with GlialCAM and MLC1
and regulate their surface levels. Based on the results of this
work, we propose a functional role for GlialCAM and MLC1
proteins.

Results
Identification of the GlialCAM interactome

For comprehensive identification of the GlialCAM interactome,
we performed affinity purifications (APs) with four different
antibodies specific for GlialCAM on membrane fractions pre-
pared from whole brains from adult rats, wild-type (WT) mice,
and Glialcam knockout (KO) mice (10). Membranes were solubi-
lized with the detergent buffer CL-47 plus 1 mm Mg?*, as earlier
experiments indicated that this detergent mixture was able to
maintain the interaction of GlialCAM with MLC1 and CIC-2, two
previously validated interactors (4,9). Total eluates of APs with
the anti-GlialCAM antibodies or with unspecific immunoglob-
ulins G (IgG) were analyzed by high-resolution nanoflow liquid
chromatography-tandem mass spectrometry (LC-MS/MS), which
provided data on both the identity and the amount of interacting
proteins. Two out of the four anti-GlialCAM antibodies purified
their target with high efficiency, allowing for a more detailed
analysis of the main target’s primary sequence. MS analyses
showed that GlialCAM, MLC1 and CIC-2 proteins were retained in
all APs with high efficiency, as reflected by the peak volume (PV)
values (see Materials and Methods) and the extensive coverage of
protein sequences (relative sequence coverage of 72, 53 and 74%,
respectively). The other proteins identified by MS were evaluated
for both their specifity and consistency of copurification with
the GlialCAM protein based on the quantitative data of pro-
tein amounts. For each protein, the consistency of enrichment
was evaluated with the different antibodies and its quantitative
correlation with the purified GlialCAM protein.

Together, these criteria defined a sharp-profiled proteome
(Fig. 1A for one GlialCAM antibody and Supplementary Material,
Fig. S1 for another GlialCAM antibody), identifying 21 proteins
as high-confidence constituents of the GlialCAM interactome in
the mouse brain. As summarized in (Fig. 1B), these constituents
comprise the aforementioned GlialCAM, MLC1 and CIC-2 and
previously identified transport/ion channels proteins interacting
with GlialCAM or MLC1. These include the gap junction protein
Cx43 (12,13), the glutamate transporters EAAT1/2 and the sodi-
um/potassium ATPase subunits alpha2 and beta2 (11,18). Other
proteins that mediate transport or have been related to chloride
channel function such as the bicarbonate transporter (NBCel),
the glucose transporter (GLUT1), the sodium/calcium exchanger
1 (NCX1) or the protein tweety-homolog 1 were also identified.
In previous APs experiments using MLC1 antibodies, NBCel and
tweety-homolog 1 were also specifically co-purified with MLC1
(Fig. 1B).

Apart from transporters and ion channels, we identified pro-
teins related to cell adhesion or trafficking such as tetraspanin-
9 (CD9), Neuronal membrane glycoprotein Mé6-a/b (GPM6A/B)
or Syntaxin-1A/1B. Interestingly, CD9 was also identified in a
membrane yeast two-hybrid (MYTH) screening using human
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Figure 1. Identification of the GlialCAM interactome. (A) Specificity map of the
GlialCAM interactome with one of the rabbit polyclonal anti-GlialCAM antibodies
used that detects a peptide from the C-terminus. Two-dimensional logarithmic
abundance-ratio plot illustrating the medians of PV ratios (rPV) obtained for any
protein in APs from rat membranes with the second anti-Glial CAM antibody used
versus IgG (x axis) and in anti-glialCAM APs from mouse membranes of wild-
type (WT) versus Glialcam KO animals (y axis). Gray bars (rPVs of 10) represent
the specificity threshold for this AB on either rPV scale and place specifically
purified proteins in the upper-right quadrant. Red dots denote finally annotated
GlialCAM constituents (B); black dots symbolize all other proteins. (B) List of
proteins belonging to the GlialCAM interactome classified according to their
assigned function. We indicate if they have been identified in AP using anti MLC1
antibodies and in MYTH screening using human MLC1 as a bait.

MLC1 as a bait, indicating direct interaction. GPM6A/B were also
identified in MLC1 APs (Fig. 1B).

Finally, three GPCRs were identified as components of the
GlialCAM interactome. One of these, the orphan GPRC5B (also
named RAIG2) was also identified in a MYTH using human MLC1
as a bait and also in APs using MLC1 antibodies. Therefore, it can
be considered a bona fide interactor. Interestingly, the two other
identified GPCRs (GPR37 and GPR3711) belong to the same protein
family (19).

Interactions between GPCRs and Glial CAM/MLC1

GlialCAM and MLC1 have been related to signal transduction
changes, but the mechanisms involved in this process remain
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unresolved (14,15). In this regard, we considered the identified
GPCRs as candidates for the signal transduction changes related
to GlialCAM/MLC1 and proceeded to characterize their inter-
action with MLC proteins. As MLC1 is only astrocytic (20), we
focused on GPRC5B and GPR37L1 and not on GPR37, which is
mainly expressed in oligodendrocytes (21).

We developed a polyclonal antibody which was able to
detect specifically GPRC5B by Western blot (Supplemen-
tary Material, Fig. S2A-B) and by immunofluorescence on
primary astrocytes (Supplementary Material, Fig. S2C). The
antibody was validated in siRNA and overexpression experi-
ments. For GPR37L1, we used commercially available antibodies
(see Materials and Methods) previously validated using Gpr3711
KO animals (22).

Co-localization was tested and observed between MLC1 and
GPRCSB (Fig. 2A) or GPR37L1 (Fig. 2B) in primary cultures of astro-
cytes. We assessed colocalization with MLC1 and not with Glial-
CAM, as both proteins colocalize perfectly in astrocytes and we
have anti-MLC1 polyclonal and monoclonal antibodies directed
against the same MLC1 intracellular epitopes (23) and therefore,
are suitable for all experiments.

Proximity-ligation assays (PLA) in primary cultures revealed
close proximity between GPRC5B or GPR37L1 and MLC1
(Fig. 2C and D). Control experiments in WT cells without the
primary antibody or in astrocytes obtained from Micl KO
animals (10) demonstrated the specificity of the PLA signal
(Fig. 2C and D).

At a tissular level, we could not detect a specific signal for
GPRCS5B with the new antibody or with commercially available
ones. However, in purified gliovascular units (GVUs), a prepara-
tion more accessible to detect astrocytic endfeet proteins (24),
we could detect partial co-localization between GPRC5B and
MLC1 (Fig. 3A). GPR37L1 is mainly expressed in Bergmann glia
(25), where GlialCAM and MLC1 are also expressed. However,
co-localization between GPR37L1 and MLC1 in Bergmann glia
(Fig. 3B) was low. The fact that the co-localization between the
GPCRs and MLC1 was higher in primary cultures could indicate
that the accessibility of the antibodies against the GPCRs might
be limited in brain tissue preparations.

The ability of human GPRC5B or GPR37L1 to physically
interact in living cells with human GlialCAM or MLC1 was
then assessed in vitro by means of bioluminescence resonance
energy transfer (BRET) saturation assays. HEK293T cells were
co-transfected with a constant amount of either the GPRC5B-
Rluc or the GPR37L1-Rluc plasmids combined with increasing
concentrations of the MLC1-VFP (Fig.4A) or GlialCAM-VFP
(Fig. 4B) plasmids. The interaction between GlialCAM and MLC1
(Fig. 4A) was used as positive control, whereas the lack of
interaction between LRRC8A [the main subunit of the VRAC
channel (26,27)] and either MLC1 (Fig. 4A) or GlialCAM (Fig. 4B)
was used as a negative control. A positive BRET signal was
detected when GPRC5B or GPR37L1 were co-expressed with
MLC1 (Fig. 4A) or with GlialCAM (Fig. 4B). The determination
of the BRETs, signal allowed to compare the strength of
interaction between GPR37L1 or GPRC5B with MLC1 versus the
interaction with GlialCAM. The BRETs, values for the interaction
of GPR37L1 with MLC1 and GPR37L1 with GlialCAM were 2.9 +
0.9 (n = 5) and 2.6 + 0.4 (n = 4), respectively, which were not
statistically different (P = 0.73). Similarly, the BRETs, values for
the interaction of GPRC5B with MLC1 and GPRC5B with GlialCAM
were 1.2 + 0.3 (n = 4) and 0.7 £+ 0.2 (n = 5), which were also not
statistically different (P = 0.19), indicating that GPCRs interact
with MLC1 and GlialCAM with similar avidity.

These results demonstrated that GPRC5B or GPR37L1 and the
MLC proteins are in close proximity (<10 nm). Together with
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Figure 2. Localization of GPRC5B and GPR37L1 in primary cultures of astrocytes. (A) Representative images of immunostaining of MLC1 in green (left), GPRC5B in red
(middle) and merged stainings where the two proteins show a certain degree of colocalization at the plasma membrane (right, yellow) from cultured mouse astrocytes.
Scale bar, 20 pm (B) Representative confocal images of MLC1 (green), GPR37L1 (red), co-immunofluorescence labeling and DAPI staining (blue) in mouse cerebellar
primary astrocytes from wild-type (WT) pups. Scale bar, 75pum. (C and D) PLA for protein interactions between MLC1 and GPRC5B (C) or GPR37L1 (D) in WT or Mic1l
KO cultured mouse astrocytes. Cells with only one primary antibody (MLC1 antibody) were used as negative controls. Scale bar, 20 um. The number of PLA dots was
quantified using Image J. Data are mean =+ standard error of the mean of three-four independent experiments. For statistical analyses, we performed a one-way analysis
of variance plus Dunnet multiple comparison’s test versus the negative control. ns, not significant. ***P <0.001.
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GPRC5B

Figure 3. Localization of the identified GPCRs with MLC1 in brain slices. (A) The localization of GPRC5B and MLC1 in GVUs. Projection confocal plan of MLC1 (red) and
GPRCSB (green) immunolabeled GVUs purified from adult wild-type (WT) brain. Nuclei are labeled with Hoechst (blue) and blood vessel wall with Isolectin B4 (white).
Scale bar, 20 um. (B) The localization of GPR37L1 and MLC1 in Bergmann glia. Representative confocal images of GPR37L1 (red), MLC1 (green) co-immunofluorescence
labeling and DAPI staining (blue), in cerebellar coronal sections of WT adult mice. Higher magnifications of boxed areas (dashed lines) in (A) and (B) are presented. Scale

bar, 20 pm.

our data obtained from slices and cell culture, they support the
existence of GPCRs-MLC protein complexes in living cells.

