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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a progressifatal neuromuscular disease
characterized by selective motorneurons loss. Smgtations in TARDBP and FUS
genes were discovered to cause familial form of Ab8 TDP-43 and FUS proteins play
important roles in RNA metabolism, transcriptiorsdderations emerged as potential
pathogenic mechanism. RNA metabolism include séaspects of RNA regulation such
as RNA transcription, maturations and regulation.

In this study we have investigated two differergexds of RNA metabolism: the first one
concerns to microRNAs (miRNA) which regulate tratisin of several mMRNAs, and the
second one is related to a specific muscular andonal transcription factor potential
involved in ALS. First, we have assessed any satiectiRNAs with neuronal functions
in human neuroblastoma cell lines expressing thigbagical SOD1(G93A) mutation
and we found a small group of altered miRNAs. Sgbeatly, we explored these
MiRNAs in the spinal cord of transgenic SOD1(G98#ge identified a panel of targets
commonly altered in SOD1 ALS models. Furthermore assessed the expression levels
of a panel of selected miRNAs in circulating cedlstain from patients affected by
sporadic ALS form (SALS). This approach let usdentify two microRNAs (miR129-
5p and miR200c) that were up-regulated in both SAD3 models and in blood cells of
patients with sporadic form of disease, evidendwg possible events potentially
involved in the pathogenesis of both the sporadiitthe familial form of ALS. Moreover,
we also identified HuD protein as a potential malactarget of miR129-5p; this protein
has been previously reported to play a role in owairplasticity and in recovery from
axonal injury. Indeed, in a cell line stably ovgnessing mirl129-5p we found a reduction

in neurite outgrowth and decreased expression dewkldifferentiation markers with



respect to control cells. Taken together these stabagly suggest that microRNAs play
arole in ALS pathogenesis and in particular thel89-5p can affect neuronal plasticity
by modulating HuD levels.

In the second part of the study we investigategtiesible involvement of two members
of myocyte enhancer factor 2 (MEF2) family in thethpgenesis of ALS. MEF2D and
MEF2C are transcriptional factors playing crucialles both in muscle and in neuron
development and maintenance. We have performed g@epeession analysis in
peripheral blood mononuclear cells (PBMCs), we soba strong increased in MEF2D
and MEF2C levels both in sporadic and in familialSA(SOD1+) patients and a direct
correlation between MEF2D and MEF2C mRNA levels whserved in patients and
controls. Although protein levels were unchangedifferent pattern of distribution for
MEF2D-MEF2C proteins in patient cells was foundygesting a possible lack of their
function. To evaluate the transcriptional activofyMEF2 proteins mRNA levels of their
downstream targets BDNF, KLF6, RUFY3 and NPEPPSevamsessed. Our results
showed a significant down-regulation of BDNF, KL&6d RUFY3 levels confirming
that transcriptional activity of both MEF2D and MEEisoforms was altered in sporadic
and familial ALS patients. In conclusion, our reéswdvidenced a systemic alteration of
MEF2D and MEF2C pathways in ALS patients indepetigiérom the presence of SOD1
gene mutations, highlighting a possible commonuieabetween the sporadic and the
familiar form of disease which are characterizedabgifferent clinical phenotype and
pathological hallmarks. In conclusion, the intencections between these two topics will
be discussed to delineate a possible common regylatechanism potentially involved

in ALS.

K ey Words: amyotrophic lateral sclerosis; microRNA; miR129-miR200c; HuD; SOD1 fALS; MEF2D;

MEF2C; BDNF; KLF6; RUFY3.



Chapter1 - General Introduction

1.1 Amyotrophic Lateral Sclerosis (ALS)

1.1.1 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal newlegenerative disease caused by the
loss of both upper and lower motor neurons. AL®ié&smost common adult onset motor
neuron disease with an incidence of 2 individuais]®0,000 and a prevalence of 6-8 per
100,000 of the total population. Most people depiig ALS are between the ages of 40
and 70, with an average age of 55 at the timeagrhsis. ALS is 20% more common in
men than in women. However, with increasing ageirtbidence of ALS becomes similar
in the two sexes. Affected individuals develop pesgive muscle weakness with death
due to respiratory failure typically within 3-5 yeaafter symptom onset, with great
individual variation in the pathology progressiaater (Strong et al., 2005). It spares
cognitive ability, sensation, and autonomic nervioungtions, and only in a few cases do
patients also develop frontotemporal dementia (FNIYst of the ALS cases occur in
sporadic (SALS) forms, while about 10-15% of theesaare familial (fALS) forms,

clinically indistinguishable from sALS (Bendotti e, 2012).

1.1.2 Genetics of ALS

The high phenotypic heterogeneity of the clinieald of ALS pales in comparison to its
biological heterogeneity, reflected in part by ehensive number of genetic variants of
the disease that are now recognized (Table 1)alroost 15 years, the only gene clearly

associated with fALS was tl&u-Zn superoxide dismutase 1 (SOD1) gene (Rosen et al.,



1993), which accounts for 20% of fALS cases. Thanidication of SOD1 mutations in
1993 ushered in the molecular era of ALS reseaanl, significant insight into ALS
pathogenesis has been gained through identificafipathways directly affected by the
toxicity of mutant SOD1. Two main discoveries intamt SOD1-mediated ALS in rodent
models are the demonstration that the SOD1 preiggnegates produce a toxic gain of
function that causes neuronal loss, and the dissasspread in a non—cell-autonomous
manner in the nervous system (Boillée et al., 20@Bnanaka et al., 2008). A major shift
in our understanding of ALS pathogenesis occume2l006 with the identification of a
43-kDa transactive response (TAR) DNA binding piro{@ DP-43) as a key pathological
substrate of cellular inclusions in SALS and no®8& fALS, and frontotemporal lobar

degeneration with ubiquitinated inclusions (FTLD{Meumann et al., 2006).
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Table 1. ALS-causing genes as appeared in (Leblond e2@il4)



It was soon followed in 2008 by the successful @iscy of dominant mutations in the
TDP-43 gene as a primary cause of primary caugé.8f(Sreedharan et al., 2008), thus
providing the proof of principle that aberrant T@B-can trigger neuronal degeneration
and cause ALS. A total of 44 TDP-43 mutations (DazZCand Cleveland, 2011) have
since been reported in ALS patients with or with@umt apparent family history,
accounting for approximately 5% of fALS4 , and ra&ALS cases (Da Cruz and
Cleveland, 2011; Kabashi et al., 2008; Mackenzial.e2010; Sreedharan et al., 2008).
The identification of TDP-43 mutations was followedtandem by the discovery of
mutations in another RNA/ DNA-binding protein, FO8&5 (fused in sarcoma and
translocated in liposarcoma) in 2009, as a printayse of fALS (Kwiatkowski et al.,
2009). In a period of less than 3 years, at |1B8stlifferent FUS mutations have been
described in fALS, accounting for another 4% of #\[Da Cruz and Cleveland, 2011;
Lanson and Pandey, 2012) and rare sALS (LansorPandey, 2012; Mackenzie et al.,
2010) cases. Both in TDP-43- and FUS -linked Alb®,age and site of disease-onset and
clinical phenotype are variable, as in sALS, andomplete penetrance has been
documented for several of these mutations (Da @naizCleveland, 2011; Kabashi et al.,
2008; Mackenzie et al., 2010; Sreedharan et ab8RMost patients with TDP-43 and
FUS gene mutations develop the classical ALS plypeot with characteristic
pathological features of the disease. A carefukrewf other rare forms of fALS reveals
that mutations in several other genes that encddia-pocessing proteins, including
survival motor neuron (Lefebvre et al., 1995), saxia (Chen et al., 2004), angiogenin
(Greenway et al., 2006), optineurin (Maruyama et2010), and TAF15 (Couthouis et
al., 2011; Malpass, 2012) can also give rise toomoéuron degeneration (Table 1, see

review (Ticozzi et al., 2011). A hexanucleotidegapexpansion in the noncoding region



(intron) of C9orf72 gene has recently emerged as a relatively comneoetig form
among fALS cases (Renton et al., 2011). It has lskewn to lead to altered regulation
of RNA splicing, mRNA translation, and mRNA statyiliwhich contribute to the disease
processes. Additionally, genes that encode protémwelved in proteosomic or
autophagic aggregate clearance and disposal, inglitBQLN2 (Deng et al., 2011) and
SQSTML1 (Fecto et al., 2011), are linked to fALSkdiatogether, the emerging concept
that RNA-processing abnormality and protein aggiegaccumulation are crucial

elements in ALS is taking a tangible shape.

1.1.3 Cu-Zn superoxide dismutase 1 (SOD1)

SOD1 mutations were the most frequently identifieise of FALS, before the
discovered ofC9orf72 expansion, accounting for ~20% of all patientsl993, Rosen et
al. described eleven disease-associated mutatotieeiSOD1 gene, encoding for the
Cu/Zn superoxide dismutase, a cytoplasmic enzymgoresible for the catabolism of
superoxide radicals to hydrogen peroxide and médeaxygen (McCord and Fridovich,
1969). SOD1 is ubiquitously expressed, highly core® and represent ~1% of all
cytoplasmic proteins. To date, 119 typesSOD1 mutations have been discovered but
the induction of the disease is thought to depgrahudew common pathways. The two
principal critical features of SOD1 mediated toiicare toxic gain of function and that
the pathogenesis of the ubiquitously expressed m@@&D1 is a non-cell autonomous
process. This means that disease onset is drivenubgnt protein synthesized inside
motor neurons. Mutated SOD1 protein interacts $igally with neurofilament-light
chain mRNA and the dynein/dynactin complex, thuduging cytoskeletal defects or

altering axonal transport. Furthermore has increédsedency to form aggregate-prone



monomers, and the degree of instability correlatesrsely with length of survival; this
suggest that increased propensity to aggregatém#ye unifying common denominator
for the 119 divers&0D1 mutations (Andersen, 2006). Some investigators¢Bes al.,
2010b) found misfolded SOD1 in motor neurons inlaset of patients with SALS without
SOD1 mutations, thus suggesting a role for wildetypOD1 in SALS, possibly after
secondary (oxidative) modification (Robberecht &tdlips, 2013). Finally, prion like
aggregation and spreading ability of mutant SOD4 Ieen demonstrated in cultured
cells (Grad et al., 2011) as well as seeding ghiking spinal cord homogenate (Chia et

al., 2010).

