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Mutations of the ALS2 gene, which encodes for the protein Alsin, are linked to three recessive motor neuron
diseases characterized by early onset. Alsin is an intriguing protein characterized by several structured domains

with distinct functions.

Alsin IAHSP JPLS JALS rare diseases protein mutations
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1. Microscopic Level: Molecular Features of IAHSP and Other
Related ALS2 Pathologies

The clinical course of the ALS2-induced MND forms has highlighted the need to investigate the molecular basis
underlying these pathologies. At the lowest scale of investigation, attention is focused on the ALS2 gene, located
on the long arm of chromosome 2g33 and composed of 34 exons. It is transcribed into two spliced transcripts, a
long form with 1657 amino acids and a short form with 396 amino acids (Figure 1). Both proteins are expressed in
various human tissues, but mostly in the brain (cerebellum) and spinal cord. However, some ectopic expression
has been detected in the testis [Xl. The larger transcript encodes for a protein called Alsin (molecular weight is 184
kD), localized on the cell cytoplasm, onto the cytoplasmic face of perinuclear and enlarged endosomes. Although
the function(s) of Alsin are not yet fully elucidated, experimental evidence supports a role for Alsin as a guanine
exchange factor (GEF) on small guanosine triphosphatases (GTPases). GEFs are known to activate GTPases by
stimulating GDP dissociation and GTP binding, thereby activating the GTPases, which act as switches in
numerous signaling cascades. Previous studies have demonstrated that Alsin preferentially targets the Rab5
GTPase family, which is involved in signal transduction, trafficking, and vesicle formation, suggesting that Alsin
may play a key role in endocytosis and cytoskeletal reorganization in mammalian neuronal cells B4, Alterations
in the Alsin protein, ranging from point mutations to complete deletion of structured domains, lead to diverse clinical
scenarios in terms of onset, symptoms, and fatality. Therefore, the description of Alsin’s structure and its
involvement in protein cascades related to cellular functions through protein—protein interactions is an essential
topic that must be understood in depth for a rational view of the mechanisms behind the development of the above
mentioned MNDs.
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Figure 1. Schematic representation of the long and short forms of human Alsin. According to homology modelling,
four structured domains, numbered according to the Uniprot Q96Q42 entry, were predicted in human Alsin, namely
the RLD (RCC1-like domain), DH-PH (Dbl homology-pleckstrin homology), MORN (membrane occupation and
recognition nexus), and VPS9 (vacuolar protein-sorting 9) domains. We used representative structures of these
domains (PDB entries 1A12, 2Z0Q, 6T4D, and 20T3) to illustrate the 3D folds that the RLD, DH-PH, MORN, and
VPS9 domains predicted in human Alsin, respectively, may adopt. Structured domains are shown as ribbons with

the same color code as the one utilized for the sequence schematic representation.

1.1. Alsin Molecular Structure

Alsin is a protein constituted by three putative GEF domains 228 the RCC1-like domain (RLD) at the N-terminus,
the central B cell lymphoma (Dbl) homology (DH) and pleckstrin-homology (PH) domain, and the C-terminal
vacuolar protein-sorting 9 (VPS9) domain. Additionally, eight consecutive membrane occupation and recognition
nexus (MORN) motifs are inserted in between the DH/PH and VPS9 domains & (Figure 1).
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Interestingly, the RLD, DH/PH, and VPS9 domains have shown GEF activity, supporting the role of Alsin as a
regulator and activator of multiple small GTPases 48, Moreover, Alsin’s structured domains seem to drive the
subcellular localization of protein. More specifically, studies on truncated variants revealed that C-terminal-

truncated variants are mainly cytoplasmic, while N-terminal-truncated variants display endosomal localization 29,