Lack of GPR37L1 increases MLC proteins in vivo

GPR37L1 is expressed exclusively in astrocytes and immature
oligodendrocytes within the brain, also being highly expressed
in Bergmann glia of the cerebellum (25). Gpr3711 KO mice showed
no alteration of adult cerebellar layer cytoanatomy and organi-
zation and no signs of gliosis. At the functional level, animals
presented improved motor functions and advanced cerebellar
development (22). Based on the similarities of expression pat-
terns for GlialCAM, MLC1 and GPR37L1 together with the mild
phenotype of the KO mice, we reasoned that the analysis of
MLC proteins in Gpr3711 KO mice may suggest direct effects of
GPR37L1 in MLC protein biology.

We first analyzed the consequences of the lack of GPR37L1
on MLC1 and GlialCAM protein levels. Western blot experiments
of cerebellum membranes indicated that both proteins were
upregulated in the Gpr3711 KO (Fig. 5A). Because GlialCAM and
MLC1 stabilize CIC-2 at the plasma membrane (28), we then
measured CIC-2 protein levels. Similarly, CIC-2 protein levels
were increased in the KO animals in a significative manner
(Fig. 5A). In contrast, GPRC5B protein levels remained unchanged
(Fig. 5A).

An increased signal was observed in tissue samples from
KO animals when immunofluorescence experiments detecting
MLC1 and GlialCAM at the Bergmann glia were performed. How-
ever, MLC proteins showed a more dotted pattern compared with
WT signal (Fig. 5B). Similar results were observed for CIC-2 (Sup-
plementary Material, Fig. S3A). Quantification of the fluorescent
signal revealed increased amounts of MLC1 in Gpr3711 KO mice

(Fig. 5B). Similarly, the fluorescent signal of MLC proteins was
increased in primary astrocyte cultures from the KO mice (Sup-
plementary Material, Fig. S3B). In contrast, the signal of GPRC5B
in astrocyte cultures from KO animals remained unchanged
(Supplementary Material, Fig. S3C).

To determine whether MLC1 subcellular localization was
altered in Gpr3711 KO mice as the immunofluorescence stain-
ing suggested, we detected MLC1 by electron microscopy (EM)
immunogold experiments (Fig. 5C). These experiments showed
that the localization of MLC1 in Bergmann glia (Fig. 5Ca) or in
perivascular astrocytic processes was not affected (Fig. 5Cb).

Similarly, we assessed whether the expression of GPR37L1
and GPRC5B depends on MLC1. Western blot experiments
revealed that the total amount of GPR37L1 and GPRC5B was
the same in the brain and the cerebellum of Mlcl KO mice
(Supplementary Material, Fig. S4A and B). Likewise, there was no
change in the subcellular localization of GPRC5B in the astrocytic
endfeet around blood vessels in Mlcl KO mice (Supplementary
Material, Fig. S4C).

We conclude that the lack of GPR37L1 in mice upregulates
MLC protein levels without altering their localization. Moreover,
no change is observed for GPRC5B protein.

Knockdown of GPRC5B in primary astrocytes
downregulates MLC proteins

We next studied whether the lack of GPRC5B might influence
MLC proteins. GPRC5B has been described to be expressed in
neurons, oligodendrocytes and astrocytes (16). Gprc5b KO mice
display gliosis and axonal swellings in the cerebellum caused by
increased ROS (29,30). In order to avoid any secondary effect of
the loss of GPRC5SB, experiments addressing the cellular effects
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Figure 4. Direct interaction of the human GPCRs with human GlialCAM or human MLC1 by bioluminescence resonance energy transfer (BRET) assays. Representative
BRET saturation curve between GPCRs and MLC1 (A) or GlialCAM (B) from 3 to 5 independent experiments. HEK293T cells were co-expressing a constant amount of
GPRC5b-Rluc or GPR37L1-Rluc in presence of increasing concentrations of MLC1-VFP or GlialCAM-VFP. The interaction between Glial CAM-Rluc and MLC1-VFP were
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luminescence value of the Rluc constructs 10 min after coelenterazine h incubation and the y axis the corresponding BRET ratio (x1000). mBU: mBRET units. Results

are expressed as mean =+ standard error of mean.

of GPRC5B ablation on MLC proteins were therefore performed
on primary cultured astrocytes. For this purpose, we developed
adenoviral vectors expressing a ShRNA against mouse Gprc5b (sh
Gprc5b) that were able to nearly deplete GPRC5B levels (Supple-
mentary Material, Figs S2B and C, and 6A). An adenoviral vector
expressing a scrambled shRNA was used as control.

In GPRC5B-depleted astrocytes, MLC1 and CIC-2 total protein
levels were significantly reduced. In contrast, GlialCAM and
LRRC8BA protein levels were not altered (Fig.6A). Because
our results have shown that GPRC5B interacts directly with
MLC1 and GlialCAM, we reasoned that GPRC5B ablation
could influence GlialCAM plasma membrane levels in the
absence of MLC1. GPRC5B depletion reduced GlialCAM levels
at the plasma membrane in Micl KO astrocytes (Fig. 6B).
Immunofluorescence experiments indicated that GlialCAM
was internalized in Mlcl KO astrocytes depleted of GPRC5B
(Fig. 6C), suggesting that GPRC5B may stabilize GlialCAM at
the plasma membrane. In these GPRC5B-depleted astrocytes,
complementation with an adenovector expressing human
MLC1 rescued GlialCAM localization at the plasma membrane
(Fig. 6C), in agreement with previous studies that indicated
that MLC1 also stabilizes GlialCAM (31). Hence, GPRC5B might
stabilize both MLC1 and GlialCAM at the plasma membrane

and thus, it may influence the activity of different chloride
channels that have been linked to the presence of Glial-
CAM and MLC1 in depolarizing (CIC-2) or hypotonic (VRAC)
conditions.

In agreement with this hypothesis, the ablation of GPRC5B
almost completely abolished the localization of CIC-2 at cell-cell
junctions in depolarizing conditions, with a drastic reduction
from 47 + 2 to 7 + 3 (n = 3 experiments, 108 cells counted,
**P < 0.001) in GPRCS5B depleted samples (Fig. 7A). Further-
more, whole cell patch-clamp experiments in rat astrocytes
demonstrated that GPRC5B knockdown decreased CIC-2 current
activation and prevented its change in rectification observed
in depolarizing conditions (Fig. 7B and C), as observed in the
measurements of the normalized current (Fig. 7C and D) and
the rectification index (Fig. 7E), respectively. Previous studies
using VRAC and CIC-2 inhibitors together with shRNA directed
against CIC-2 demonstrated that the chloride currents observed
in depolarizing conditions are mediated by CIC-2 associated with
GlialCAM and MLC1 (23).

Next, we measured VRAC activation by hypotonicity in
GPRC5B-depleted astrocytes (Fig. 7F-H). Reduction of GPRC5B
expression led to a dramatic reduction of VRAC current
measured in hypotonic conditions (Fig. 7F-H).
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Figure 5. Expression and localization of MLC proteins in Gpr3711 KO mice. (A) Representative Western blot analysis and densitometric quantification in whole cerebellar
extracts from wild-type (WT) and Gpr3711 KO adult mice. Data are expressed in arbitrary units (rel.int.: relative intensity) as a ratio to the mean values obtained from
WT mice (unpaired t-test; *P < 0.035; **P < 0.007, n = 6, 7). (B) Representative confocal images of MLC1 (green), GlialCAM (red) co-immunofluorescence labeling and
DAPI staining (blue) in cerebellar sections of WT and adult mice (left). Scale bar, 20 pm. The quantification of MLC1 immunostaining intensity (right). Data are expressed
in arbitrary units as a ratio to the mean values obtained from WT mice (unpaired t-test; **P < 0.0070; n = 3). (C) At EM level, MLC1 post-embedding staining in Gpr3711
KO showed immunoreactivity in the astrocyte-astrocyte junctions of protoplasmic (a) and perivascular (b) astroglial processes. AC, astrocyte; BV, blood vessel. Higher
magnifications of boxed areas (dashed lines) in (b) are presented. Scale bar, a: 0.25 pm; b: 0.5 pm.
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Figure 6. Characterization of GPRC5B depleted primary astrocytes. (A) Total protein levels of MLC1, GlialCAM, CIC-2 and LRRC8A were assessed by Western blot (left) in
extracts obtained from arrested astrocytes control or infected with shRNA against GprcSb. B-actin was used as a loading control, and GPRC5B was detected to validate
the effect of the shRNA. The result shown is representative of four independent experiments. The quantification of these different experiments (right) revealed a
decrease in protein levels in the case of CIC-2 and MLC1. *P <0.05 in the Student t-test of ShRNA versus control. (B) Surface levels of GlialCAM in GPRC5B depleted
primary astrocytes from wild-type or Mic1 KO mice were assessed by biotinylation and subsequent Western blot of the solubilized extract (sol), the supernantant of
the purification (SN) and the purification (P). Quantification of the biotynilated fraction (P) revealed a decrease in GlialCAM membrane protein levels only in Mlc1 KO
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ns, not significant.
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Figure 7. Lack of GPRC5B affects CIC-2 and VRAC activation in depolarizing and hypotonic conditions. (A) Immunostainings of CIC-2 in Control or GPRC5B depleted
astrocytes treated with physiological or depolarizing solutions. GPRC5B depleted astrocytes showed a markedly reduced CIC-2 trafficking to cell-cell junctions in
depolarizing conditions (arrows). ***P < 0.001 in one-way analysis of variance plus Dunnet multiple comparisons’ test versus the depolarizing control. (B-E) Reduced
activation in depolarizing conditions of the CIC-2 chloride channel in GPRC5B depleted astrocytes. (B) Representative whole-cell recordings from control and GPRC5B-
depleted rat astrocytes showing CIC-2 currents evoked by voltage pulses (from —120 to +50 mV) in both physiological and depolarizing conditions. The protocol applied
is depicted on the right. (C-E) Current-voltage relationships show the previously described increase in CIC-2 currents when astrocytes are treated with a depolarizing
solution and a change in the rectification index. In GPRC5B-depleted astrocytes, however, this increase in the current amplitude is much smaller and no changes in
the rectification index can be observed. Quantification of the current measured at —120 mV in both control and GPRC5B-depleted astrocytes can be seen in (D) and
changes in the rectification index are depicted in (E). Whole-cell currents shown in (C) and (D) are normalized by cell capacitance. *P < 0.05, **P < 0.01. The number
of experiments is Control phys = 20, Control depolarizing = 14, sh GprcSb phys = 9, shGprc5b = 11. (F-H). (F) Representative whole-cell recordings from control and
GPRC5B-depleted rat astrocytes showing VRAC currents evoked by voltage pulses (from —80 to +80 mV) before and after 5 min of hypotonic stimulation. The protocol
applied is depicted in the middle. (G and H) Current-voltage relationships showed that current activation upon hypotonicity was not statistically significant in GPRC5B-
depleted astrocytes and VRAC currents from these cells were much smaller when compared with those of control astrocytes. Quantification of the current measured
at +80 mV can be seen in (H). Whole-cell currents shown in (G) and (H) are normalized by cell capacitance. ns, not significant, *P < 0.05, **P < 0.01. The number of
experiments is Control = 12, sh Gprc5b = 8.
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model, GlialCAM and MLC1 are negatively and positively regulated by GPR37L1 and GPRC5B, respectively. The interaction between the GPCRs and MLC proteins might
activate signal transduction cascades previously linked to Mlc1 or these GPCRs (such as cAMP, ERK1/2, Calcium or RhoA), which will regulate different transporters and
channels, as illustrated by the effects seen in this work over the CIC-2 and the VRAC chloride channels.
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Depolarization and hipotonicity modulates
GPCRs-MLC1 protein interaction