1.1.4 Chromosome 9 open reading frame 72 (C9orf72)

Repeated GGGGCC hexanucleotide expansion in theniotportion ofC9orf72 has
been recently identified as the most prevalent trmtaamong ALS patients, this
pathological expansion can be found in ~40% of fAE35% of familial FTD (fFTD),
and in ~7% of apparent SALS subjects (DeJesus-iHdaraet al., 2011; Majounie et al.,
2012; Renton et al., 2011). The hexanucleotide exacpiis repeated up to 23 times in
normal individuals, while it has been found repdatandreds or thousands of times in
affected patients. ALS patients with an expansiorC®orf72 show a histology of
cytoplasmic inclusions positive for ubiquitin andDF-43 on neuropathological
examination (DeJesus-Hernandez et al., 2011). Aadily TDP-43 is absent from
inclusions in the cerebellar granular and molecldgers, and from the pyramidal cell
layers of the hippocampus in patients Wi®orf72 expansion, suggesting that additional
components other than TDP-43, such as ubiquilitdBELN2) or sequestosome 1

(p62/SQSTM1), are present in the inclusions. Thacexyathological mechanism for



C9orf72 hexanucleotide expansion is not yet understoaod3 loifferent mode have been
hypothesized:
= again of RNA toxicity, by sequestration of RNA-8ing proteins and other RNA
species which would disrupt cellular metabolismr{®a et al., 2014; Xu et al.,
2013)
= a gain of protein toxicity, due to the expressidraanutant protein containing
repeated expansion
= a loss of function through haploinsufficiency, aguced brain expression of a
C9orf72 protein isoform mRNA has been found (DeJesus-Heteaet al., 2011;
Renton et al., 2011)
The gain of RNA toxicity ofC9orf72 is suggested by intranuclear RNA foci found in
ALS patients’ with mutate€9orf72 (DeJesus-Hernandez et al., 2010). These foci may
trap one or more RNA-binding proteins, inhibitingeir function especially in RNA
processing. Regarding haploinsufficiency, a reductof both isoforms ofC9orf72
MRNA levels has been demonstrated, however evidesfce reduction of the
correspondent protein is still lacking. Little imdwn aboutCorf72 protein function,
however bioinformatical analyses have predicteshituld be a DENN (Differentially
Expressed in Normal and Neoplastic cells) domagtgim, that could act as a guanine
nucleotide exchange factor for small GTPases. Aenectudy provided the first
experimental evidence to confirm thi€9orf72 was found to regulate endosomal
trafficking and autophagy in neuronal cells andnany neurons (Farg et al., 2014, Levine
et al., 2013; Zhang et al., 2012). This suggestsdartain aspects of the ALS and FTD

disease pathology might result from haploinsufficieof C9orf72, leading to a defect in



intracellular membrane traffic, either exocytosisndocytosis, in addition to the strong

possibility of RNA-mediated toxicity.

1.1.5 Transactive response DNA binding 43-kDa (TDP-43)

TDP-43 is a 414 amino acid protein encoded by ehgxthe gene contains 2 RNA
recognition motifs (RRM 1 and 2) and a C-termingtone-rich region that is reputed to
mediate protein-protein interactions, mainly witthers hnRNPs (Buratti et al., 2005;
Lagier-Tourenne et al., 2010). Mutations in the D¥P gene, encoding for TDP-43,
have the proposed mutational frequency of ~5% A&Sf and 0.5-2% for SALS and
almost all ALS-associated TDP-43 mutations are damily inherited and located in the
glycine-rich region (Da Cruz and Cleveland, 20lEe8haran et al., 2008). TDP-43 was
originally identified as a transcriptional represtuat binds to TAR DNA of the human
immunodeficiency virus type 1 (HIV-1), and thusiame (Ou et al., 1995). Consistent
with its role in transcription, TDP-43 was subsetlyefound in human brain and in
several cell culture systems. TDP-43 was shownet@dsociated with euchromatin —
actively transcribed genes — in nuclear DNA, itsNRRwas proposed to mediate binding
to nuclear DNA (Ayala et al., 2008). In 2006, TDR-was identified as the main
component of ubiquitinated cytoplasmic inclusionsALS (Neumann et al., 2006). In
aggregates, TDP-43 is hyperphosphorylated andetetavgenerate abnormal C-terminal
fragments. Moreover, while in unaffected neuron®¥43 localizes in the cell nucleus,
it is absent from the nuclei of neurons with ubiiopated inclusions, suggesting a nucleo-
cytoplasmic redistribution of the protein. Thess@tvations lead to intense speculations
on the pathogenic role of TDP- 43 in ALS: toxiamyght be caused by aggregating TDP-

43 being sequestered away from its normal nucleaction or, conversely, TDP-43

10



aggregates might have a toxic gain-of-function pedelent of the protein’s physiological
cellular activities (Lagier-Tourenne et al., 208rong, 2010; Ticozzi et al., 2011).
Although the specific functions of TDP-43 in neuaboells remain to be evaluated, the
protein has been demonstrated to play a role ierakbiological processes, including
gene transcription, splicing regulation, transpord stabilization of mMRNA molecules
(Buratti and Baralle, 2008) [see below the paragra®.1 “The physiological and

pathological role of TDP-43" pag. 15].

1.1.6 Fused in sarcoma and translocated in liposarcoma (FUS/TLS)

FUS is a 526 amino acid protein encoded by 15 exbesgene contains an N-terminal
domain enriched in glutamine, glycine, serine, gmdsine residues (QGSY region), an
RRM, an arginine-rich region, an arginine and gigcrich (RG rich) region, and a C-
terminal zinc finger motif (Lanson and Pandey, 208&edharan et al., 2008). As with
the TDP-43 gene, most pathogenic FUS mutationslastered in the glycine-rich region
(Da Cruz and Cleveland, 2011; Lagier-Tourenne.e2800; Lanson and Pandey, 2012).
Similar to TDP-43-linked ALS, the inheritance patten FUS-associated ALS is
autosomal dominant. Just as is the case with TDPA43t FUS mutations are missense
mutations, with only rare exceptions. Most patiefgselop a classical ALS phenotype,
although occasional cases of ALS in young womerh WiUS mutations have been
reported (Huang et al., 2010). Similar to TDP-43SHs chiefly nuclear in distribution
in most cell types. Postmortem analysis of braith gfsinal cord from ALS patients with
FUS mutations has shown abnormal FUS-positive ¢gsopic inclusions in neurons and
glial cells (Da Cruz and Cleveland, 2011; Kwiatkéwst al., 2009; Lagier-Tourenne et

al., 2010; Vance et al., 2009). Interestingly, @athological examinations of tissues

11



from patients harboring FUS mutations showed areased cytoplasmic FUS staining,
FUS-immunoreactive dystrophic neurites, and cyt&pla inclusions in lower motor
neurons (Kwiatkowski et al., 2009; Vance et al.,020 These mislocalized
immunoreactive FUS inclusions are strikingly nowctae for TDP-43, suggesting that
neurodegenerative processes driven by FUS areendept of TDP-43 mislocalization.
Regarding his molecular function, FUS is involvedeéveral cellular pathways, including
transcriptional regulation, maintenance of genorsiability, and splicing, nucleo-
cytoplasmic shuttling, transport, and maturation roRNAs (Law et al., 2006).
Furthermore, in the central nervous system, thé&epras involved in regulating mRNA
transport towards the dendrites and synaptic glisstipon the activation of glutamate
receptors (Fujii et al., 2005). [see below the geaph 1.2.2 “The physiological and

pathological role of FUS” pag. 18].
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1.2 The evidences for alterated RNA metabolism in

Amyotrophic Lateral Sclerosis (ALS)

The dynamic regulation of gene expression andintisafje to protein expression is
increasingly seen to be governed by determinanBNoA metabolism that regulate the
post-transcriptional processing of mMRNA, includprg-mRNA splicing and processing,
editing, transport, stabilization and translatiangd degradation (Bolognani and Perrone-
Bizzozero, 2008). TDP-43 and FUS, two ALS-relatédifRbinding proteins, have been
documented to play a role in transcriptional retjolg RNA stability, microRNA
(miRNA) processing and RNA splicing (Buratti andr&8&, 2008; Colombrita et al.,
2012; Kawahara and Mieda-Sato, 2012; Morlando.eR@l 2). Figure 1 summarizes the

role of TDP-43 and FUS at different steps of RNAgassing.
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Nucleus

RNP
complex

(Translation)

Figure 1. Schematic illustration of RNA metabolism and mbe points of impact for ALS
associated mutations or disease processes. Fojayeime transcription, pre-mRNA is modified
by the spliceosome into MRNA which is then “bundliedRNP complexes (RNA granules) and
actively transported to the cytoplasm. In the natueuron, RNA granules can exist in three
forms, including transport granules in which the M#R is translationally quiescent and
transported to the sites of nascent protein syighés these sites, an active polyribosome is
reconstituted and translation proceeds. For mantejrs, retrograde transport of either intact
protein or degradation products allows for furthegulation of gene expression. The RNA
granule can also be modified in response to staliidtion to give rise to either a stress granule
in which instance the mRNA is “held” until such #ras needed, or a processing body (P-body)
in which mRNA is degraded. The process of mMRNA ddgtion within the P-body is governed
in part by the specific association between the MRMd miRNAs. The potential sites, or
pathways, at which the interaction of RNA bindingtgins or proteins associated with RNA
processing, and which have been identified as skse®difying or causative agents in ALS, are
indicated (Strong, 2010).
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1.2.1 The physiological and pathological role of TDP-43

TDP-43 is a highly conserved protein ubiquitoustpressed in many tissues, where it is
present in neuronal and glial nuclei and to a lesgtent in the cytoplasm. It can shuttle
between nucleus and cytosol, but at steady stetenainly localized within the nucleus.
TDP-43 has been showed to bind to more than 608nRNA (Ayala et al., 2008;
Buratti and Baralle, 2008; Buratti et al., 2004;r&ti et al., 2001; Polymenidou et al.,

2011; Strong et al., 2007), affecting RNA matunatio several ways:

» jt binds to more than 600 long intron containing A& and sustains their levels
(i.e. stabilize them);

» jt binds to the splicing sites near and far fronorentron junctions, influencing
the splicing pattern of about 950 mMRNAsS;

» jtis implied in stability and transport of moreath 1000 transcripts by binding
their 3’ untranslated regions (UTR);

» it also possesses binding sites for noncoding R&&NA) whose functions
include chromatin remodeling, transcription regolatand post-transcriptional
processing;

= it may exert further functions by binding small &R and micro RNA (miRNA),

a matter still unexplored.