1.1.1. RLD Domain and the Intrinsically Disordered Domain

Alsin’s N-terminal RCC1-like domain (RLD) shares homology with the RCC1 protein (Regulator of Chromosome
Condensation 1-protein) 112 Although clear experimental evidence is still lacking, homology modeling suggested
that the Alsin RLD domain builds up a seven-bladed propeller by means of RCC1-like sequences of ~50-60 folded
residues (propeller blades), which are stabilized by inter-blade disulphide bridges (Figure 1). Each blade of the
propeller is composed of 4 3-strands connected in tandem by long loops: the N-terminal strand faces the central
propeller tunnel, the second strand from one blade interacts with the third strand from the adjacent blade, and the
fourth and shorter strand lies on the propeller surface. A conserved VyxWGT consensus sequence is observed on
the third blade, which seems to participate in hydrophobic interactions between the blades, while the strong
sequence variability of the last strand suggests that it could be involved in protein—protein interactions. It is worth
noting that in the first blade, the first two beta-strands are constituted by the C-terminal part of the RLD domain,
while the third and fourth strands are formed by the domain’s N-terminal sequence. This structural peculiarity was
hypothesized to facilitate the completion of the propeller structure, favoring a correct folding of the domain owing to
the first beta-strands from blade 1 acting as a velcro with the last two strands. Furthermore, in human Alsin, a ~300
amino acid sequence, predicted to be an intrinsically disordered region (IDR) and not evolutionarily conserved,
segments the RCC1-like repeats in two regions and is inserted between the first two strands and the last two
strands of blade 5. Disordered insertion in eucaryotic proteins is common and a structural transition may occur
upon ligand/protein partner binding, as observed for many cellular signaling processes 13241 | jterature studies
suggested that the Alsin IDR may have a fundamental role in the proper self-oligomerization and in the intracellular
distribution of the protein [13. RCC1 is present in various proteins as a GEF for Ran (Ras-related nuclear), a small
GTP-binding protein that is predominantly located in the nucleus and implicated in the nuclear import of proteins
with nuclear localization signals and chromatin condensation through the regulation of microtubule assembly 26171,
However, the cytosolic localization of Alsin, the absence of observed activity on Ran GTPase, and the non-
conservation of the 25 residues of RCC1 protein responsible for Ran-binding make it rather unlikely for the Alsin
RLD domain to exert an activity on Ran. Additionally, although a wide variety of proteins display RCC1 domains,
only RCC1 itself has demonstrated Ran guanine nucleotide-exchange activity 228, Even though this issue is still
under debate, it seems that the Alsin RLD domain may drive subcellular localization and endosomal association

through protein—protein interactions 1919,

A short variant of Alsin that only contains part of the RLD domain exists (Figure 1); hypotheses were made about
the role of this short variant in the variable severity of clinical phenotypes and the protective role of lower motor
neurons (LMN) from degeneration, but this latter speculation was not confirmed since although a patient carried
both Alsin variants, he did not show signs of LMN involvement (91191 Fyrther studies demonstrated that the

predicted protein derived from the short form of ALS2, together with the disease-associated mutant forms, are
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intrinsically unstable and may, therefore, undergo proteasome-mediated degradation in cultured human cells,

including cells sampled from a patient with ALS2 mutations 29,
1.1.2. DH and PH Domains

Another two structured regions, which are almost invariably present together in homologues proteins, are the Dbl
homology (DH) domain and the pleckstrin-homology (PH) domain. In general, DH domains form an eleven-a-helix
bundle of ~200 residues, while PH domains are usually ~100 residue-modular domains composed of two
perpendicular anti-parallel B-sheets, followed by a C-terminal amphipathic helix (Figure 1) 29, Notably, the
identification of the PH domain may not be an easy task owing to the versatility in lengths and sequence for loops
connecting the B-strands. It was demonstrated that PH domains can bind phosphatidylinositol within biological
membranes and proteins, such as the B/y subunits of heterotrimeric G proteins 21, which belong to a family of
proteins involved in signal transduction and amplification and act as molecular switches through their interaction
with G-protein-coupled receptors (GPCRs). Another example of a protein-embedding phosphatidylinositol that can
be bound by PH domains is the protein kinase C 22 that regulates numerous cellular responses such as gene
expression, protein secretion, cell proliferation, and inflammatory response. These interactions allow PH domains
to participate in the recruitment of proteins to different membranes to address them to appropriate cellular
compartments or enable them to interact with other components of the signal transduction pathways. The fact that
PH domains invariably exists in the presence of DH domains makes it reasonable to think that a functional
interdependence exists between these domains. Moreover, it was demonstrated that DH/PH domains
accommodate within the DH/PH domain junction interface 231241 and, notably, that Rho proteins are involved in the
organization of the actin cytoskeleton, in neuronal morphogenesis, and in various signaling cascades 8. Previous
in vivo and in vitro studies suggested that Alsin DH/PH domains catalyze GEF on both Rab5 and Rac1 L4, but
although it was demonstrated that DH/PH domains directly and specifically interact with Racl 23, further tests on