The above results suggested that the lack of GPR37L1 increases
MLC proteins levels, whereas the opposite was observed for the
lack of GPRCSB. This suggests that these GPCRs may interact
with MLC proteins in a dynamic manner. Previous studies
indicated that the interaction between Glial CAM/MLC1 and CIC-
2 in primary cultured astrocytes was dynamically regulated,
and it was observed on depolarizing conditions (23).

Then, we compared the interaction between GPRC5B or
GPR37L1 with MLC1 in physiological versus depolarizing
conditions in primary astrocyte cultures. PLA indicated that
the interaction between MLC1 and GPRC5B was increased
in depolarizing conditions whereas the interaction between
GPR37L1 and MLC1 was decreased (Fig. 8A). Therefore, these
experiments suggested that in depolarizing conditions GPRC5B
might be needed for signal transduction responses in a
GlialCAM/MLC1-dependent manner.

Subsequently, we assessed whether the interaction between
MLC1 and GPRC5B also varies in hypotonic conditions perform-
ing PLA. We observed that the interaction between both proteins
increased under hypotonic conditions (Fig. 8B).

Discussion

GlialCAM and MLC1 are two membrane proteins linked to a
human genetic disease (MLC) and whose biological functions are
poorly understood. Previous studies suggested that they might
have a role in astrocyte ion/water homeostasis by influencing
different ion channels and transporters. In this respect, a direct
interaction after astrocyte despolarization has been observed
with the chloride channel CIC-2 and it has also been shown
to influence VRAC chloride channels and regulatory volume
decrease after astrocyte osmotic swelling in an indirect man-
ner. In addition, it has been shown that the overexpression of
MLC1 downregulates intracellular signaling pathways control-
ling astrocyte activation and proliferation. In order to get more
insights into the biological role of GlialCAM and MLC1, we have
identified GlialCAM-interacting proteins and their association
with MLC1 by means of immunoprecipitation and MYTH exper-
iments. Our results revealed that GlialCAM forms a network of
~20 proteins.

Within this proteome there are different proteins, some of
them previously identified (such as CIC-2, Cx43 or Na*t/K*-
ATPase), which are related to ion or substrate transport and are
involved in the homeostasis of the extracellular media during
neuronal activity. Neuronal activity in the central nervous sys-
tem leads to an increase of potassium in the extracellular space
(32). This increase is rapidly buffered by neighboring astrocytes
through different molecular mechanisms, including the activity
of pumps, transporters and ion channels. One of the most impor-
tant processes contributing to potassium clearance is its uptake
by astrocytes mediated by the Nat/K'-ATPase (33). Moreover,
the ATPase is activated by intracellular increases in sodium, as
occurs in astrocytes during neuronal activity because sodium-
coupled glutamate transporters, mainly EAAT2 (or GLT-1) and
EAAT1 (or GLAST), remove neurotransmitters from the extracel-
lular media. Potassium may also enter into astrocytes through
potassium channels, mainly Kir4.1 (34). Potassium would diffuse
to neighboring astrocytes through gap junctions [composed by
connexins 30 and 43 (Cx30 and Cx43)] (35,36) in a process that has
been defined as spatial buffering (37,38). In addition, potassium
can be accumulated inside astrocytes, which is balanced by a
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parallel transport of chloride to maintain electroneutrality (39).
In this case, it has been suggested that chloride might enter
astrocytes through CIC-2 chloride channels in association with
GlialCAM/MLC1 proteins (10). Within other proteins belonging
to the same group of transporter/ion channels, it is interesting
to mention the sodium-driven bicarbonate transporter (NBCe1).
Astrocytes contribute to the reacidification or basification of the
extracellular media during neuronal activity, partly through the
activation of NBCel (40).

The results presented here suggest that Glial CAM/MLC1 form
a protein scaffold for different transporters and ion channels
involved in neuronal homeostasis. Previous work has shown that
GlialCAM is able to target CIC-2 to glial junctions and modify
its gating properties (9). It remains unknown if GlialCAM is also
able to modify the functional properties and the localization of
the identified proteins. Hence, MLC disease could be caused by
impaired activity of some of the proteins found in the GlialCAM
interactome.

On the other hand, GlialCAM and MLC1 have been shown to
influence intracellular signaling pathways controlling astrocyte
activation and proliferation. Several proteins have been identi-
fied related to cell signaling within this proteome, such as three
different GPCRs (GPR37, GPR37L1 and GPRC5B), a tetraspanin
(CD9) (41) and the four transmembrane domain proteins Gly-
coprotein M6A and M6B (42,43). Considering the role played by
GPCRs, we hypothesize that some of the signaling pathways
involving MLC proteins might be caused by the activity of these
GPCRs.

Within the identified GPCRs, GPR37 and GPR37L1 are part of
the rhodopsin (Class A) family, specifically within the endothelin
B receptor-like peptide family (44-47). Both GPCRs are highly
expressed in the central nervous system. GPR37 is mainly
expressed in oligodendrocytes, whereas GPR37L1 is mainly
expressed in astrocytes with higher levels in the Bergmann
glia of the cerebellum. Studies with KO mice have shown that
GPR37 regulates negatively oligodendrocyte differentiation and
myelination (21), and that GPR37L1 participates in regulating
the development of neuronal and glial cells in the cerebellum
(22). Several groups have proposed that prosaposin and derived
prosaptides could bind to these GPCRs and activate them, but
in vitro studies with induced expression of both proteins have
so far failed to conclusively prove that these are the cognate
ligands (17,19,48-50). It has been indicated that GPR37 and
GPR37L1 are coupled to Gayo, which will inhibit adenylate
cyclase. Thus, the lack of these GPCRs results in increased cAMP
levels and Epac-dependent activation of MAPK cascade, which
leads to an increase in phospho-ERK1/2 (21,51). In this sense,
Milcl KO cells also show an increase in ERK phosphorylation
and its expression is also linked to astrocyte differentiation.

GPRCS5B belongs to the family C group IV (metabotropic gluta-
mate receptor-like receptor) of GPCRs (16). GPRC5B is expressed
ubiquitously, particularly in the brain, mostly in the cerebellum,
adipose tissue and placenta (29). It is subcellularly localized at
the plasma membrane, Golgi and exosomes (52). GPRC5B has
been implicated in neuronal cell-fate determination, cerebellar
motor learning, obesity and inflammation (53-56). There is not
a known ligand neither a G protein coupled for GPRCS5B, but
it seems to recruit the Src-family kinase Fyn through the SH2
domain during its activation, and the activity of Fyn regulates
inflammatory responses via NF-kB signaling (53,57). Considering
MLC, it has been found that in astrocytoma, the overexpression
of MLC1 inhibit the activation of IL-18-induced inflammatory
signals (pERK, pNF-kB) that, conversely, were abnormally upreg-
ulated in Mlc1 KO astrocytes (58).
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Thus, considering previous data and the present work, we
suggest that these GPCRs could participate in the signaling
role previously assigned to GlialCAM and MLC1 (Fig. 8C). First,
we have observed that the lack of GPR37L1 upregulates Glial-
CAM and MLC1 whereas the lack of GPRC5B downregulates
it, influencing CIC-2 and VRAC activity. As GPRC5B interacts
more with MLC1 in depolarizing and hypotonic conditions, the
activity of GPRC5B might be important in metabolic processes
related to changes in the ionic composition. In contrast, we
hypothesize that signaling through GPR37L1 might be related to
differentiation processes. Although future research is needed to
understand how GlialCAM and MLC1 modulate GPCR-associated
signaling processes, taking into account that they interact in
vitro, it is possible that they might regulate the activation of the
GPCRs through lateral interactions.

Although the exact role played by GlialCAM and MLC1 is still
unknown, this work has revealed that the role played by MLC1 is
very similar to the work performed by tetraspanins. Tetraspanins
are transmembrane proteins that span the plasma membrane
four times and that associate with other tetraspanins by homo-
and heterooligomerization (59). It has been described in many
cases that they form a tight complex with a single-pass trans-
membrane protein belonging to the immunoglobulin (Ig) super-
family (60). For instance, the tetraspanin CD81 is associated with
CD19 (61) or the tetraspanin CD9 with EWI-2 (62). Moreover, these
molecules can simultaneously associate laterally at the plasma
membrane with numerous integral membrane receptors, mod-
ulating their functions and organizing discrete, dynamic plasma
membrane compartments (63). Within these partners, there are
GPCRs (64) or other cytoplasmatic signaling mediators (65). They
might also regulate the trafficking and biosynthetic processing
of these partners (66). Considering MLC1, although the sequence
homology to tetraspanins is very low (~20%), it passes the mem-
brane eight times, but biochemical studies indicate that each
four transmembrane domains can be considered as a duplicate
(6). As tetraspanins, MLC1 also oligomerizes with himself and
forms a tight complex with GlialCAM, a single-pass transmem-
brane domain of the Ig family (4). Here, we have also identified
the tetraspanin CD9 as a protein forming part of the GlialCAM
interactome and a direct interactor of MLC1. As tetraspanins,
MLC1influence the trafficking of diferent partners, as ithas been
shown for CIC-2 (9) or Cx43 (12). Finally, here we have shown that
GlialCAM and MLC1 might be interacting with different GPCRs in
a dynamic manner. Therefore, we propose that MLC1 biological
role is that of being a tetraspanin-like molecule. Final proof of
this hypothesis might need the determination of a 3D structure
of the GlialCAM/MLC1 complex.