Although TDP-43 is an ALS-related protein, the éxaechanism thought it exerts its
toxic action is not known. A possible disease mama could be a gain of toxic function
(Ayala et al., 2011), this has been proven by &g that an increase (by less than a factor
of 2) in its levels by loss of regulation of itsopuction is highly deleterious (Igaz et al.,

2011). TDP-43 levels are strictly regulated by aminsic autoregulatory pathway, as
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inactivation of one copy of the gene in mice doesraduces the protein mRNA levels.
Autoregulation is deemed to be mediated by TDP-&3ddent splicing of an intron in
the 3' UTR of its own mRNA, and splicing of thisrgeleads to an unstable RNA which
decays (Polymenidou et al., 2011). Furthemore ,eymession of wild-type human TDP-
43 in neurons of flies, zebrafish embryos, and worf@. elegans), also produces
neurodegeneration accompanied by decreased locoauidty, motor deficits, reduced
lifespan, and motor neuron loss (Ash et al., 2&ldhashi et al., 2010; Li et al., 2010).
Not surprisingly, the severity of the motor phemay correlates with the level at which
the transgene accumulates in neurons. Excess sipred wild-type human TDP-43 in
the CNS of mice has also been shown to be toxa& doese-dependent manner (Wils et
al., 2010) confirming results previously obtaingdni others animal models. Two
research groups have reported consequences osekyLS-linked mutants of TDP-
43 in mice (Stallings et al., 2010; Wegorzewskalet2009). Accumulation of mutant
human TDP-43 carrying the A315T mutation (TDP¥83") to 3 to 4-fold above
endogenous TDP-43 levels in the CNS caused loggramidal neurons in cortical layer
V, as well as of motor neurons in the spinal covidh attendant gait abnormality and
premature death, all features reminiscent of ALSkey question, not yet clearly
answered, is whether ALS-linked mutant TDP-43 &igga far higher degree of toxicity
than the elevated wild-type protein in mice. Oneerg study has directly attempted to
address this question. Analysis of transgenic raig@essing human wild-type TDP-43
or TDP-43337V |ed these researchers to conclude that only hukh&klinked mutant
TDP-43 produces motor dysfunction (Stallings et 2010). In summary, therefore,
expression of human TDP-43 carrying an ALS-linkedtattion appears to produce far

greater toxicity than higher levels of wild-type PEA3 in these models.
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Another possible mechanism of disease is the lb$snation due to TDP-43 nuclear
depletion. TARDBP is a fundamental gene and its less been proven to be fatal in the
embryonic stage of life, while the complete remaafar birth is rapidly lethal without
motor neuron disease (MND) (Chiang et al.,, 201)sd. of TDP-43 function in
Drosophila by gene deletion or its down-regulatipnsiRNA is deleterious in flies,
leading to lethal (Huang et al., 2011) or semidéttlLi et al., 2010) phenotypes. The
surviving null flies exhibit defects in locomotoetavior, reduced lifespan, reduced
dendritic branching, and neuronal death. Similaktygckdown of TDP-43 in zebrafish,
using antisense oligonucleotides, causes a dedenintor phenotype with motor axon
degeneration but without clear lethality (Kabadhale 2010). The motor abnormalities
in both flies and zebrafish can at least be pdytrascued by wild-type TDP-43 (Kabashi
et al., 2010). Loss of TDP-43 in mice following homygous disruption of the TDP-43
gene results in lethality in embryos (Kraemer et 2010), suggesting that TDP-43 is
essential for early embryogenesis in the mouseerdeygous TDP-43 gene disruption in
mice has led to inconsistent findings, ranging fraged mice that are phenotypically
indistinguishable from wild-type to those showingodest motor behavioral
abnormalities (Kraemer et al., 2010). Animal modeith selective inactivation of
TARDBP genes produce MND with ALS pathology (Iguehal., 2013); however despite
its contribute to disease progression, the soke ddg DP-43 functions has been proved
insufficient to cause a fatal MND.

TDP-43 is fundamental in stabilizing mRNAs with ydong introns including those
encoding FUS, as well as those of other ALS-relgeies (ALSIN, CHMP2B, vasolin-
containing protein (VCP), VAPB); some of the derde¢ed mRNAs are crucial for motor

neuron survival, such as those encoding low modoukight filaments (Strong et al.,
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2007) and proteins implied in homeostasis of trstatlipart of the motor neuron axon
(Strong et al., 2005). This may explain the molacaiechanism underlying the selective

degeneration of motor neurons.

1.2.2 The physiological and pathological role of FUS

FUS is a member of the TET protein family, its @vieal region has protein and RNA-
binding capability while the N-terminal region appto be involved in transcriptional
activation. FUS C-terminal sequence motif bindsuclear import receptor by which it
usually localizes on the nucleus surface. There Zardusters of ALS/FTD-linked
mutations: mutations of the low complexity priokeidomain at N-terminal region and
mutations in the C-terminal nuclear localizatiognsil. C-terminal mutations have been
shown to weaken the affinity of FUS to nuclear imipeceptor, resulting in cytoplasmic
localization of mutant FUS (Zhang and Chook, 20ERythermore FUS is an intrinsically
aggregation-prone protein, and it is possible thatations at the C-terminal modulate
the aggregation kinetics, increasing its properisigggregate. Similarly to TDP-43, FUS
can bind single and double stranded DNA as weR[dA it affects both transcription and
splicing.

s Transcription. Along with the other members of TET protein famiFUS has
been shown to associate with RNA polymerase llienttanscription factor. By
binding with several nuclear hormone receptorarit activate different promoters
and influence transcription of specific genes (€aal., 2012).

s Splicing. FUS has been identified as part of the splice@saachinery (Hartmuth

et al., 2002), it has been demonstrated that gscetion with the spliceosome
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influences the splicing pattern of more than 1000AR (Lagier-Tourenne et al.,

2012).

Moreover, FUS also possess important role in thesgy. Indeed, FUS and TDP-43 tend
to aggregate and form the RNA granules thanksdio giion like domains. RNA granules
assembly is a physiological cell response when segbdo stressing conditions, under
normal conditions both these proteins tend to ahbr bind together forming amyloid
like fibers aggregates. Cytoplasmic bodies thusnéat include: processing bodies
(containing RNA decay machinery), stress granutesit@ining translation machinery)
and transporting granules (containing RNA destiteeldcal translation). [see below the
paragraph 1.2.3 “Stress granules” pag. 20]. Furibez, FUS has also been shown to
affect dendritic spine formation in cultured hippogal neurons, suggesting that FUS
may play an important role in regulating synaptindtion.

It is currently unclear whether loss of FUS, like BDP-43, in the nucleus (loss of
function) or its accumulation in cytoplasmic aggres (toxic gain of function), or both,
lead to the pathogenesis of ALS.

A loss of nuclear function of FUS protein is prolyadocomponent of the disease process,
since nuclear clearing and cytoplasmic accumulatiave been reported in surviving
neurons of patients with mutations in FUS gene @kowski et al., 2009). To date, a
study in zebrafish has described the expressiomildftype or ALS-linked mutants of
FUS (Bosco et al., 2010a). Unlike similar expressibwild-type or ALS-linked mutant
TDP-43, no significant alterations in motor neunsarphology or motor axon outgrowth
were found with either wild-type or mutant FUS. fisgenic rats conditionally expressing

human wild-type and ALS-linked mutant FUS (Ft389 revealed that expressing
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mutant protein at levels 3- to 6-fold above endagsnlevels in the CNS led to loss of
cortical and hippocampal neurons, degenerationadbraxons, increased denervation of
neuromuscular junctions and ultimately paralysi8@n 70 days after induction of the
transgene (Huang et al., 2011). Altogether in theseexperiments, accumulation of
mutant FUS in the CNS appears to be more toxic Wikthtype protein.

A mechanism of gain of toxic function is less proleaas no currently published mouse

model stably expresses mutations of FUS leadif)_®.

1.2.3 Stress granules

In response to stressful conditions, eukaryotitsaelquire a rapid adaption for survival;
they need to produce cytoprotective proteins amdewe energy. The formation of stress
granules (SGs) in a series of reversible stepsuigal in the lattermost process. These
granules facilitate cell survival by translatioaatest of non-essential transcripts and by
sequestering pro-apoptotic proteins and regulaibcell growth. SGs are cytoplasmic,
non membrane enclosed particles containing diffeckEsses of components (reviewed
by (Anderson and Kedersha, 2008). The first classists of initiation complexes and
includes mMRNA transcripts, Translation Initiatioadtor 3 (elF3), Translation Initiation
Factor 4B (elF4B), Translation Initiation Factor &HF4F), Poly-A Binding Protein 1
(PABP-1) and small ribosomal subunits. The secdadscof components consist of
RNA-binding proteins with some members of this gréinked to translational silencing,
others are linked to RNA decay and still othersRNA-binding proteins not related to
RNA translation or decay. The third class of SG ponent interacts with core
components through “piggyback” interactions. SGsdwsely related to another class of

RNA granules — processing bodies (P-bodies) (PamkeSheth, 2007). SGs and P-bodies
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are both cytoplasmic RNA-protein granules withoatembrane (Souquere et al., 2009);

both are assembled in response to stress (Raabenz2£07); growth in size depends on

retrograde transport along microtubules (Loschalet2009). They are assembled on

untranslated mRNAs from dissembled polysomes (Cobeagal., 2004; Kedersha et al.,

2000), and both share a large number of proteiigsi{€& 2). However, SGs and P-bodies

differ in several ways:

SGs are larger than P-bodies and appear as mewgular, looser and more
granular structures that often contain regionsyddmasm, while P-bodies are
compact, dense structures (Souquere et al., 2009).