COS-7 and Hela cells showed that Rac1l GEF activity in these cells is not relevant 23,

1.1.3. MORN and VPS9 Domain

The VPS9 domain is common to numerous mammalian proteins and, more precisely, to GDP-GTP, which is
involved in the activation of Rab5, a protein belonging to the Rab protein family of signal-transducing GTPases that
cycle between active GTP-bound and inactive GDP-bound forms. This domain is composed of about 140 residues
and catalyzes nucleotide exchange on the Rab5 GTPase, a regulator of endocytosis and endosome formation 28!,
From a structural point of view, the VPS9 domain forms a layered fold of six a-helices (Figure 1). Notably, in the
Rabex5 VPS9 domain, which shares homology with the Alsin VPS9 domain, the second and third helices form a
helical hairpin that supports the four other helices [ZZl. Mutations of conserved residues (Asp 313, Pro 317, Tyr354,
and Tyr 357) from the fourth and sixth helices hampered GEF activity on Rab5 and Rab21, suggesting that these
two helices and the loop at the N-terminus of the fourth helix are the preferential interaction sites for Rab5 and
Rab21 GTPases on the VPS9 domain [2Z,

The MORN motif is a tandem array of eight membrane occupation and recognition nexus motifs of 23 amino acids

each 8 found in repeats in several proteins (Figure 1). Its function is unknown, but the repeats suggest
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involvement in Rab5-GEF activity through an association of Alsin protein with intracellular membranes Bl Alsin
MORN motifs and the VPS9 domain seem to work in synergy to drive endosome enlargement: in fact, a study on
truncated variants showed that the lack of either the MORN motifs or the VPS9 domain abolished the GEF activity
on Rab5 in vitro, whereas RLD-truncated variants promoted the formation of enlarged endosomes [®, Moreover,
the MORN/VPS9 domains are involved in Alsin self-interactions. Experimental evidence, using truncated variants in
yeast cells, showed that the 1233-1351 and 1351-1454 regions are indispensable for Alsin homo-oligomerization.
Additionally, it showed that although Rab5 binding to MORN/VPS9 is maintained if Alsin homo-association is
hampered, the GEF activity on Rab5 is abolished 121,

The C-terminal half, including the MORN/VPS9 domains, is also involved in the endosomal localization of ALS2,
while RLD in the long form of Alsin, after Racl binding, has an inhibitory role preventing ALS2 from being re-
sequestrated by the self-interaction with RLD and MORN/VPS9 domains due to interaction with membrane ruffles
(23] |t was found that the N-terminus with truncated ALS2, which therefore only contained the MORN/VPS9 region,
was still capable of homo-dimerizing or homo-oligomerizing in mammalian cells, demonstrating that the C-terminal

region is essential for Alsin homo-association 22,

1.2. Alsin Mutations Lead to Signalling Pathways Alteration

As clarified in the previous sections, ALS2 mutations reverberate in changes in the sequence of the Alsin protein.
Such sequence modifications could impact the structural organization of the protein with consequential influence
on intra-protein inter-domain interactions or protein—protein interactions of either Alsin with itself or Alsin with other
protein partners. Changes in molecular interaction modes can result in changes in binding affinity or kinetics. Such
changes can drastically alter protein cascades, strongly impacting cellular function. Although there are still not
enough studies at the molecular level that can provide insight into the mechanisms of correlation between structure
and function in Alsin, there are several experimental studies that have been able to assess Alsin’s misfunctions in
the presence of specific molecular alterations, e.g., mutations. These studies are rationalized in the following

sections.