Understanding the interrelationship between Glial CAM/MLC1
and the GPCRs found here could be crucial not only to the
development of therapies for MLC patients but also to unravel
the mechanisms conducted by astrocytes to control neuronal
homeostasis. In this sense, analyses of the posttranslational
modifications of the interactome proteins identified here in MLC
mice models as in the Glialcam KO, could provide novel insights
into regulatory mechanisms. It would be interesting to analyze
if the minor percentage of MLC patients without mutations in
GLIALCAM or MLC1 harbor mutations in any of the genes coding
for the GPCRs identified here.

Materials and Methods

Molecular biology

Plasmids presented herein were constructed using standard
molecular biology techniques employing recombinant PCR and

the Multisite Gateway System (Invitrogen). The integrity of all
cloned constructs was confirmed by DNA sequencing.

Animal procedures

The generation of Glialcam™~ and Mlc1~/~ mice has been
previously described (10). Gpr3711~/~ mice has also been
previously characterized (22). For histological analyses of brains,
mice were perfused with 4% PFA/PBS and organs were postfixed
overnight. Mouse astrocyte cultures were performed from PO
to P2 mouse pups of the corresponding genotype as previously
described (31).

Membrane preparation

Fresh-frozen brains from mouse WT and Glialcam KO were
homogenized with a glass potter in sucrose buffer (320 mm
sucrose, 10 mmM Tris, 2 mM MgCl,, 1 mM EGTA, protease inhibitors
(5x), pH 7.5; ca. 10 ml/g tissue) and centrifuged for 5 min at
1080 x g. The supernatant (SN) was collected and the procedure
was repeated with the pellet using a third of the sucrose buffer
volume. Both supernatants were combined and ultracentrifuged
(10 min at 200,000 xg) to collect the crude membrane pellet.
The crude membrane pellet was resuspended in hypotonic
buffer (50 mm Tris/HCI pH 7.5) and allowed to lyse for 30 min
on ice (with gentle stirring). The membrane lysate was then
separated on a sucrose step gradient (10 ml 1.3 M sucrose and
10 ml 0.5 M sucrose, each in 10 mm Tris-HCl/1 mm Mg?t/pH
7.5) for 1 h at 200,000 x g. The interface band was collected,
diluted 3-fold with 20 mwm Tris-HCl/1 mMm Mg?*/pH 7.5 and
pelleted by ultracentrifugation. The pellets were resuspended
in a small volume of 10 mm Tris-HCl/1 mm Mg?t/pH 7.5 and
the protein concentration was determined by the Bradford
method.

Solubilization and AP

AP was carried out with CL47 supplemented with 1 mMm Mg?*.
In addition to mouse WT and Glialcam KO membranes, a rat
brain membrane preparation was used. For each purification
experiment, 20 png of immobilized antibody were incubated with
2 mg membrane solubilized with 1.6 ml CL47 (+1 mMm Mg?* and
4x protease inhibitors added). Solubilization was carried out at
a protein-detergent ratio of 1:8, incubated for 20 min on ice and
cleared by ultracentrifugation at 56,000 rpm/12 min (rotor Sorvall
S80-AT?3; corresponding to a 200 S cutoff for solubilized particles).
After 2 h of incubation with the solubilisate antibodies were
washed with CL47 dilution buffer 1 mm Mg?* (2 x 1 ml for 5 min)
and eluted with 2 x 7 pl non-reducing Lammli buffer (100 mm
DTT added later).

MS sample preparation and LC-MS/MS analysis

The eluates from APs were shortly run on 10% SDS-PAGE gels
and silver-stained. Lanes were excised and split into two parts (>
and <50kDa), each subjected to standard in-gel tryptic digestion.
Eluted peptides were vacuum-dried and redissolved in 13 pl 0.5%
trifluoroacetic acid prior to MS analysis.

For comprehensive LC-MS/MS analysis, peptides were loaded
on a C18 PepMap100 precolumn (5 pm; Dionex) and resolved on
an analytical 75 pm x 10 cm C18 column (PicoTip™ Emitter, 75
pm, tip: 8 £ 1 pm, New Objective; self-packed with ReproSilpur
120 ODS-3, 3 pm, Dr Maisch) using an aqueous-organic
gradient [UltiMate 3000 HPLC coupled to an Orbitrap XL mass
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spectrometer (Thermo Scientific)]. Full spectra (with precursor
signals used for quantification) were acquired with a target
value of 500000 and a nominal resolution of 60000 (scan range
370-1700 m/z).

Up to five data-dependent collision-induced dissociation
(CID) fragment spectra per scan cycle were acquired in the
ion trap with a target value of 10000 with dynamic exclusion,
preview mode for full precursor scans, charge state screening,
monoisotopic precursor selection and rejection charge state 1
enabled. Activation type was CID with default settings.

LC-MS/MS data were extracted and searched against the
UniProt Knowledgebase (mouse, rat, human and release 2013-09)
using the Mascot search engine (version 2.3.01; Matrix Science)
together with anti-Glial CAM AP datasets from a previous round
of experiments. For preliminary searches peptide mass tolerance
was set to 15 ppm. After linear shift mass recalibration the
window was narrowed to + 5 ppm for final searches. Fragment
mass tolerance was set to 0.8 Da. One missed trypsin cleavage
and common variable modifications were accepted for peptide
identification. Proteins identified by only one specific MS/MS
spectrum or representing exogenous contaminations such as
keratins or Igs were eliminated.

Analysis of GlialCAM and MLC1 interaction partners

The set of GlialCAM-APs (total of 14) was quantitatively evalu-
ated together with an AP data set from an older experiment (pre-
vious study, 4 samples). A label-free evaluation pipeline similar
to (67) was used. Briefly, m/z features among LC-MS scans were
detected and their intensitied integrated (as intensity x reten-
tion time x m/z width = PV) using MaxQuant (Cox and Mann
2008, version 1.3). m/z-corrected features were then aligned
between different LC-MS/MS runs and assigned to the peptides
identified by Mascot using a home-written software tool with
mass tolerance set to 1.5 ppm and a time shift window of 1 min.
The resulting assignment showed an even distribution with very
high m/z precision and no obvious systematic error (symmetric,
no offsets from 0 in either dimension).

Based on the accurately assigned PVs, protein abundance
ratios (rPV) in purifications from WT versus control (IgG or
Glialcam KO) were determined using the TopCorr method (68).
Protein-specific peptide PVs were ranked across the evaluated
datasets by their consistency using pair-wise linear correlation
analysis (Pearson correlation). A maximum of six to a minimum
of two peptide PVs were then selected from the best correlating
PVs to calculate the abundance ratio as median of the respec-
tive peptide PV ratios (referred to as rPV). To ensure validity,
sequenced peptides with missed PV assignment were omitted
and a minimum of two peptide ratios with total assigned PVs of
80000 units were required; if no PV could be assigned to a peptide
in the AP controls, the detection limit of the spectrometer (3000
PV units with the settings used here) was inserted as a mini-
mum estimate. Distributions of protein rPV values were plotted
for each sample pair to derive specificity thresholds. Proteins
were considered specifically co-purified when rPV (vs IgG) >
threshold (IgG) in both, rat and mouse, and no cross-reactivity
was indicated by rPV(vs KO) < threshold (vs KO). For each pro-
tein, the consistency of enrichment was evaluated with the
different antibodies as well as its quantitative correlation with
the purified target GlialCAM_Mouse [based on abundancenom
values, (68)].

Finally, the LC-MS/MS data from previous Mlcl AP experi-
ments were reprocessed and evaluated according to the same
improved procedures as described above. Because these datasets
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did not include target KO controls, specificity could not be evalu-
ated with the same degree of stringency. Rather high thresholds
(factor 20-60) for purification rPVs versus IgG were therefore
applied.

MYTH screenings

A MYTH screening was performed with the biotech Dualsys-
tems, using the bait vector pBT3-Ste containing human MLC1.
A second screening was performed using the human brain
DUALmembrane cDNA library in the NubG-x orientation as
described (69).

Cell culture and transfection

Human embryonic kidney HEK-293T cells were grown at 37°C
in an atmosphere of 5% CO, in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL strepto-
mycin, 100 mg/mL penicillin and 5% (v/v) fetal bovine serum.
The cells were seeded into six-well plates containing poly-D-
lysine-coated glass coverslips at ~300000 cells/well. Cells were
transiently transfected with the corresponding cDNA constructs
using Transfectin™ (Bio-Rad, Hercules CA, USA) and following
the manufacturer’s instructions.

Immunological procedures

For immunofluorescence staining, primary cells and tissue sec-
tions were fixed and processed as previously described (20,70).
The polyclonal rabbit antibodies used were the following: anti-
GlialCAM (1:100) (4), anti-MLC1 (1:100) (71), anti-CIC-2 (1:100) (9),
anti-LRRC8A (1:100) (A304-175-A, Bethyl antibodies) (15) and the
antibody developed in this work anti-GPRC5B against the peptide
(C)TIPTAPPSHTGRHHW, using the services provided by Eurogen-
tec. We also used a mouse monoclonal antibody that was devel-
oped against the mouse peptide sequence of the N terminus
of MLC1 (TREGQFREELGYDRM) (23) and a mouse monoclonal
specific for GPR37L1 (1:50 in mouse primary astrocytes, 1:100 in
mouse tissue sections, Mab Technologies, Cat. N.scB12). GPR37L1
and MLC1 co-immunostaining was performed in mouse primary
astrocytes from Gpr3711 WT and KO pups (51), after fixation with
100% methanol at -20°C for 20 min, permeabilizing with 0.1%
Triton X-100 and incubating for 1 h at room temperature in
blocking buffer containing 0.5% BSA, 0.3 M glycine (Merck, Cat#
104201) and 0.1% Tween-20.