SGs only emerge in response to stress (Kedershla, @000), whereas a small
number of P-bodies are observed in unstressed(ualtsDijk et al., 2002).

SGs, but not P-bodies, usually require elF2a phargpdtion for assembly upon
stress (Kedersha et al., 2002).

SGs are defined by translation initiation factamsjuding the non-canonical 48S
pre-initiation complex (Kedersha et al., 2002; Kstia et al., 1999), while P-
bodies are defined by components of mMRNA decay mach (Kedersha et al.,
2000; van Dijk et al., 2002).

Although SGs and P-bodies can contain the sameespetRNAs, SGs contain
MRNAs that are polyadenylated (Kedersha et al.028@dersha et al., 1999)
while in P-bodies, mRNA lack a poly(A)-tail (Anders and Kedersha, 2008;

Kedersha et al., 2002).
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Figure 2. Schematic illustration of the 5 stages of stgrasiule (SG) formation. In response to
cellular injury or stress, phosphorylation of eiR2sults in abortive initiation complexes with
stalled initiation and the conversion of polysorimes 48S ribosomes. Primary aggregation and
SG nucleation is dependant on the presence od88eomplexes and can be initiated by multiple
proteins which then become part of the SG theyaaiel Secondary aggregation through
protein:protein interactions results in the prognes fusion of SG to form larger aggregates. In
the next step, proteins that lack mRNA binding eries are recruited which then integrate the
SG with specific signaling pathways and provide &t& with an ability to integrate aspects of
cellular metabolism with the translational respottsstress. At this stage, RNA is triaged either
into a translationally quiescent compartment whicbtects the RNA from degradation until
translation is reinitiated, or into a pathway inigfhthe RNA is destabilized and degraded in P-
bodies. The interchange between SGs and P-bodidgnamic with reversible exchange of
MRNA, with the current view being that the deteration of whether a mRNA is stabilized or
degraded being in part dependant on the natuteaghtRNA interaction with its respective MRE
(Strong, 2010).
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SGs and P-bodies are highly dynamic and highly eotau structures (Kulkarni et al.,
2010). Indeed, in mammalian cells SGs and P-baaliesormed independently, since
abrogation of SGs does not hinder P-bodies asseamuyice versa (Kedersha et al.,
2002). However, P-bodies intermittently and tranyedock with SGs and with vary
proteins, affecting the duration of contact betwgeamules (Kedersha et al., 2002). This
raise the possibility that messenger ribonucle@motparticles (MRNPs) may be

exchanged between both granules.

TDP-43 and FUS are nuclear proteins that rapidijtihto the cytoplasm in response to
stress and colocalize with SGs (Ayala et al., 206®)wever, the role of TDP-43 and
FUS in the formation of SGs in unclear. Some swdiave suggested that TDP-43
overexpression itself induces SG de novo formafom-Yesucevitz et al., 2010).
However, others have shown that TDP-43 overexmess not sufficient for SG
formation; rather, an additional stress such adaikie and osmotic stress or heat shock
is required (Dewey et al., 2011; Meyerowitz et2011). It has been shown that TDP-43
knockdown in HelLa cells decreases the number d¢$ ceintaining SGs formed after
oxidative stress, as well as the size of SGs (Aellad., 2012). However, it has also been
reported that no change in SG formation is indubgdTDP-43 knockdown (Liu-
Yesucevitz et al., 2010). The same controverssilte have been found in the case of
TDP-43 mutants. The most comprehensive study ofutieional role of TDP-43 in SGs
and cellular stress response has been performeitbypnald et al. (2011). These authors
showed that TDP-43 and its binding partner hnRNPaA&Zcomponents of SGs formed
in response to oxidative stress. Endogenous andexmeessed FUS show a re-

distribution from the nucleus to the cytoplasm @sponse to a oxidative and osmotic
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stress, where it colocalizes to SGs (Blechingbdrgle 2012; Sama et al., 2013;
Yamaguchi and Kitajo, 2012) in a manner reminisceh{TDP-43. However, FUS
knockdown has no impact on the formation of SGseisponse to oxidative stress,
indicating that SG formation does not require emshogis FUS. The role for FUS mutants
in SG formation is less clear, with conflicting cgfs. These observations highlight the
controversial nature of determining the exact mlecither TDP-43 and FUS in SG
formation but, taken together, these preceding reatiens provide strong evidence
suggesting that several ALS-related RNA bindinggires participate to some extent in
the formation and/or function of SGs.

Under non pathological conditions, TDP-43 and Fot&lize into SGs that assemble and
disassemble in a fully reversible manner. Howeueder pathological conditions the
normal nuclear-cytoplasmic shuttling of TDP-43 &l is interrupted and formation of
insoluble cytoplasmic inclusions of these protemebserved. Some evidence points to
SGs as precursors of pathological inclusions. Asadly discussed, ALS-related RNA-
binding proteins that form cytoplasmic aggregatesiuding TDP-43 and FUS, have
been shown to associate with SGs. Moreover, itleas shown that endogenous TDP-
43 localized to SGs can subsequently form ubicyotsitive protein aggregates (Parker
et al., 2012). ALS-linked pathological proteinsclsuas TDP-43 and FUS, have the
tendency to form stable, insoluble protein aggregaiihis is because they possess
domains within the protein that are intrinsicallgatdered, capable of converting from a
soluble form into a self-propagating aggregate-proonformation, analogous to the
domain described in yeast and called “prion-likendm”. These aggregation-prone

proteins would have the capability to attract maggregation-prone proteins or even
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wild-type proteins, as has been described for muEaIS attracting wild-type FUS to

SGs after oxidative stress in human neuronal ¢élsice et al., 2013).

Finally, pathological aggregation could also bduefhced by chronic stress caused by
environmental factors such as heavy metals, exageand endogenous retroviruses, as
well as oxidative stress associated with aging,ctvidould even directly affect RNA
species. This leads then to a complex scenarichinhamultiple sources of stress could
contribute to the formation of insoluble aggregdtesn SGs, irreversibly interfering with

the normal cell response to stress and, finally warmal neuronal function.

1.2.4 The role of TDP-43 and FUS in miRNA pathway

Several aspects of RNA metabolism have been extdggiescribed as being altered in
ALS. Besides alterations involving SGs (previoudBscribed), alterations in mRNA
stability and transcription have also been desdri{&rong, 2010). Among many other
structural and functional similarities, TDP-43 &fdS have the ability to play key roles
in canonical miRNA biogenesis (Starega-Roslan.ef@lll) [see also the paragraph 1.3
“microRNAs” pag. 31]. This property is primarily laeved by their ability to bind
nascent and precursor miRNA transcripts (Buratl.e2010; Kawahara and Mieda-Sato,
2012; Morlando et al., 2012). Both TDP-43 and FU&seh been shown by mass
spectrometry to bind Drosha, which mediates tist itep in miRNA maturation (Kim et
al., 2009). FUS is recruited to chromatin at sitemdRNA transcription and binds to
corresponding primary miRNAs (Morlando et al., 2D1PDP-43 also interacts with
Dicer in the cytoplasm to further cleave the preourmiRNA (Kawahara and Mieda-
Sato, 2012). Thus, TDP-43 can influence miRNA bregges at both a primary and

precursor level in the nucleus and cytoplasm, WhiJ& only mediates a nuclear miRNA
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maturation step. Finally, the biogenesis of miRNAignificantly reduced when TDP-43
or FUS levels are reduced (Buratti et al., 2010yIdfalo et al., 2012), confirming the
function of these two ALS-related RNA-binding prioin miRNA processing. This new
role described for TDP-43 and FUS is highly impottéor ALS since both proteins
regulate the biogenesis of miRNA relevant for neatdfunction, differentiation and
synapse formation (Edbauer et al., 2010; Lanea&,62007; Li et al., 2013; Morlando et
al., 2012; Packer et al., 2008; Pathania et all2P0Although non-canonical miRNA
biogenesis pathways are now being increasingly miected, the role of TDP-43 and
FUS in these pathway in not yet known. The pardittgn of miRNAs in ALS has only
recently been documented. The first clue about i®Mvolvement in ALS came from
studies in mice models with Dicer ablation. Dicerzgme is part of the miRNA
biogenesis and maturation in vivo, indicating tgktbal loss of miRNA biogenesis is

detrimental for neuronal survival (Shin et al., 20Tao et al., 2011).
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1.3 MicroRNAs

1.3.1 Introduction

MiRNAs are a novel class of small (18-25 nucled)d@on- coding RNA molecules
predicted to post-transcriptionally regulate atstehalf the human transcriptome
(Friedman et al., 2009). The discovery, and subsatogcharacterization, of miRNAs has
revealed an intriguing additional level of geneulagon that is fundamental in a diverse
range of pathways including development, differ@idn and pathological pro- cesses.
Each miRNA is estimated to regulate around 200etargand mMRNA transcripts may be
regulated by multiple miRNAs (Krek et al., 2005;wie et al., 2003; Lim et al., 2005).
The miRNA biogenesis pathway is highly conservedar@ many miRNA sequences and
their target binding sites, highlighting their impance across evolution (Berezikov et al.,
2005; Friedman et al., 2009). MiRNA genes are eadogither in intergenic regions
under control of their own promoter, within theroms of protein coding genes or are
exonic, overlapping with coding regions and traifat by the host promoter (Rodriguez
et al., 2004). The majority of miRNAs in humans #&manscribed independently and
putative promoters for the most of these have lnbamtified (Ozsolak et al., 2008; Zhou
et al., 2007). Over 40% of human miRNAs are foumdlusters that are co-transcribed
as polycistronic transcriptional units (Griffitherks et al., 2008; Lee et al., 2002). Many
mMiRNAs are highly temporally and spatially reguthteither via transcription factors or
epigenetic mechanisms including DNA methylation &mtone modification (Chuang
and Jones, 2007). Overall, the mechanisms thata@aniRNA expression are similar to
those of protein-coding genes with a trend towagllation by their target mMRNAs and

double-negative feedback loops (Carthew and San#rei2009).
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1.3.2 Biogenesis of microRNAs