1.2.1. Alsin’s RLD Domain and Altered Trafficking of AMPA Receptors

One of the causes of the degeneration of motor neurons involved in IAHSP is glutamate-mediated excitotoxicity, a
pathological process that leads to neuron damage and death upon over-activation of receptors; more precisely, the
o-amino-3-hydroxy-5-methylisoxazole-4-propio-nate (AMPA) glutamate receptors. AMPA glutamate receptors are
ligand-dependent ion channels, allowing ions such as N*, K*, CI', and Ca?* to pass through the neuron membrane
upon binding of a neurotransmitter [28l. AMPA glutamate receptors are homo- or hetero-tetramers consisting of a
combination of GIuR1, GluR2, GIuR3, and GluR4 subunits. Notably, both GIluR1 and GIuR2 play an important role
in synaptic plasticity. Moreover, neurons that are exempt from GIuR2-containing receptors are more exposed to
excitotoxicity. The GruR2 subunit is usually located on the synaptic surface owing to its interaction with the
Glutamate receptor-interacting protein 1 (GRIP1), responsible for GIuR2 transport to dendrites in both postsynaptic

membrane and intracellular compartments, to form the AMPA-glutamate receptor 1229801 GRIP1 interacts with
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Alsin’s N-terminal RLD domain both in vitro and in vivo 2229 This is true not only for the long form of Alsin but
also for the short form, which contains a partial RLD domain and also interacts with GRIP1, although in a weaker
fashion 22, A decrease in GIuR2 and altered distribution of GRIP1 is observed upon the loss of Alsin. 2212930 The
experimental data, therefore, suggest that Alsin might modulate the traffic of AMPA receptors thanks to its
interaction with GRIP1, and also that it may play a neuroprotective role against excitotoxicity and, therefore, this

pathway may be envisioned as a potential therapeutic target for the treatment of Alsin and motor neuron
pathologies [B11191129[30]

1.2.2. Alsin Neuroprotective Role against SOD1 Mutations

It is firmly established that the mutations on chromosome 21g22.1 encoding for the Cu/Zn-superoxide dismutase
(SOD1) can induce the degeneration of motor neurons, since it has been shown that mutated SOD1 acquires toxic
properties [BIB1E2I33] SOD1 is a very abundant protein within the central nervous system:; it constitutes 1% of all
brain proteins 221341 Although the effect of SOD1 mutation is not yet fully understood, it is known that it leads to
oxidative stress, mitochondrial dysfunction, excitotoxicity, protein aggregation, and inflammation. These alterations
are not mutually exclusive and they may contribute to motor neuron degeneration 32, Overexpression of Alsin may
play a neuroprotective role in motor neurons by inhibiting the toxicity induced by SOD1 mutations through direct
interaction between Alsin and mutated SOD1 [, Interestingly the DH/PH domain plays a dominant role in the
above-mentioned interaction. It is worth noting that the above-highlighted Alsin—SOD1 interaction does not occur in
the presence of wild-type SOD1 [Bl321[33]85](36137]  Moreover, ASL2 and SOD1 may share some functional
characteristics. This is suggested by recent studies on genetically modified mice (ALS2-mutated mice and SOD1-
mutated mice) showing altered toxicity due to inhibitors of mitochondrial complex 1 BBl |n a greater detail,
transgenic mice endowed with Alsin-deprived neurons have been shown to be more sensitive to oxidative stress
and to cell death induced by paraquat, an herbicide that is extremely toxic for cells. Taken together, the findings
suggest that although the absence of Alsin may not be the sole factor inducing neurodegeneration in mice, it
causes enhanced sensitivity to oxidative stress 238 A clear neuroprotective role of Alsin against the
degeneration of motor neurons induced by SOD1 mutations has not yet been demonstrated in vivo [2136],
Therefore, a neuroprotective role has been established for Alsin in the presence of mutated SOD1 but not in the
case of other neurotoxic insults [B2I87l Further evidence in favor of Alsin’s neuroprotective role is the observation
that mutated ALS2 and SOD1 are co-localized, which was made by means of immunohistochemical analyses on