For electron immunogold experiments, small samples of
Gpr3711 cerebellum KO mice tissue were obtained and fixed
in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.12 m
phosphate buffer, and processed. They were cryoprotected
gradually in sucrose and cryofixed by immersion in liquid
propane. Freeze substitution was performed at —90°C during
3 days in an Automatic Freeze Substitution System (AFS,
Leica); methanol containing 0.5% uranylacetate was used as
a substitution medium. Infiltration was carried out in Lowicryl
HM20 at —50°C and then polymerized with UV light. Ultrathin
sections were collected, and when needed, processed for post
embedding immunostaining. For immunostaining, grids were
incubated with rabbit anti-MLC1 (1:10) or antisera. The binding
of the primary antibody was visualized by incubating with a
secondary antibody conjugated to 18 nm gold particles (British
BioCell, International).

In the western blot studies, astrocyte lysates and cerebellar
extracts were prepared and processed as previously described
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(20,72). The mouse GPR37L1 protein was detected with a goat
polyclonal antibody (1:500, Santa Cruz, Cat. N. sc-164532). g-actin
or a-tubulin proteins were used as a loading control.

To detect surface levels of GlialCAM, WT or Micl KO mouse
astrocytes were cultured in 6 cm plates. They were washed 3
times with PBS-CM (PBS with 1 mm CaCl, and 1 mm MgCl,). Sub-
sequently, the astrocytes were incubated on ice for 30 min in PBS-
CM containing 2 mg/ml EZ-LinkTM Sulfo-NHS-Biotin (Thermo
Scientific). After three washes with PBS-CM, they were quenched
for 10 min in PBS Ca/Mg containing 10 mM Lysine. After three
additional washes with PBS-CM, the cells were lysed in RIPA
buffer (50 mm Tris pH 8, 150 mM NaCl, 1% NP-40, 0.5% deoxy-
cholate, 0.1% SDS, 2 mM EDTA) containing protease inhibitors, for
1 h. After centrifugation for 15 min at 14 000 rpm, the lysate was
quantified using the BCA protein assay (Thermo Fisher). Then
2 mg of the solubilized extract in a total volume of 200 pl was
incubated with 100 pl of streptavidin agarose (Thermo Fisher)
O/N at 4°C. After a brief centrifugation, the SN was taken and
the beads were washed three times with RIPA buffer. Biotinylated
proteins were eluted with LSB 1x for 15 min at 60°C. Samples of
lysate, SN and eluate were analyzed by western blot. To confirm
that only membrane proteins were detected in the eluate, we
performed a western blot with antibodies to test for the protein
calnexin resident in the endoplasmic reticulum.

GVUs purification

GVUs were isolated from whole WT OF1 brains as previously
described (24). A selective filtration was performed to enrich
vessels of 20 to 100 am diameter (24). For immunostaining,
GVUs were plated on a glass slide coated with Cell Tak (Corn-
ing, Corning, NY, USA) and fixed in PBS/PFA 4% for 15 min at
room temperature. GVUs were immersed in the blocking solu-
tion (PBS/NGS 5%/Triton X-100 0.5%) for 1 h at room temperature
and incubated with primary antibodies and Isolectin GS-B4 (IB4)
diluted in the blocking solution 12 h at 4°C. After 3 PBS washes,
slices or GVUs were incubated 2 h at room temperature with
secondary antibodies, rinsed in PBS and finally embedded in
Fluormount G. GVUs were analyzed using a 63X objective on a
confocal microscope.

Quantification of immunofluorescence and western
blot labeling

Quantitative analysis of immunofluorescence signals was per-
formed with the Imaris 5.0.2 software (Bitplane). Experiments
were carried out with tissue samples obtained from three mice
per genotype. Sections of similar size in similar regions were
chosen and analyzed. All measurements were performed with
the observer blind to the identity of the slides.

Quantification of western blot immunoreactive bands
was performed with the Chemidoc XRS+ imager and Image
Lab software (Bio-Rad). Experiments were carried out with
tissue extracts obtained from six to seven mice per genotype.
The intensity of each band was normalized to the intensity of
the corresponding «-tubulin band. The average values of each
experimental group were expressed in arbitrary units, as a ratio
to the mean values obtained from the WT groups.

Primary astrocyte culture, adenoviral transduction and
RNA interference

Rat primary quiescent astrocyte cultures were prepared as
described previously (20) and maintained in culture in the

presence of the mitotic inhibitor AraC for biochemical studies.
Dibutyryl-cAMP (dBcAMP) differentiated rat astrocytes obtained
as described elsewhere (73), were used for electrophysiological
measurements, because they express higher levels of CIC-
2 currents and are easier to patch. Immunofluorescence
experiments were performed on both types of cultures, with
similar results. The physiological solution was: (in mm) NaCl
122, KCl 3.3, MgS0, 0.4, CaCl, 1.3, KH,PO, 1.2, HEPES 25, Glucose
10 and it had pH 7.4. The osmolarity was 290-300 mOsm and was
adjusted with manitol using a vapor-pressure osmometer (Model
3320, Advanced Instruments). In the hypoosmolar solution
the osmolarity was adjusted to 180 mOsm/kg. Adenovirus
expressing HA-tagged MLC1, and the transduction of astrocytes
has been described previously (4). RNAi entry-clone (Gateway,
Invitrogen) vectors were prepared using the Block-it Polll
miR RNAi EmGFP or the Block-it Polll miR RNAi expression
vector kit following the manufacturer’s instructions. Entry
clones were recombined using LR clonase into the vector
PAdVDEST-CMV/V5. Adenoviruses were produced and titrated
using fluorescence microscopy detecting EmGFP, which is
expressed together with the shRNA, or detecting the viral protein
Ad-Hexon. The sequence of the oligo used to knock down
mouse GPRCSB expression was: shRNA Gprc5b (shRNA111): 5
TGGACTGGACCTTCTTCCTCA 3'.

Proximity-ligation assays

Mouse cultured astrocytes seeded on 24 well coverslips were
treated with physiological, depolarizing (60 mm K*) or hypo-
tonic solutions and then were fixed with PFA 3%. Cells were
blocked with PBS1x/0.1% Triton X-100/10% FBS for 2 h, and then
incubated with the primary antibodies (Mouse monoclonal or
Rabbit anti-MLC1 antibody 1:100; Rabbit polyclonal anti-GPRC5B
antibody 1:100, Mouse monoclonal anti-GPR37L1 1:100) diluted
in blocking solution for 1 h. After 3 washes of 10 min with
blocking solution, cells were incubated with the anti-rabbit PLA
(+) and the anti-mouse PLA (-) probes (Sigma) diluted 1/5 in
blocking solution for 1 h in a 37°C humid chamber. Cells were
washed twice with washing buffer A (Sigma) during 5 min. To
ligate the PLA probes, cells were incubated in ligation buffer
diluted 1/5 in water containing the ligase diluted 1/40 for 1 h in
a 37°C humid chamber. After 2 washes with washing buffer A of
2 min, the amplification reaction was performed in ampli RED
buffer diluted 1/5 in water containing the polymerase diluted
1/80 for 100 min in a 37°C humid chamber. Cells were washed
twice with washing buffer B during 10 min, followed by an
additional wash with washing buffer B diluted at 0.01% during 1
min. Finally, coverslips were mounted in DUOLINK DAPI medium
and images were acquired using a CellR olympus microscope.

To quantify the PLA signal, images were analyzed using
Image] (74). First, nuclei were identified and substracted. Then,
images were transformed to 8 bit and converted to binary
images using the threshold setup. The number of dots/particles
corresponding to the PLA signal was quantified using the
analyse particle command of the Image] submenu, considering
that the size (2") of the particles should be bigger than 5. For
each image, we determined the number of dots divided by the
number of nuclei.

BRET experiments

HEK293T cells were transfected with a constant amount of
GPRC5B-Rluc (200 ng), GPR37L1-Rluc, GlialCAM-Rluc or LRRC8A-
Rluc and increasing amounts of MLC1-VFP or GlialCAM-VFP.
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Equal DNA ratios were maintained with co-transfection or the
empty vector pCDNA3.1, which equilibrated the total amount
of transfected DNA. Forty-eight hours post-transfection, cells
were washed three times with PBS, detached and resuspended
in Hanks balanced salt solution (Thermo Fisher Scientific).
An aliquot was used to determine the protein concentrations
via the BCA assay, to control the total amount of protein
used in the assay. Accordingly, cells were diluted to a density
corresponding to a final protein concentration of 600 ng/pl. Cell
suspensions (corresponding to 20 pg protein) were distributed in
duplicates into white and black 96-well microplates (#3600 and
#3650; Corning, Stockholm, Sweden) for BRET? and fluorescence
measurements, respectively. The substrate, h-coelenterazine
(Molecular Probes, Eugene, OR, USA) was added at a 5 pM final
concentration. After 1 min (BRET?) and 10 min (Rluc total), the
signals were measured using the ClarioSTAR microplate reader
(BMG Labtech, Ortenberg, Germany) through the sequential
integration of signal detection at 475 nm (445-505 nm) and 530
nm (500-560 nm). The net BRET1 ratio was expressed as a ratio
of the light intensity at 530 nm over 475 nm by substracting the
background signal, which was detected when the Rluc fusion
proteins were only expressed with pCDNA3.1. The BRET? curve
was obtained by fitting the data points to a non-linear regression
equation assuming a single binding site using GraphPad Prism
version 6.00 (San Diego, CA, USA).

Patch-clamp experiments of astrocytes

Three days before the experiment, dB-cAMP-differentiated
astrocytes were trypsinized and seeded at a density of 1 — 3
x 10* cells onto 24-well plates containing a glass coverslip with
supplemented DMEM and 250 pM dBcAMP. The glass coverslip
was mounted on the stage of inverted microscopy equipped
with phase-contrast optics and fluorescence illumination. Patch
pipettes were pulled from borosilicate glass capillaries (Clark
Electromedical, UK) in a Flaming/Brown micropipettepuller P-
97 (Sutter instruments). The electrophysiological recordings
were performed with a patch clamp amplifier (Axopatch 200B,
Molecular Devices, Union City, CA). The electrodes had a
resistance of 4-5 Mg when filled with intracellular solution
(in mmM): 144 NMDG-C], 2 MgCl,, 5 EGTA, 5 HEPES, 5 Glucose with
pH 7.3 and 300 mOsm/kg.