Canonical pathway

The bulk of miRNAs are generated via the typicananical pathway of miRNA
biogenesis (Figure 3). MiRNA genes are transcribgdRNA polymerase 1l (pol 1l) to
generate long primary transcripts (pri-miRNAS), @fhican be several kilo bases long.
The pri-miRNAs are capped, spliced and polyaderglaiThey may encode a single
MIiRNA, clusters of distinct miRNAs, or a proteindacan therefore also act as mRNA
precursors (Carthew and Sontheimer, 2009). Thestegtalso takes place in the nucleus
and is orchestrated by the microprocessor comflgg. principal components of this
complex are the RNase Ill enzyme known as Drosklaitarbinding partner Di George
syndrome critical region gene 8 (DGCRS8), a douliarsled RNA-binding protein
(Denli et al., 2004). Drosha digests pri-miRNAs redease hairpin structures called
precursor miRNAs (pre-miRNAs), which are 60-70 eotldes in length. Exportin-5
interacts directly with the pre-miRNAs to medidteit export into the cytoplasm, where
a second RNase Il enzyme named Dicer, cleaveprtheniRNA to generate a double-
stranded miRNA duplex of22 nucleotides. Following Dicer processing the miRN
duplex is rapidly unwound as it associates withok@ute (Ago) proteins, one strand is
retained to become the mature miRNA and is loaddéd RNA-induced silencing
complexes (RISCs) to participate in mRNA regulatibine complementary strand, which
is found at lower concentrations within the celtlam sometimes called thesequence,
was believed to be non-functional and rapidly ddgda However, recent studies have
demonstrated that several miRNAsequences associate with different Ago protein

complexes to also become active (Czech and Har2@dr,).

28



Primary Precursor Figure 3. MiRNA biogenesis.
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Non-canonical pathway

The advent of deep-sequencing technologies hat® ldte discovery of many miRNAs
that are generated via alternative mechanisms dsypgthe usual Drosha/Dicer two-step
processing (for in depth review see (Miyoshi et 2010)). In mammals four Drosha
independent pathways have been identified, narhelynirtron pathway, small nucleolar
RNA-derived, tRNA-derived and short hairpin RNA-gdked pathways (Babiarz et al.,
2008; Ender et al., 2008; Saraiya and Wang, 2008).most common of these replaces
the microprocessor step with a splicing event twpce short hairpin introns known as
mirtrons that can be transported by Exportin-5 @edved by Dicer (Ruby et al., 2007).
Mirtrons are relatively uncommon compared to cacanmiRNAs, but have been
identified throughout the animal kingdom and thisrevidence to suggest a particular
importance of mirtrons in the primate nervous syst@erezikov et al., 2007). In
addition, there are two Dicer independent miRNAcpssing pathways. These are very
rare with a single miRNA (miR-451) known to be puodd via direct pre-miRNA
loading onto Ago2 and miRNA-like small RNA sequengenerated from tRNAs, with
RNaseZ cleavage of pre-miRNAs in place of Dicerdlohfi et al., 2010; Haussecker et

al., 2010; Lee et al., 2009).

1.3.3 miRNA mechanism of action

RISC is a generic term for a family of heterogersecamplexes containing Ago proteins
that are involved with gene silencing (Pratt anccRiae, 2009). Once incorporated into
the RISC, mature miRNAs act as a guide to diregetarecognition via base-pairing
interactions with mRNA transcripts, which are oftecated in the 3'UTR region (Bartel,

2009). The majority of animal miRNAs do not mattieit target sequences exactly,
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however, nucleotides 2—6 of the miRNA are knowthas‘seed region” and are critical
for target recognition (Lewis et al., 2005; Lewis a&l., 2003). The extent of
complementarity between a miRNA and its target mRBEguence influences the
downstream regulatory mechanism, with perfect netdeading to degradation, while
mismatches result in translational repressionuimdns the Ago2 protein catalyses target
MRNA cleavage and subsequent degeneration of miRalfkough translational
repression is the most prevalent mode of actiomi®NAs in animals (Liu et al., 2004).
The exact mechanism for repression remains unclHagre is evidence to support
disruption of translation initiation, promotion ofarget mRNA deadenylation,
sequestration of miRNAs and their targets to preiogsP-bodies and stress granules or

RISC-mediated protein degradation after translafi@ng et al., 2008).

1.3.4 MicroRNAs and Amyotrophic Lateral Sclerosis

MiRNAs machinery has been found compromised in AE&: instance the absence of
processed miRNAs, due to Dicer deletion in spinatanneurons, resulted in a mouse
model with progressive paralysis, astrocytosis,saagas of axonopathy, classical features
of ALS (Haramati et al., 2010). The authors ideetifa single miR-9-binding site on the
neurofilament light polypeptide (NFLP) mRNA and ebgd that miR-9 was also
downregulated in spinal muscular atrophy (SMA) medbereby suggesting direct
evidence for miRNAs malfunction in motor neuronedises. In another study, it was
shown that the nuclear factor TDP-43, a major camepoof the inclusions in ALS, was
found associated with Drosha complex, thereby wiagl miRNAs biogenesis. In TDP-
43-/- mice let-7b was downregulated, and miR-66gylated (Buratti et al., 2010).

This phenomenon was correlated with the expresdiBlJS suggesting that this complex

31



acts as a cofactor involved in the biogenesis gpecific subset of mMiIRNAs (Morlando
et al., 2012). Several research groups acted a®gie in the early characterization of
mMiRNA involvement in ALS. Several studies have bbtdeveraged the SOD1-G93A
mouse model for ALS (Gurney, 1994). A study perfedin this model of familial ALS
and subsequently validated in human ALS spinal dasles notably demonstrated
strong expression of miR-155 (Koval et al., 20 Rirthermore, downregulation of miR-
155 in ALS mice using oligonucleotide-based miRNAhibitors or anti-miRs
significantly prolonged survival. Profiling primangicroglia cell cultures purified from
the model also revealed a plethora of differentiadpressed miRNAs including miR-22,
miR-155, miR-125b, and miR-146b (Parisi et al., 20The group notably highlighted
the miR-125b-based modulation of Tl ALS. A recent study using the SOD1-G93A
model reported strong expression of miR-29 in Alt&irband spinal cord even though
its knockdown did not lead to significant improvertge in ALS-associated clinical
endpoints (Nolan et al., 2014). Studies on humanps$es have also been conducted and
have revealed the potential importance of miRNAAIS. First, a postmortem analysis
of tissues isolated from the spinal cord at thedantevel by the group of Michael Strong
(Campos-Melo et al., 2013) revealed that the esmwasof numerous miRNAs was
altered in ALS patients. Pathway analysis showatttiese miRNAs were implicated in
nervous system functions and cell death. The use®@prediction algorithms revealed
three miIRNAs (miR-146a*, miR-524-5p, and miR-582-8ppable of interacting with
the 3 UTR of the human low molecular weight neurofilam¢NEFL) mRNA. A
subsequent study from the same group revealeddditi@anal miRNAs, miR-b1336 and
mMiRb2403, capable of stabilizing NEFL transcriptyentral lumbar spinal cord samples

obtained from ALS patients (Ishtiaq et al., 2014he presence of intraneuronal
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neurofilamentous aggregates is a heuropathologatkhark of ALS, and reduced NEFL
MRNA levels have been observed in degeneratingakpintor neurons. Motor neurons
from the frontal cortex are also affected in ALSidamiRNA-related research to
understand the role of these molecules in thesgisadlowly emerging. Samples isolated
form postmortem frontal cortex tissues of three Ap&tients notably revealed an
upregulation of miR-29a, miR-29b, and miR-338-3pi¢$a et al., 2010). However, due
to a significant inter-individual variation, ressiltvere not subsequently validated by
qguantitative RT-PCR. Nevertheless, miR-338-3p uyplagn in ALS patients has been
also observed in blood leukocytes, CSF, serumsamal cord (De Felice et al., 2014).
It is important to point out that skeletal mus@stie represents another interesting source
of potential biomarkers. Skeletal muscle mitochaaldtysfunction is believed to play a
role in the progression and severity of ALS, and$@ll et al. showed that miR-23a, miR-
29b, miR-206, and miR-455 expressions were increaseskeletal muscle of ALS
patients (Russell et al., 2013). MiR-206 is requiif®r efficient regeneration of
neuromuscular synapses after acute nerve injunghwdrobably accounts for its salutary
effects in ALS (Lin and Friedlander, 2010). Evidesdndicated that, although mice
genetically lacking miR-206 were able to engagenameuromuscular synapses during
development, deficiency of miR-206 in the ALS mousedel accelerates the disease
progression, at least in part through the histaecdtylase 4 (HDAC4) (Williams et al.,
2009). HDACA4 is an important mediator neural atyigiction on muscle gene expression,
and its expression is dramatically induced in mesah response to denervation in ALS
mice (Cohen et al., 2007). Remarkably, the pherestyyd miR-206 and HDAC4 mutant
mice indicated that miR-206 and HDAC4 have opposftects on retrograde signals

required for the reinnervation. Bruneteau et akgstigated the role of the miRNA-206-
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HDACA4 axis and showed that miR-206 was upregulatéd.S long-term survivors but

it did not correlate with disease progression annervation (Bruneteau et al., 2013).
Clearly, several miRNAs seem to underlie the pathegis associated with ALS. It is
only logical to wonder if any of those could poially be leveraged as non-invasive

circulating biomarkers to diagnose ALS and its @asi subsets.

1.3.5 MicroRNAs as appealing Biomarkers for ALS

Interestingly, living neurons and other CNS celisrete miRNAs and other small non-
coding RNAs into the extracellular space packagedxiosomes, microvesicles, or
lipoprotein complexes. In addition, several studies/e successfully isolated and
quantified miRNAs from a variety of human body @ésiincluding plasma or serum,
urine, and saliva. Other factors positioning miRN#ss appealing biomarkers notably
include their significant stability in body fluidas well as the relative ease of their
detection given their well conserved sequencessd lebaracteristics, coupled with the
rapidly evolving improvements in technologies talbw for detection of RNA species

from small amounts of biological material, have totnuted to the strong interest
dedicated towards the study of extracellular RNAs @otential biomarkers for

neurodegenerative disorders. In a recent studygulse ALS mouse model SOD1-G93A,
miR-206, involved in the maintenance of neuromumcwonnectivity in ALS, was

flagged as a potential circulating biomarker caatkds it exhibited strong upregulation
in the serum of mice and ALS patients (Toivoneralet2014; Williams et al., 2009).