transgenic rodents 231,

1.2.3. Alsin DH/PH Stimulates Rac1-PAK Binding and Neuron Growth

Interestingly, Alsin colocalizes with Filamentous actin (F-actin) inside the ruffles of the growth cone membrane and
on F-actin-coated cone vesicles [281125139][401 A recent study highlighted how Alsin’s DH/PH domain is essential for
the activation of signaling pathways related to (i) GTPases such as Rho, and Racl, and (ii) for p2l-activated
kinase (PAK1) B2 The above-mentioned signaling pathways are known to promote neuron growth and
development. Recent studies suggested that Alsin overexpression does not affect the development of the axons
and dendrites of neurons. Moreover, experiments also showed how the length of neurites in wild-type mice is

significantly increased, while in mice endowed with DH domain-mutated Alsin, neurite growth is not altered [231[29],
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1.2.4. Alsin VPS9: Endosomal Trafficking and Rab5-Mediated Mechanisms

Endosomal trafficking is a recurrently affected pathway in several neurodegenerative diseases. In the following, we
describe a number of sources of evidence that point towards a role of Alsin in the process involving Rab5 and
suggest that the absence of Alsin or its mutations affect endosomal trafficking at different levels. Neurons use
endocytosis to communicate with each other or with other tissues and to survive B9, Several in vitro studies
support the fact that Alsin dysfunction affects endosomal trafficking owing to the alteration of the VPS9 domain
Rab5-mediated pathway [LIBEIRILAB04041]  Rap5 plays a fundamental role in the regulation of organelle binding,
endosomal fusion, and motility in endocytosis. To prove this, experiments were performed where whole Alsin and
truncated forms were found to be expressed 19, |t was observed that all forms were capable of triggering the
release of GDP from Rab5, leading to endosomal budding X2, Furthermore, overexpression of full-length Alsin
results in a less efficient stimulation of endosomal fusion by Rab5 compared to RLD-domain-truncated Alsin,
suggesting that the RLD domain can prevent Alsin from associating with early endosomes, thus acting as a
negative regulator of Rab5-mediated endosomal fusion [BEIRILABA  |nterestingly, in ALS2 knockout homozygous
(ALS27)) mouse neurons, an excessive amount of positive Rab5 vesicles and enlarged endosomes were
observed, accompanied by a substantial decrease in endosomal motility 12E9. Moreover, ALS2(=) mice neurons
displayed reduced cell bodies and axons compared to those of wild-type ones; similar effects were observed
regarding cerebellar weight and total brain weight 9. This evidence would support the idea that malfunctioning or
absent Alsin may cause a blockage or slowing of the endosomal trafficking of neurotrophic receptors and lead to
decreased neurotrophic support. Even the primary neurons’ function was shown to be altered due to Alsin
dysfunction since ALS2(") mice suffer from disturbance of the endosomal transport of insulin-like growth factor
(IGF1) and brain-derived neurotrophic factor receptors [RI30I[41]  Moreover, Alsin is gathered inside the
membranous compartments during micropinocytosis thanks to the activation of Rac1 281251401 sypporting the role
of Alsin in mediating the fusion between early endosomes and macropinosomes. More specifically, the RLD
domain drives the localization of Alsin and, therefore, it is essential for the recycling of Alsin in membranes 211201149
Furthermore, missense mutants, despite displaying Rab5-GEF activity in vitro, are unable to localize Alsin correctly
within early endosomes and/or macropinosomes even though the Rac1-induced micropinocytosis are active 23, All
the missense mutants passed from the cytosol to membrane ruffles, but they did not reach the endosomes or
macropinosomes [28l. This observation suggests that the homo-tetrameric structure of Alsin may be required to
activate this pathway; this means that a disordered Alsin structure leads to the loss of normal cellular functions [2&l,
Further support for the involvement of Alsin in endolysosomal trafficking is given by experimental evidence of Alsin

colocalization with p62/LC3-positive autophagosomes [42],

In light of this, it has been suggested that Alsin may play a role in the maturation of autophagosomes into late

endosomes and eventually participate in lysosome formation by accompanying Rab7 recruitment.

In conclusion, it is not yet possible to establish a comprehensive and consistent picture of the specific activity of
Alsin in endosomal trafficking, but the data reported above unequivocally show that the absence of Alsin or certain

mutations drive toward a plethora of effects in this process.
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