To measure VRAC and CIC-2 currents, the extracellular solu-
tion contained (in mm): 144 NMDG-CI, 2 CacCl,, 2 MgCl,, 5 HEPES,
5 glucose, with pH 7.3 and 300 mOsm/kg. For VRAC, hypotonic
extracellular solution (—25%) was obtained by decreasing the
NMDG-CI concentration to 105 mm (220 mOsm/kg). For CIC-2,
the depolarizing extracellular solution contained (in mm): 144
NacCl, 11 KCl, 1.3 CaCly, 0.4 MgS0,, 1.2 KH,PO,, 25 HEPES-NaOH,
10 glucose, with pH 7.2 and 300 mOsm/kg. All the solution
osmolarities were adjusted with sorbitol. An Ag/AgCl ground
electrode mounted in a 3 M KCl agar bridge was used. Membrane
currents were recorded in the whole-cell patch clamp configu-
ration, filtered at 2 kHz, digitized at 10 kHz and acquired with
pClamp 10 software (Molecular Devices). Data were analyzed
with Clampfit 10 (Molecular Devices) and Prism 4 (GraphPad
Software, Inc., La Jolla, CA). Whole-cell capacitance and series
resistance were compensated with the amplifier circuitry. Series
resistance was always kept below 10 M2 and compensated at
70-80%. All recordings were performed at room temperature (22—
23°C). Currents were evoked in 4 s pulses from —120 to +50 mV
(A10 mV) to measure CIC-2 currents and from —80 to +80 mV
(A20 mV) to measure VRAC currents. The holding potential was
0 mV.

Human Molecular Genetics, 2021, Vol. 30, No. 17 | 1663

Statistics

Statistical significance was assessed between two groups using
the unpaired or paired Student’s test as appropiate. For statistical
analyses of multiple groups, one-way analysis of variance and
multiple comparison’s test (Dunnet) versus control groups were
performed.

Supplementary Material

Supplementary Material is available at HMG online.
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Abstract: Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of
vacuolating leukodystrophy (white matter disorder), which is mainly caused by defects in MLC1
or glial cell adhesion molecule (GlialCAM) proteins. In addition, autoantibodies to GlialCAM are
involved in the pathology of multiple sclerosis. MLC1 and GLIALCAM genes encode for membrane
proteins of unknown function, which has been linked to the regulation of different ion channels and
transporters, such as the chloride channel VRAC (volume regulated anion channel), CIC-2 (chloride
channel 2), and connexin 43 or the Na* /K*-ATPase pump. However, the mechanisms by which MLC
proteins regulate these ion channels and transporters, as well as the exact function of MLC proteins
remain obscure. It has been suggested that MLC proteins might regulate signalling pathways, but the
mechanisms involved are, at present, unknown. With the aim of answering these questions, we have
recently described the brain Glial CAM interactome. Within the identified proteins, we could validate
the interaction with several G protein-coupled receptors (GPCRs), including the orphan GPRC5B and
the proposed prosaposin receptors GPR37L1 and GPR37. In this review, we summarize new aspects
of the pathophysiology of MLC disease and key aspects of the interaction between GPR37 receptors
and MLC proteins.

Keywords: megalencephalic leukoencephalopathy with subcortical cysts; Glial CAM; MLC1; GPRC5B;
GPR37L1; GPR37; glia; ion; water homeostasis

1. Introduction

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare genetic
type of leukodystrophy (OMIM 604004). It is a childhood-onset hereditary disease charac-
terized by white matter vacuolation and macrocephaly, which is developed during the first
year of life. Most MLC patients present a progressive loss of motor functions with ataxia
and spasticity, cognitive decline and epileptic seizures [1]. Symptomatology often worsens
after fever or mild head trauma [2].

Magnetic Resonance Imaging (MRI), which is used for diagnostics, shows that pa-
tients display diffuse signal abnormality and swelling of the cerebral white matter to-
gether with the presence of subcortical cysts, mainly in the anterior temporal regions [3].
Furthermore, MRI together with the histopathology of the brain of an MLC patient revealed
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that myelin contains water-filled vacuoles [4]. Up to date, MLC has no cure. Treatment is
symptomatic in combination with supportive care.

Two different phenotypes of MLC disease have been described: a classical and a
remitting phenotype [5]. The classical phenotype is the most commonly found in patients.
It is caused by autosomal recessive mutations in either the MLC1I or the hepatic cell ad-
hesion molecule (HEPACAM) genes, resulting in two disease subtypes, namely MLC1
or MLC2A. The remitting phenotype, named MLC2B, is caused by dominant mutations
in HEPACAM [6]. Approximately 76% of patients present mutations in MLC1, 22% in
HEPACAM and 2% of MLC cases cannot be explained by mutations in these two genes,
suggesting that others might be implied in the disease [2].

MLC1 encodes for a membrane protein with eight predicted transmembrane domains
whose function remains unknown. It is expressed exclusively in the brain in astrocytes
surrounding blood vessels and Bergmann glia in the cerebellum [7]. More than 50 mutations
have been described for MLC1, including missense, deletions, insertions and nonsense
mutations [1].

On the other hand, HEPACAM encodes for a cell adhesion molecule of the im-
munoglobulin (Ig) family named GlialCAM, which is expressed predominantly in neurons,
astrocytes and oligodendrocytes [6]. GlialCAM was first identified in hepatic cancer, where
it was downregulated, but it is predominantly expressed in glial cells [8]. Glial CAM can
form interactions with other GlialCAM molecules in cis (within the same cell) or trans
(between different cells) [9]. Glial CAM acts as an endoplasmic reticulum (ER) chaperone
for MLC1 [10] and it also helps MLC1 to reach astrocyte-astrocyte junctions where both pro-
teins co-localize [6,11]. Apart for being involved in MLC, recently, it has been described that
autoantibodies recognizing Glial CAM might be involved in the development of multiple
sclerosis [12].

The pathophysiological mechanisms leading to MLC are still unclear [13]. Even though
the function of the MLC1/GlialCAM complex is unknown, it has been hypothesized that it
may have a role in the regulation of ion/water homeostasis, as it interacts with different
transporters and ion channels. Thus, it has been shown that the complex interacts directly
with the chloride channel 2 (CIC-2) [14], the gap junction alpha 1 protein (connexin 43,
Cx43) [15-17], Na*/K*-ATPase [18,19], and it is thought to regulate indirectly the activity
of volume-regulated anion channel (VRAC) [10,20,21] or the calcium-permeable channel
TRPV4 [22]. Recent bioinformatics developments have suggested new potential functions
for the Glial CAM/MLC1 complex (see Section 2).

2. Novel Insights into Glial CAM/MLC1 Function by Alphafold Structural Models

Powerful sequence-alignment methodologies have been used to identify possible func-
tional MLC1 homologues. The underlying assumption of these sequence-based methods is
that proteins with similar sequences adopt a similar fold. As protein folding determines
function, the detection of evolutionary relationships between proteins can be used to predict
functions of non-annotated protein sequences. Thus, MLC1 sequence identity analysis by
BLAST/PSI-BLAST algorithm identified the voltage gated potassium channel Kv1.1 alpha
subunit (KCNA1) as the protein with the highest sequence identity (less than 20% amino
acid identity) [23], suggesting that MLC1 could act as an ion channel. In agreement with
this hypothesis, it is known that MLC1 can form homo-oligomers, a characteristic found in
many ion channels proteins [24]. Moreover, MLC patients may present epileptic seizures,
which is a common feature in ion channel diseases, but not in leukodystrophies [25].
Taking all these data into consideration, the first hypothesis regarding MLC1 function
was that it could act as an ion channel. Nevertheless, voltage-clamp measurements in
Xenopus oocytes did not detect any changes in the conductance and neither did patch clamp
measurements in HEK293T or HeLa transfected cells. For those experiments, different
pulse protocols and various pulse durations were applied and no conductivity of MLC1
was detected, even in the presence of Glial CAM [26].
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The functional characterization of MLC1 is necessary to understand its physiolog-
ical relevance. As the 3D structure of a protein is believed to be responsible for its bio-
logical function, protein structure can provide a better insight into which protein frag-
ments contribute most to the functionality of a protein compared to the primary sequence.
In fact, residues located far apart in primary sequence may be close in the 3D structure.
Recently reported MLC1 structural models [27,28] suggest a protein fold based on a 4 + 4
structural repeat, involving transmembrane regions (TMs) 1-4 and 5-8 (Figure 1A,B).
Interestingly, although mutations found in MLC patients are spread through all the protein
sequence, a significant number of identified missense MLC1 mutations are mainly localized
on the interphase between MLC1 internal repeats (Figure 1C). As MLC1 mutations have
been reported to cause protein instability, which consequently causes its degradation at the
endoplasmic reticulum or lysosomes [29-31], we propose that proper interaction between
MLC1 internal repeats is of key relevance for proper protein folding and endoplasmic
reticulum sorting. Similarly, recently reported MLC1 homo-trimeric complex in detergent
micelles and proteoliposomes [24], suggests that mutations affecting MLC1 monomers
interaction would also affect protein stability. However, the lack of a 3D structure at atomic
resolution precludes the identification of putative protein-protein interaction regions.
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Figure 1. Structural models of MLC1 and GlialCAM proteins. (A) Alphafold structural model
of monomeric MLC1. Helices 1 to 4 and 5 to 8 are coloured pale green and wheat, respectively.
(B) Structural superimposition of the two MLC1 subdomains, comprised of TMs 1 to 4 (pale green)
and 5 to 8 (wheat), respectively. Two different views, rotated by 90°, are shown. (C) MLC causing
mutations (red) depicted in the MLC1 structural model. Preferential localization of mutated residues
is located in the interaction surface defined by the two MLC1 subdomains (TMs 1 to 4 (pale green) and
5 to 8 (wheat)). (D) Structural superimposition of MLC1 structural model TM1 to 4 (pale green) and
a prokaryotic soluble copper storage protein from Streptomyces lividans (light grey) (PDB ID 6Q6B).
Two different views, rotated by 90°, are shown. (E) Summary of the structural model proposed for
Glial CAM homodimers forming cis and trans interaction through different surfaces of its IgV domain.
Cis dimerization is achieved by interactions between two opposing beta-strands of the IgV domain
and trans interactions occur between salient loops of both IgV domains. Residues mutated in MLC2A
patients (recessive) are shown in green, Residues mutated in MLC2B patients are shown in red or
blue (affecting blue the interactions in trans only).
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The growing number of known protein structures and structural models has motivated
the interest into developing approaches that aim to identify the protein functions from the
structure. Among them, methods comparing the global fold of a query protein with other
template proteins of known function are commonly used. Identification of proteins similarly
folded to whole MLC1 and TM1-4 MLC1, using the PDBeFold algorithm [32], revealed both
prokaryotic and eukaryotic proteins with a similar 3D fold. Particularly, PDBeFold analysis
of the TM1-4 MLC1 subdomain resulted in the identification of a prokaryotic soluble
copper storage protein from Streptomyces lividans (PDB ID 6Q6B) (Figure 1D), suggesting
that maybe MLC1 would be involved in ion sensing. However, further research should be
conducted to solve this issue.