MiR-206 upregulation was almost statistically sfgraint in the presymptomatic stages
of SOD1-G93A mice making it an interesting biomar&andidate for early diagnosis of

ALS. This further reinforces the importance andlleimges of identifying ALS-specific
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circulating biomarkers to properly discriminate Afr8m other CNS conditions. Recent
work demonstrated that let-7 and miR-92 could ngtdifferentiate ALS patients from
patients diagnosed with relapsing-remitting mudtipgclerosis, but not secondary
progressive multiple sclerosis suggesting the rlgitsssesses features present in other
neurodegenerative diseases (Gandhi et al. 2013).

TDP-43 aggregates are observed in most ALS casesnfBinn et al., 2006) and
identifying a biomarker associated with this tardgas been explored by several research
teams. Freischmidt et al. (Freischmidt et al., 2(Ar@ischmidt et al., 2015) reported
altered expression levels of five out of nine TC&RbiInding MiIRNAs in CSF and serum
samples of SALS cases including miR-143-5p/3p. Harethese authors found a poor
correlation between CSF and serum levels of theBiNms suggesting an independent
regulation of TDP-43-binding microRNAs in the sertand CSF. Nonetheless, as
proposed by these authors, these findings mightelevant for an easily accessible
biological assessment of TDP-43 levels as wellfasiBNAs regulating its expression.
With the aim to find blood miRNAs specific to AL®dthat correlates between CSF and
serum, the group of De Felice first investigatezldthanges in miRNA expression profiles
in leukocytes from ALS patients using a microarsinategy (De Felice et al., 2012).
Several miRNAs were differentially expressed inahgdmiR-149, miR-328, miR-338-
3p, MmiR-451, miR-583, miR-638, miR-665, and miR-32As mentioned previously,
miR-338-3p overexpression was reported in frontaetex tissues collected from three
ALS patients (Shioya et al., 2010). Subsequent wa¥ undertaken in a large cohort and
showed an overexpression of miR-338-3p in bloo&deytes, CSF, serum, and spinal
cord obtained from sSALS patients (De Felice et2014). MiR-338-3p expression was

higher in ALS patients compared to healthy patiestsvell as to patients suffering from
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other neurodegenerative disorders like PD, AD,lbDdInterestingly, miR-338-3p might
relate with the higher glutamate levels observe@$t of ALS patients described above.
Indeed, one putative targets of deregulated miR338&he membrane-bound protein
SLC1A2 which is the principal transporter that céethe excitatory neurotransmitter
glutamate from the extracellular space at synajpsttee CNS. Mutations and decreased
expression of this protein are associated withagertorms of ALS (Rothstein et al.,
1995).

Around the same time, the group of Weiner demotestrahat recruitment of
inflammatory monocytes into the CNS played an ingodr role in ALS progression
(Butovsky et al., 2012). A thorough characterizatiof monocyte population was
undertaken, and a unique miRNA signature within €B2D16— monocytes isolated
from ALS patients with the SOD1 familial form wakentified. This signature was similar
to the one found in Ly6Chi monocytes from the mo8€&D1 model (Butovsky et al.,
2012). MiRNAs such as miR-27a, miR-155, miR-142-BpR-223, and miR-532-3p
were highly expressed in ALS patients comparea#dthy controls or patients diagnosed
with multiple sclerosis. MiR-27a could differenganultiple sclerosis from ALS patients.
Nonetheless, the same group showed that three msRNAR-27b, miR-146a, and
mMiR532-3p that were commonly elevated in CSF sasn@&\LS patients, in monocytes
and microglia from SOD1 mice and from human ALSigras with the sporadic and
familial forms (Butovsky et al., 2012). This findirhighlights that a combination of

MiRNASs could represent a more plausible signatustead of only one miRNA.
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1.4 Myocyte Enhancer Factor 2 (MEF2) proteins

1.4.1 Introduction

The myocyte enhancer factor 2 (MEF2) proteins bgtorthe MADS (MCM-1-agamous-
deficiens-serum response factor) family of tranmanal regulators (Black and Olson,
1998). The MEF family of transcription factors indes four distinct vertebrate genes
(MEF2A-D) encoding MEF2 forms. MEF2A was the first MEF sanption factor to be
identified (Yu et al.,, 1992) and then three additilb mammalian MEF2 iso-types
(MEF2B, MEF2C, MEF2D) have subsequently been deedr(Shalizi and Bonni, 2005).
These transcription factors were originally idaetif as their family name implies, on the
basis of their role in muscle differentiation. Hox®g many tissues express the four
members of the MEF2 family, which are found in idist but overlapping patterns in
neurons (Lyons et al., 1995). All four MEF2 proteare expressed in the cerebral cortex
and olfactory bulb. MEF2D transcripts are foundotlghout the developing central
nervous system (CNS) through adulthood (Lyons.efl8P5), in contrast with the other
MEF2 proteins showing more restricted patternsxpiession. The expression pattern
of MEF2C in the CNS is the most extensively chamazed of the four MEF2 proteins;
cortical expression of MEF2C protein is restricte@ subset of cortical neurons in layer
I, IV and VI (McDermott et al., 1993). Interestiggan alternative exon of MEF2C that
extends the transactivation domain is expressetaradult, but not in the developing
cerebral cortex (Allen et al., 2002; McDermottlet H993). This alternative exon encodes
a conserved phosphorylation site also present ifF2AEand MEF2D that negatively
regulates MEF2 transcriptional activity (Gong et, #003). The reason for this
developmental switch in MEF2C splicing has yet e dstablished, but it appears to

render MEF2C sensitive to oxidative stress (Goray.e2003).
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The MEF2 family is characterized by a MADS box @amdimmediately adjacent motif,
namely MEF domain, which mediates DNA binding, dimm&tion and cofactors
interactions (Black and Olson, 1998; McKinsey et2002a). The MADS box is a highly
conserved DNA-binding domain that targets protamsA/T-rich sequences in gene
regulatory regions (Figure 4).

MEF2 is a transcriptional activator that cooperatéd other transcriptional factors to
drive the expression of its target genes. A largkection of cofactors regulate the
functions of MEF2 proteins by direct physical imtetion with MEF2: GATA, GRIP1,

histone deacetylases (HDACSs), MyoD, NFAT, p300 #rydoid hormone receptor.
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Figure4. Sequence comparison of MEF2 (myocyte enhancesrfay transcription factors from
various species (h human). The aminoacid numbeongsponds to the hMEF2A sequence and
the sequence identities (in percentages) are detatdhhMEF2A (100%). The three domains,
namely MADS (MCM-1l-agamousdeficiens-serum resporfsetor), MEF2 and TAD
(transactivation domain) are highlighted in reaegr and blue, respectively. (Potthoff and Olson,
2007).
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1.4.2 Post-translational modifications and mechanisms of action of

MEF?2 transcription factors

MEF2 proteins serve as endpoints for multiple diggapathways and thereby confer
signal-responsiveness to downstream target gengaréF5). MAP kinase signaling
pathways converge on MEF2 factors in organismsingrnfgom yeast to humans (Dodou
and Treisman, 1997; Han et al., 1997; Kato et E97). Phosphorylation of the
transcription activation domain of MEF2 by MAP kses augments its transcriptional
activity, and the MAP kinase ERK5 serves as a ME®&&ctivator through its signal-
dependent direct association with the MEF2 MADS dionfYang et al., 1998). Indeed,
MEF2 proteins are regulated by multiple phosphdigteevents (McKinsey et al., 2002a;
McKinsey et al., 2002b). The CDK5 and ERK5 can phasylate MEF2 proteins

regulating directly MEF2 transcriptional activiteéng et al., 2003; Kato et al., 2000).
The p38 mitogen-activated protein (MAP) kinase (@3®K) also phosphorylates

MEF2 in its transcriptional activation domain artug stimulates its transcriptional
activity (Zhao et al., 1999).

The small ubiquitin-like modifier (SUMO) is strucally related to ubiquitin and is

covalently linked to lysine residues of proteingotigh an amide chemical bond.
Sumoylation has now emerged as an important passtational mechanism regulating
the expression of transcription factors and cofactbhe MEF2 family is subject to
sumoylation (Grégoire and Yang, 2005), indeed suatiojm of MEF2C at lysine 391

inhibits its transcriptional activity but does nblock its DNA-binding activity. Of

interest, the phosphorylation of serine 396 in MEFEhhances its sumoylatiomvitro.
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Figure 5. MEF2 as a central regulator of differentiatiord amgnal responsiveneddAP kinase
signaling activates MEF2. Calcium dependent sigalals activate MEF2 by stimulating calcium-
dependent kinases that phosphorylate class Il HD&@seby promoting their dissociation from
MEF2 and derepressing MEF2 target genes. MEF2 iteanumerous co-factors to drive the
differentiation of the various cell types shownth@iugh MAPK and HDAC signaling pathways
have been implicated in the modulation of numeM&$2-dependent developmental programs,
these signaling pathways have not yet been showpédaate in all the cell types under MEF2

control.



Moreover, the serine 396A mutation has also be@&wsho reduce sumoylation of
MEF2Cin vivo and to enhance the transcription activity of MER2@eporter assays. In
conclusion, these results demonstrate that phoglation of MEF2C at serine 396
facilitates its sumoylation with recruitment of oepressors to inhibit transcription (Kang
et al., 2006).

Calcium signaling pathways also modulate MEF2 #gtihrough multiple mechanisms.
In this regard, the activity of MEF2 is tightly gewed by class lla HDACs, which
associate with the MADS domain and promote the &bon of multiprotein repressive
complexes on MEF2-dependent genes (McKinsey eR@D]; McKinsey et al., 2002a;
McKinsey et al., 2002b). Numerous calcium-regulaieatein kinases, including protein
kinase D (PKD) and calcium calmodulin-dependent tgino kinases (CaMKs)
phosphorylate class Il HDACs on a series of coregnrserine residues. This
phosphorylation promotes the nuclear-to-cytoplasshigttiing of these HDACs and the
subsequent activation of MEF2 (McKinsey and OIs2005; Zhang et al., 2002). The
regulated phosphorylation of class Il HDACs thusvmles a mechanism for the

modulation of MEF2 target genes in response toiplogical and pathological signaling.

1.4.3 MEF2 role in muscle differentiation

Vertebrate skeletal muscle differentiation is reged by the cooperative interactions of
myogenic transcription factors with MEF2, and bgrsiling pathways that regulate
MEF2 activity. MEF2 factors alone do not possessgeyic activity but, in combination
with bHLH transcription factors, drive and ampltfye myogenic differentiation program
(Molkentin et al., 1995; Wang et al., 2001). In &idd to regulating numerous muscle

structural genes, vertebrate MEF2 proteins regulsesxpression of myogenic bHLH
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genes, such as myogenin, as well as other genesnt@de transcription factors, thereby
providing a positive feed-forward loop that per@eés and amplifies the decision to
differentiate (Cheng et al., 1993; Molkentin ands@i, 1996). Moreover, MEF2C
activates the expression of the class lla HDAC, KDAthereby creating a negative-
feedback loop that modulates and restrains MEFR2 &&cessive activity (Haberland et
al., 2007). This type of negative-feedback loop atenfers signal responsiveness to
MEF2-dependent gene programs through the regulabedphorylation of class lla
HDACs. MEF2 establishes an additional level of nmgmig regulation by regulating the
expression of microRNAs, such as miR-1 and miR{&%kol and Ambros, 2005; Zhao
et al., 2005). Recently, several microRNAs wereniiied that affect skeletal muscle
differentiation and proliferation. Interestingly,iRal has been shown to target class Il
HDACs (such as HDAC4) (Chen et al., 2006) to esthbh positive feed-forward
mechanism for MEF2 activation and skeletal musdféer@ntiation. This form of
regulation, which enhances MEF2 activity, would appthe direct activation of HDAC9
expression by MEF2, which represses MEF2 activitystrating the multifaceted
mechanisms that exist to modulate MEF2. Presumétdge different regulatory loops
are differentially controlled during various stagdsskeletal muscle development and
postnatal muscle remodeling. Despite extensiveiesuof MEF2 in skeletal muscle in
vitro, relatively little is known about the role$ BIEF2 proteins in vertebrate skeletal
muscle in vivo. During mouse embryogened#ef2c is the first Mef2 gene to be
expressed in the somite myotome (~E9.0), M#fi2a andMef2d expressed about a day
later (Edmondson et al., 1994). Global deletioiMef2a or Mef2d has little or no effect
on skeletal muscle development (Potthoff et alQ720 Potthoff et al., 2007b). Since

Mef2c-null mice die around E9.5 (Lin et al., 1997), ritde in skeletal muscle was not
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examined until recently. Skeletal muscle deficientMef2c differentiates and forms
myofibers during embryogenesis (Potthoff et alQ2 Potthoff et al., 2007b). However,
on a C57BL/6 mixed genetic background, myofibeosnfrmice with a skeletal muscle
specific deletion ofMef2c rapidly deteriorate after birth owing to the ocemte of
disorganized sarcomeres and to the loss of injegfithe sarcomere M-line (Potthoff et
al., 2007a). Interestingly, similar results haverbebserved in zebrafish following the
combined knockdown ofmef2c and mef2d (Hinits and Hughes, 2007). Notably, the
muscle-specific overexpression of a super-activa-Rifrotein in mice does not drive
premature skeletal muscle differentiation (Pottleoil., 2007b), consistent with previous
in vitro studies that have demonstrated that MBHF®i sufficient to drive skeletal muscle
differentiation (Molkentin et al., 1995). Theseults reveal a key role for MEF2 proteins
in the maintenance of sarcomere integrity and e gbstnatal maturation of skeletal

muscle.

1.4.4 MEF2 role in neuronal differentiation and survival

MEF2 proteins are highly enriched in neurons artdleikdistinct patterns of expression
in different regions of the brain (Lyons et al. 959, where they protects neurons from
apoptotic death (Mao et al., 1999). Recently it wlhaswn that MEF2 proteins regulate
dendrite morphogenesis, differentiation of postegtit structures (Shalizi et al., 2006)
and excitatory synapse number (Flavell et al., 206addition, dephosphorylation of
MEF2 by calcineurin regulates the expression ofivigiregulated cytoskeletal-
associated proteinAfc) and synaptic RAS GTPase-activating proteynGAP; also
known asSyngapl) (Flavell et al., 2006). ARC and synGAP play impat roles in

synaptic disassembly by promoting the internalaratf glutamate receptors (Flavell et
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al., 2006) and by inhibiting Ras-MAP signaling (\daez et al., 2004), respectively. In
response to activity dependent calcium signaliatgiceurin dephosphorylates MEF2 at
serine 408, signaling a switch from the sumoylatmthe acetylation of its residue lysine
403. This change restricts the numbers of synagpstdorm (Flavell et al., 2006) and
inhibits dendritic claw differentiation (Shalizi at., 2006) through the activation of the
orphan nuclear receptdlur77 and ofArc andsynGAP. Thus, specific signaling events
modulate gene expression by post-translationallgifying MEF2 to control synapse
development and plasticity. The functions of indival MEF2 proteins and their roles in
synaptic differentiation and disassembly in vivedget to be examined. Based on recent
literature, however, MEF2 appears to play a rolsynaptic plasticity, suggesting an

important role for these proteins in learning arehmory.

1.4.5 MEF2 role in T-cell development

The development and activation of thymocytes (Ts¢& a highly regulated process that
requires multiple signaling cascades to direct geann gene expression that alter T-cell
state or fate. NUR77 is a crucial mediator of Tl-ceteptor (TCR)-induced apoptosis,
and TCR-induced expression of NUR77 is mediateaLiiin two MEF2 sites in thsur 77
promoter (Youn et al., 1999). In unstimulated Tis;elMEF2 is associated with
transcriptional co-repressors, such as HDAC7 andin@a which inhibit Nur77
expression (Dequiedt et al., 2003). Following TCRivation, HDAC7 becomes
dissociated from MEF2 through nucleus-cytoplasnmheitting. Phosphorylation of
HDAC7 by PKDL1 recruits proteins 14-3-3 and tranates HDAC7 to the cytoplasm,
allowing the activation of MEF2 (Parra et al., 2DO%onversely, HDAC7 is

dephosphorylated by protein phosphatgs€éPP B; also known as PPP1CB) and myosin
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phosphatase targeting subunit 1 (MYPT1; also knasnPPP1R12A), which are
components of the myosin phosphatase complex thaingie HDAC7 nuclear
localization and repression of NUR77 expressionrréPat al., 2005). Therefore,
regulation of MEF2 activity by association with nezriptional repressors is highly
regulated in T-cells, and demonstrates the impogai MEF2-HDAC signaling in T-

cell development, differentiation and thymocyteesébn (Kasler and Verdin, 2007).

1.4.6 MEF2 and Neurotrophins

Neurotrophins (NTs) have profound effects on thestigpment of the CNS and regulate
differentiation, survival, and adaptive responseseurons. Indeed, NTs protect many
types of neurons from apoptosis both during devakm and in the adult (Levi-
Montalcini and Booker, 1960). NTs including nervewth factor (NGF), brain-derived
neurotrophic factor (BDNF), NT3, NT4/5, and NT6 éito and activate specific receptor
tyrosine kinases of the Trk family (Snider and Witjgl996). Upon binding to and
activating Trk, NTs can activate several intradaliusignaling transduction systems
including the phosphatidylinositol 3-kinase, praté&inase C, and extracellular signal-
regulated kinase 1/2 (ERK1/2) pathways (Segal ameibherg, 1996).

BDNF is a neurotrophin involved in several aspettseuronal and extra-neuronal life.
It is synthesized as precursor protein, pro-BDN&cked into secretory vesicles and
released constitutively and upon stimulation. Céegey by proteases, such as furin or
proconvertases, produces mature neurotrophins. BEX€Rs its functions mainly at the
synaptic cleft, through interaction with two typafsreceptor: the TrkB receptor and the
p75 neurotrophin receptor (P¥%). In adult brains, mature BDNF predominantly

interacts with TrkB inducing neuronal survival ayhaptic plasticity. On the other hand,
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pro-BDNF binds with higher affinity to p?&R, a member of the tumor necrosis factor
superfamily of receptors, prompting apoptosis astirsnkage of dendritic spines.
Neurotrophins, and in particular way BDNF, are tatpd by a wide range of different
factors, including MEF2 proteins. Although the riegion of BDNF-MEF2 is very
complex and only partially understood, recently samew evidences have emerged to
clarify this mechanism. BDNF promote neuronal suai/through stimulation of MEF2C,
which has been largely attributed to its direct ggfwrylation by extracellular signal-
regulated kinases (ERK). Indeed, ERK1/2 and ERKSdarectly required for both the
transcriptional and neuroprotective activity of MERroteins in cortical neurons
stimulated by BDNF (Cavanaugh et al., 2001; Lialet2003; Shalizi et al., 2003; Wang
et al., 2007). Moreover, Finsterwald and collabarsprovided new details about BDNF-
MEF2 regulation, directly involving the class Il AQs. They showed that BDNF
induces the expression, phosphorylation and traastn of salt-inducible kinase 1
(SIK1) in cortical neurons through the ERK1/2 sigmg pathway and that these effects
were followed by the phosphorylation and nuclegpoek of HDACS, leading to the
activation of MEF2-mediated transcription (Finstaldvet al., 2013). However, this is
not a one-way regulatory system and many evidemagespresent in the literature
suggesting that MEF2D and MEF2C are not only indungneurotrophins, but they are
able to directly regulate BDNF expression (Flaeehl., 2008; Lyons et al., 2012; Pazyra-
Murphy et al., 2009). In conclusion, the BDNF-MEF&gulation system is a very
complex molecular pathway not yet completely unided; but since BDNF and others
neurotrophins have already been investigated in fde® below the paragraph 1.4.7
“Neurotrophins in ALS"], a possible role for MEFZqgteins in this neuromuscular

disease could be hypothesized.
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1.4.7 Neurotrophins in ALS