In addition, based on the identification of the interactome of Glial CAM and MLC1, we
recently proposed that MLC1 could act as a tetraspanin-like molecule [16]. Tetraspanins are
cell-surface proteins with four transmembrane domains, which can homo- and hetero-
oligomerize. They participate in a wide variety of cellular processes such as adhesion,
differentiation and cell activation [33]. In many cases, they also form a tight complex with
proteins belonging to the Ig superfamily, as it happens with MLC1 and GlialCAM.

Our recent work based on 3D models combined with biochemical analyses indicated
that GlialCAM forms interactions in cis through an interaction surface comprising residues
Glutamate 86 to Arginine 92 in the IgV domain [9] (Figure 1E). Furthermore, two other
loops might also be involved in the formation of trans- interactions, which are blocked by a
nanobody generated against Glial CAM. Residues causing dominant MLC are located in
these two interaction surfaces (Figure 1E). It remains to be determined whether the IgC2
domain contributes to the formation of lateral interactions as it has been observed in other
Ig proteins, or if it also mediates interaction with the MLC1 protein.

3. Physiological Processes Affected in MLC Deduced from Animal Models of MLC

The main characteristic observed in MLC patients is that the brain is enlarged with
increased water accumulation. Water is accumulated in subcortical cysts but also, in
a general manner, in the outer part of myelin [4] and in astrocytes surrounding blood
vessels [34]. Similarly, the lack of MLC1 or Glial CAM in knockout (KO) mice [18,35-37] or
KO zebrafish [7,38] leads to an increased brain water content and cerebellar white matter
vacuolation, although no cysts are observed. Moreover, in humans, the oedema is localized
mainly in the subcortical white matter, while vacuoles are found in the cerebellum of
KO mice. Although vacuoles of water in myelin sheaths that enwrap axons of central
neurons can be observed in both patient biopsies and mice samples, still the developmental
myelination process is not altered. Considering astrocytes, histological studies revealed
that Mic1 KO mice presented abnormal astrocytes with thicker cell processes, swollen
cell bodies and enlarged end-feet, although the length and number of these cells were
not altered [34]. Primary astrocytes from MIc1 KO showed an increase in the number
of vacuoles [7]. In summary, although there are differences between human and animal
models, they show in common an increase in the content of water in the brain, which is
accumulated in the form of vacuoles in myelin or in astrocytes.

Why does the lack of MLC1 lead to an increased water content in the brain? The first
hypothesis was that MLC1 functions as a water or ion channel, and its defect causes water
accumulation due to osmotic alterations linked to neuronal activity [23]. However, this ac-
tivity has not been detected after expressing the MLC1 protein alone or together with Glial-
CAM in different cell systems [26]. Thus, a search for other proteins interacting with MLC1
and/or Glial CAM to find a connection with the patient’s brain phenotype was developed.
Unsurprisingly, several transporters and ion channels were identified by different groups
(for review [13]). In an extensive proteomic analysis [16], we have recently identified the
following interactor proteins: the chloride channel CIC-2, the gap junction protein Cx43, the
glutamate transporter EAAT1/2, the alpha2 and beta2 subunits of the sodium /potassium
ATPase, the sodium bicarbonate transporter NBCel, the glucose transporter GLUT1, and
the sodium calcium exchanger. Furthermore, although not appearing as MLC interacting
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proteins, other activities have been shown to be affected by the lack of MLC1 such as
the volume regulated anion channel (VRAC) or the calcium-permeable channel TRPV4.
It has been clearly demonstrated that the activity of the chloride channels CIC-2 [37] and
VRAC [21,35] and of the gap junction protein Cx43 [15] are affected in vivo. Thus, one
possible hypothesis is that the lack of activity of some of these proteins is the reason that ex-
plains myelin vacuolization. In agreement with these hypotheses, a Clcn2 KO mouse model
displayed widespread vacuolization, including the cerebellum [37]. Similarly, defects of
connexins have also been linked to myelin vacuolization [39]. As LRRCS8 proteins of VRAC
channels are involved in cell volume regulation and their absence cause cell vacuolation in
several tissues, it will be important to analyse whether a conditional (because the complete
KO is deleterious [40]) astrocyte KO of LRRC8A [41] (the main constituent of the VRAC
channel [42,43]) also displays astrocyte and myelin vacuolization.

In contrast to other leukodystrophies, MLC patients can suffer from seizures [25]; still
the underlying mechanism that links MLC to epilepsy is not known. In this sense, both
Glialcam and Mlc1 KO mice present an abnormal extracellular K* dynamics and neuronal
network activity, as they had an epileptiform brain activity and a lowered seizure thresh-
old [44]. As described previously, defects in either the MLC1 or GlialCAM interacting
proteins’ function might also affect extracellular potassium dynamics. Astrocyte uptake
is mainly mediated by the Na* /K" ATPase pump [45], an interactor of MLC1 [16,18,19].
In Mic1 KO mice, there is a reduced expression of the inward rectifier potassium channel
Kir4.1 involved in potassium clearance [35], whose absence is known to lead to hyperex-
citability and epilepsy [46]. The interaction of Glial CAM with the CIC-2 chloride channel
increases total current amplitudes and abolishes the rectification of CIC-2, which is thus
opened at positive voltages [14]. In addition, this interaction opens the CIC-2 common
gate, which is closed by acidic pH. This reduction in the inward rectification will allow the
influx of chloride, which may be needed to maintain the electroneutrality after potassium
intake in glial cells [47]. Connexins are also essential to disperse local high potassium
concentrations through a glial syncytium. It must be considered that disturbed astrocyte
regulation of water homeostasis in MLC affecting the VRAC channel might also cause
hyperexcitability of neuronal networks and seizures.

Importantly, perivascular astrocytes by itself, where MLC1 expression is higher and
can even be considered a marker of these cells [48], are essential to the maintenance of an
adequate blood brain barrier, which is also important for the clearance of potassium [49].
In this sense, it has recently been shown that the lack of MLC1 affects the perivascular astro-
cytic processes” molecular maturation and organization. In MlcI KO mice, an accumulation
of fluid in the brain occurs, although this does not alter the blood-brain barrier integrity
and neither the organization of the endothelial network. It has been determined that
MLC1 might play a role in contractile maturation of vascular smooth muscle cells, arterial
perfusion, and neurovascular coupling. Its absence disturbs the postnatal acquisition of
contractile properties by vascular smooth muscle cells and disrupts blood perfusion, vessel
diameter and neurovascular coupling [50]. Thus, not only affecting different ion channels
and transporters in astrocytes can cause water increase and it might be that disruption
of gliovascular unit by itself might contribute also to the increase in water content and
seizures observed in MLC patients.

Another important aspect to consider in the pathophysiology of MLC is that MLC1 is
expressed in astrocytes, whereas its auxiliary subunit Glial CAM is expressed in astrocytes,
oligodendrocytes, and neurons [15,37]. Importantly, GlialCAM regulates astrocyte com-
petition for territory and morphological complexity in the developing mouse cortex [15].
It has been shown that the lack of MLC1 causes Glial CAM mislocalization by an unknown
mechanism in astrocytes [7], but also in oligodendrocytes [37], possibly because astrocytic
GlialCAM interacts in trans through the IgV domain with oligodendrocytic Glial CAM.
Moreover, the mislocalization of Glial CAM also affect to the localization of CIC-2 in oligo-
dendrocytes, as shown by immunofluorescence and electrophysiological measurements of
CIC-2 activity in oligodendrocytes on cerebellar slices [37]. In line with these studies, it has
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been recently shown that the lack of GlialCAM in astrocytes in vivo decreases synaptic in-
hibition and, therefore, increases excitation, which may also explain seizures [15]. As CIC-2
and Glial CAM are also expressed in inhibitory synapses, this change in synaptic function
might also be related to disorganization of Glial CAM (astrocyte)-GlialCAM (neuron) trans
contacts. It could also be related to the mislocalization of other interacting partners such
as Cx43, which in turn might also interact with connexins present in oligodendrocytes
(connexin 47) [51] and/or neurons.

As previously stated in this review, the functional role of the Glial CAM/MLC1 com-
plex is still unknown. Nevertheless, it has been described that several proteins and pro-
cesses related to brain homeostasis are affected in a Glial CAM or MLC1-dependent manner
and it is not clear how Glial CAM and MLC1 exert this effect on the activity of different
ion channels and transporters. A suggested hypothesis argues that they might influence
signalling cascades by yet undefined mechanisms [52], which may regulate these channels
or transporters. In this regard, GlialCAM and MLC1 have been related to signal trans-
duction changes. For instance, it has been described that the overexpression of human
MLC1 in astrocytes decreases the phosphorylation of extracellular signal-regulated kinases
(ERK), whereas primary astrocytes lacking MLC1 show an increase in phosphorylation [21].
Nonetheless, the mechanisms involved in this process remain unresolved.

In summary, Glial CAM and MLC1 seem to regulate the activity of many different
transporters and ion channels in different cell types (Figure 2), possibly by regulating
phosphorylation of these proteins. An anomalous activity of these proteins might contribute
to the defects observed in the regulation of the extracellular water and ionic homeostasis,
which could explain the increased water content and seizure susceptibility of MLC patients.
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Figure 2. Physiological alterations caused by the lack of MLC1 and/or GlialCAM.
MLC1/Glial CAM might regulate the activity of different transporters and ion channels through
phosphorylation of ERK signalling transduction cascade. In the absence of MLC proteins, the activity
of different transporters and ion channels is altered, such as the activity of CIC-2, VRAC, Cx43 and
Na*/K* ATPase. During the hyperpolarization phase of a neuronal action potential, the activity of
the chloride channel CIC-2 is decreased in the absence of MLC1/Glial CAM. The lack of MLC proteins
diminishes VRAC activity, which leads to an impaired regulatory volume decrease (RVD) response:
an important mechanism to shrink cells after cell swelling. The Cx43 localization in the absence of
MLC1/GlialCAM is affected as it is internalized and it is no longer located at cell-cell junctions. It is
thought that the activity of the Na* /K* ATPase is altered when MLC proteins are not present.
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4. Regulation Mechanism of Different Transporters and Ion Channels by MLC
Proteins: Is a GPCR Link the Answer?

Recently, our research group identified the Glial CAM interactome through an ap-
proach based on affinity purifications (APs) [16]. Four different antibodies specific for
GlialCAM were used on samples consisting of membrane fractions prepared from whole
brains from adult animals. These included wild type (WT) rats and mice, as well as Glialcam
KO mice. The previously validated interactors MLC1, CIC-2 and Glial CAM itself were re-
tained in all APs with high efficiency, reinforcing the robustness of this approach. We could
identify as many as 21 proteins within the Glial CAM interactome in the rodent brain, some
of them already linked to MLC as mentioned above. Within the proteins identified as part
of the network of GlialCAM, there were three specific G protein-coupled receptors (GPCRs).
Specifically, we retrieved the orphan receptors GPRC5B [53], which we suggested that
mutations in this gene could be found in MLC patients without mutations in MLC1 and
HEPACAM, and the proposed binders of prosaposin GPR37 and GPR37L1 [54,55]. It is in-
teresting to note that the latter two GPCRs belong to the same protein family. Therefore, we
proceeded to determine the potential interaction and the relationship between these GPCRs
and MLC-related proteins (Glial CAM/MLC1 and CIC-2). As the purpose of this review is
to update the knowledge of the GPR37 family, we will focus on these two proteins.

The GPR37 and GPR37L1 proteins are part of class A rhodopsin-like family of GPCRs,
which comprises 80% of all identified GPCRs [56]. Both are considered orphan receptors as
no ligand has conclusively been linked to them in vitro [55]. The two GPCRs are widely
expressed in the CNS [57]. GPR37 is mainly expressed in the cerebellum, corpus callo-
sum, medulla, putamen, caudate nucleus, substantia nigra and the hippocampus [58-61].
Specifically, oligodendrocytes are the cell type displaying a higher expression of GPR37
together with certain subsets of neurons like dopaminergic neurons in the substantia ni-
gra [62]. On the other hand, GPR37L1 is exclusively expressed in glial cells within the
brain, in particular Bergmann glia astrocytes in the cerebellum [63], as well as immature
oligodendrocytes [64].

Studies carried out in Gpr37 KO mice revealed that GPR37 acts as a negative regulator
of oligodendrocyte differentiation and myelination. The lack of GPR37 leads to premature
differentiation of pre-myelinating oligodendrocytes to myelin producing cells. This alter-
ation is a cause of central nervous system hypermyelination in these mice, already at a
very young age and up until adult stages [64]. Furthermore, experiments performed both
in primary oligodendrocytes and in brain-derived samples obtained from Gpr37 KO mice
show an increase in ERK1/2 phosphorylation. Pharmacological inhibition of MEK1/2 and
ERK1/2 seemed to stop premature differentiation of oligodendrocytes in the absence of
GPR37. This inhibition, however, did not affect normal cell proliferation [65]. In addition,
adenylyl cyclase inhibition resulted in the impairment of ERK1/2 translocation to the
nucleus. Taken together, these data suggested that this pathway is indeed responsible for
GPR37 activation during oligodendrocyte differentiation.

Regarding GPR37L1, several studies have highlighted its relevance in the developing
brain. One study showed that the lack of Gpr3711 led to altered cerebellar development in
mice [63]. The animals displayed a reduction in neuronal granule cell precursors together
with premature maturation of Bergmann glia and Purkinje neurons. Cerebellar layer
formation was also altered. However, the authors observed that KO mice seemed to
perform better in motor tasks. Motor learning was improved both in juvenile and adult
stages, while the adult animals also showed better coordination skills. Furthermore, it
has been suggested that Gpr3711 could play a role in recovery after ischemic injuries,
possibly by modulating glutamate transporters [66], which also form part of the Glial CAM
interactome [16].

5. Biochemical Relationship between the GPR37/GPR37L1 and MLC Proteins

As detailed above, these two GPCRs, that were identified as members of the Glial CAM
interactome, play an important role in mediating a variety of processes in the central
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nervous system. Hence, our research group was particularly interested in the analysis of
the potential role of these GPCRs in MLC pathophysiology. The first experiments that
were carried out aimed to validate the proteomics data regarding the interaction between
these proteins and Glial CAM/MLC1 [16]. As MLC1 and GPR37L1 are both expressed in
astrocytes, we initially focused our studies on this GPCR. We could establish that there was
co-localization between GPR37L1 and MLC1 by immunofluorescence in mouse primary
astrocytes. Furthermore, both proteins were in proximity in the same cells, as assessed by
Proximity Ligation Assay (PLA) [16]. Moreover, the ability of each of the two GPCRs to
directly interact with either MLC1 or Glial CAM was monitored by split-tobacco etch virus
(TEV) assays for GPR37 (Figure 3) and bioluminescence resonance energy transfer (BRET)
studies in HEK293T cells for GPR37L1 [16].

GPR37 TevSpA
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Figure 3. Direct Interaction between GPR37 and Glial CAM/MLC1. Results of split-TEV interaction
assays in HeLa cell using GPR37 C-terminally tagged with the N-terminal part of the TEV protease
(TevSpA). They were co-transfected with different constructs (GPR37, GlialCAM, MLC1 and 4F2 as
a negative control) C-terminally tagged with the C-terminal part of the TEV protease. Plotted data
combine the results from three independent experiments. Statistical significance was obtained com-
paring the interaction within each group to the interaction with the negative control in Bonferroni’s
multiple comparison test (* p < 0.05, ** p < 0.01 in the test versus 4F2). Results show that GPR37 is
able to homo-oligomerize and hetero-oligomerize with Glial CAM and MLC], in the same manner as
shown for GPR37L1 by BRET.

The above summarized results support the formation of complexes between the
GPCRs and MLC-related proteins in living cells. More work was carried out to further
characterize the nature of the relationship between these proteins and the physiological role
of these complexes. In collaboration with the group led by Daniela Marazziti, we started
to address these questions using the Gpr3711 constitutive KO mice [63]. As the animals
showed no alteration of adult cerebellar layer cytoanatomy and organization and there
was no apparent sign of gliosis, it was considered that the analysis of MLC proteins in
Gpr3711 KO mice could elucidate direct effects of GPR37L1 on MLC protein expression
and function.

Biochemically, the first step was to analyse the consequences of the lack of GPR37L1
on MLC1 and GlialCAM protein levels [16]. Western blot experiments of cerebellar mem-
brane fractions indicated that both proteins were upregulated in the Gpr3711 KO samples.
Likewise, CIC-2 protein levels were also increased. Similarly, in immunofluorescence la-
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belling experiments of MLC1 and GlialCAM in cerebellar Bergmann glia samples, an
increased signal was observed. These in tissue results were consistent with what was
observed in primary astrocytes derived from these mice, in which an increased signal for
MLC-related proteins was revealed. However, the MLC proteins and CIC-2 showed a
more dotted pattern compared to the WT signal. To determine whether MLC1 subcellular
localization was altered in Gpr37I1 KO mice, we proceeded to detect MLC1 by electron
microscopy (EM) immunogold experiments. These experiments showed that the localiza-
tion of MLC1 in Bergmann glia or in perivascular astrocytic processes was not affected.
In summary, we concluded that the lack of GPR37L1 in mice upregulates MLC protein
levels without altering their localization [16]. No studies have so far been performed in
Gpr37 KO mice.

6. Possible Role of GPR37 and GPR37L1 in MLC Pathophysiology

As the lack of GPR37L1 increases MLC proteins levels, it was suggested that GPR37L1
might be a negative regulator of MLC proteins in astrocytes (Figure 4). Interestingly, previ-
ous studies [67] have suggested that GPR37 interacts and negatively regulates dopamine
transporters by regulating their endocytosis and trafficking. As stated previously, GPR37
has been described to act as a negative regulator of myelin formation [64]. As the proper
expression of Glial CAM/MLC1 is necessary for myelin homeostasis, we could hypothe-
size that GPR37L1 would exert a similar negative effect regulating the Glial CAM/MLC1
complex during development (Figure 4).

? Oligodendrocyte

GPR37/\
£ GlialCAM

GlialCAM
MLCT
GPR37L1
Astrocyte

Figure 4. Model for the interplay between GPCRs and MLC-related proteins. The existing pieces
of evidence in the literature and the results from our lab lead us to think that GPR37 and GPR37L1
would be part of an interplay with MLC-related proteins. Specifically, we hypothesize (question mark

clc-2

for GPR37 in oligodendrocytes) that these GPCRs would be negative regulators of the physiological
MLC1/Glial CAM complex activity.

Previous studies indicated that the interaction between Glial CAM /MLC1 and CIC-
2 in primary cultured astrocytes was dynamically regulated, and it was observed only
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in depolarizing conditions [47]. Then, we addressed whether the interaction between
GPR37L1 and MLC1 was also regulated in a dynamic manner, and compared the interaction
between GPR37L1 with MLC1 in physiological versus depolarizing conditions in primary
astrocyte cultures [16]. The PLA assays indicated that the interaction between GPR37L1
and MLC1 was decreased, whereas the interaction with the orphan GPCR5B was increased.
As GPRCS5B interacts more with MLC1 in depolarizing and hypotonic conditions, the
activity of GPRC5B might be important in metabolic processes related to changes in the
ionic composition. In contrast, we hypothesize that signalling through GPR37L1 might
be related to cell differentiation processes. In line with this hypothesis, as mentioned
previously, the lack of GPR37L1 resulted in an increase of phospho-ERK1/2, which has
also been seen in Mlc1 KO cells [21].

Another similar correlation has been found recently between MLC proteins and
GPR37L1. As mentioned previously, MLC patients [25] and MIc1 KO mice [44] show in-
creased seizure susceptibility. A homozygous GPR37L1 variant (c.1047G > T [Lys349Asp])
has been found in a patient with myoclonus epilepsy [68]. Furthermore, both Gpr37 and
Gpr3711 KO mice showed an increase in seizure susceptibility [68]. These results are consis-
tent with a possible functional link between these GPCRs and MLC disease. However, it is
important to state that future research is needed to understand how Glial CAM and MLC1
modulate GPCR-associated signalling processes.
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