Various post mortem studies have been conductggimal cord and CNS of ALS patients
in order to test the potential role of neurotroghin motor neuron degeneration. ALS
spinal motor neurons showed reduced neurotrophifN3-3) immunoreactivity
compared to controls (Duberley et al., 1997) arahges in the receptors for BDNF were
identified as well (Seeburger and Springer, 199Rggarding the influence of
neurotrophins on motor neuron growth and survivakitro studies showed BDNF to
promote survival of motor neurons (Henderson ¢t18193). The same capability was
demonstrated in vivo, in animal models of motor meudeath and peripheral nerve
damage (Koliatsos et al., 1993; Meyer et al., 1988jikova et al., 1997; Sendtner et al.,
1992; Yan et al., 1992) and of motor neuron degainer disease (lkeda et al., 1995;
Mitsumoto et al., 1994; Sendtner et al., 1992).Aali studies also demonstrated the
survival promoting properties of neurotrophic fastother than BDNF in motor neurons
(Henderson et al., 1993; Sendtner et al., 1990kedaogether these observations
emphasize the potential importance of neurotrofatutors in ALS and prompted clinical
trials of systemically administered neurotrophictfas. Intrathecal infusion of BDNF
was proved safe and feasible by a phase /1l dirtical (Ochs et al., 2000), however a
randomized, double-blind, placebo-controlled phd#e study (1999) failed to

demonstrate a statistically significant survivdeet of BDNF in ALS.
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1.5 Aim of the Study

Amyotrophic lateral sclerosis (ALS) is a fateuro-degenerative disease caused by the
loss of both upper and lower motor neurons. Althioubge specific mechanisms
underlying the pathogenesis of disease remainvelusiotor neuron death in ALS is the
culmination of multiple aberrant biological process including derangements in
cytoskeletal protein composition, mitochondrial fdystion, impaired calcium and
glutamate homeostasis, and enhanced oxidativeyidjumajor shift in our understanding
of ALS pathogenesis occurred in 2006 with the idieation of a 43-kDa transactive
response (TAR) DNA-binding protein (TDP-43) as & kmathological substrate of
cellular inclusions in sALS and non-SOD1 fALS (Neam et al., 2006). It was soon
followed in 2008 by the successful discovery of dwant mutations in the TDP-43 gene
as a primary cause of ALS (Sreedharan et al., 20083 providing the proof of principle
that aberrant TDP-43 can trigger neuronal degeimerabnd cause ALS. The
identification of TDP-43 mutations was followedtandem by the discovery of mutations
in another RNA/DNA-binding protein, FUS in 2009, asprimary cause of fALS
(Kwiatkowski et al., 2009). These findings haveiniéively confirmed that perturbations
in the processing of RNA from gene transcriptiorotlyh degradation (RNA
metabolism) may contribute to the motor neuron deggion representing a key

biological aspect of ALS pathogenesis.

In particular way, this study is focused on theerof two particular events of RNA
metabolism.
The first one is concerning the involvement of mRNAs (miRNAS) in ALS. Since

TDP-43 and FUS play a critical role in miRNAs biogsis (Starega-Roslan et al., 2011),
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these small non coding RNA molecules have beengsexpto assume some important
functions potentially involved in the pathogeneasislisease. Studies on human samples
have been conducted and have revealed the potengiattance of miRNAs in ALS. A
postmortem analysis of tissues isolated from theasgord at the lumbar level by the
group of Michael Strong (Campos-Melo et al., 20i88)ealed that the expression of
numerous MiRNAs was altered in ALS patients antiyay analysis showed that these
microRNAs were implicated in nervous system funtsicand cell death. Moreover,
mMiRNAs alterations have also been found in leukesyserum and CSF (Butovsky et al.,
2012; De Felice et al., 2014; De Felice et al.,2Feischmidt et al., 2013; Freischmidt
et al., 2015) suggesting their potential usefulrees®iomarkers. In this study we have
investigated a panel of miRNAs in different SOD18B9 ALS models and in peripheral
cells derived from sporadic ALS patients with the,anot only to identify a potential
their altered expression levels, but with the pagito find a subgroup of miRNAs
differentially expressed in a common manner intlad ALS models employed for the
study. Since the sporadic and the familial formAaSS are clinically indistinguishable,
they are characterized by very different histoplattical hallmarks. For this reason, the
opportunity to discover a possible subset of miRN#Aerentially expressed in a
common manner in different disease models, coultbl&entify a possible nodal event
conserved in both these two different forms of asse Furthermore, since miRNAs are
stable and well dosable in blood and maintain gediht expression profile in patients
with respect to controls, they could be employedd@sgase biomarkers to facilitate
diagnosis and follow up of disease.

The second part of the study concerns the assessfreefamily of transcriptional factors

in the ALS field. MEF2D and MEF2C are members of RHamily and play important
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role both in muscle and in neurons. For this reas@uossible their involvement in a
neuro-muscular disease as ALS could be hypothesized. Recenttyeased MEF2C

mRNA levels have been shown in transgenic S€8imice and similar results were
observed after denervation in skeletal muscle odltained from wild type mice (Calvo

et al., 2012), highlighting the importance of myoigepotential to compensate muscle
damage induced by the neurodegenerative processlaiey no data exist about the
expression and the function of MEF2D and MEF2C lirsAvatients. Considering that the
transcriptional activity of each tissue-specific MEisoform on the responsive reporter
elements is conserved in different cell lines ($akia et al., 2012), we choose to
investigate MEF2D and MEF2C gene and protein espwadevels in peripheral blood

mononuclear cells (PBMC), an easily accessibleveiddly used experimental tool able
to recapitulate some typical pathological featyresviously found within CNS of ALS

patients. MEF2 proteins could represent a novedmi@l pathological mechanism, still
unexplored, inserted in the ambit of the transwi@l alterations in amyotrophic lateral

sclerosis.
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2.1 Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegjative disease that specifically
affects upper and lower motor neurons leading tgm@ssive paralysis and death.
Currently, no effective treatments is availableu3hthe identification of the signaling
pathways and cellular mediators involved in ALS agms a major challenge in the search
for novel therapeutics.

Recent studies have shown that microRNA have afgignt impact on normal central
nervous system (CNS) development and on onset abgrgssion of neurological
disorders. Based on this evidences, in this study tested the hypothesis that
misregulation of MiIRNA expression could play a riol¢he pathogenesis of ALS. Hence,
we exploited human neuroblastoma cell lines exprgsSOD1(G93A) mutation as tools
to investigate the role of miRNAs in familiar AL$0 this end, we initially checked the
key molecules involved in miRNAs biogenesis andpssing in these cells and we found
a different protein expression pattern. Subseguenwt performed a genome-wide scale
mMiRNA expression, using whole-genome small RNA deeguencing followed by
quantitative real time validation. This strateglpwaied us to find a small group of altered
miRNAs, which were predicted to play a role in tim®torneurons physiology and
pathology. We measured this group of deregulateBNAis by real time PCR in
transgenic mice expressing the pathogenic prot@DIRG93A) and furthermore in
lymphocytes obtained from a group of sporadic Alaignts. We found that mir129-5p
was up-regulated in cells, mice and in patientsvemdalidated HuD as mir129-5p target.
Previously, it has been reported that ELAVL4/Hulayd a role in neuronal plasticity, in
recovery from axonal injury and multiple neurolagicdiseases. Furthermore, we

generated stable cell line over-expressing mirl2@itd we found a reduction in neurite
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outgrowth and in the expression of differentiatioarkers with respect to control cells.
Taken together these data strongly suggest thatoRMNAs play a role in ALS
pathogenesis and in particular, that mirl29-5p edilect neuronal plasticity by

modulating ELAVL4/HuD level.
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2.2 Introduction

ALS is a progressive, fatal neurodegenerative deorcharacterized by loss of
motorneurons from the spinal cord and motor cottex leads to death within 2-3 years
of onset (Cleveland and Rothstein, 2001). It is ohthe most common motor neuron
diseases occurring 1.7 ~ 2.3 out of 100,000 pepmwnyear worldwide (Beghi et al.,
2006). The symptoms of ALS usually starts afteryg@rs of age, but it can also occurs
in younger people. Usually, the disease onset sceith the degeneration of specific
subsets of motor neurons. Then, ALS progressivagagls to neighboring motor neurons
and leads to atrophy of associated muscle tisdeiedt (et al., 2012). The genetic and
environmental causes of ALS are still under inggdton, but about the 90% of ALS
cases are sporadic or caused by unknown genetarga&o far about only 10% of cases
can be traced to genetic factors (Al-Chalabi et24112). The most well known genetic
cause of ALS are mutations in Cu/Zn Super Oxidarimse 1 (SOD1) gene (Rosen et
al., 1993). Only recently, with advanced genomiesning tools, several other genes
associated to ALS have been identified includingRTBNA-binding protein (TDP-43),
FUS, ALS 2 (ALS2), neurofilament heavy peptide (MBHAI-Chalabi et al., 2012) and
CI90RF72 (DeJesus-Hernandez et al., 2011; Rentah, &011). While C9ORF72 has
been identified as the most prevalent mutation avaloS patients, with 40% of fALS
patients carrying the mutation (Majounie et al.12)) the abundance and variety of
identified SOD1 mutations have made this a widespexperimental paradigm (Renton
et al., 2011). Although the pathological charasters of ALS are well defined, the
cellular and molecular mechanisms linked to mutatibthese genes and responsible of

disease onset, are still under investigation.
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MicroRNAs (miRNAs) are endogenous non-coding sirgjfand RNA molecules that
play important roles in eukaryotic gene expres#iwough posttranscriptional regulation
(Bartel, 2009). They mainly bind to théuhtranslated region (RITR) of messenger
RNAs (mMRNAs) and lead the target to gene silenbingnRNA cleavage, translational
repression and deadenylation (Huntzinger and lakey 2011). MiRNAs are involved
in a variety of physiological phenomena and disedgeém et al., 2009). In diseases
affecting the central nervous system the loss afeDia key regulator of miRNA
biogenesis, induces neurodegeneration suggesahgiiRNAs may play important roles
in neurological disorders (Cuellar et al., 2008h&afer et al., 2007). Indeed, while the
role of individual miRNAs in neurological disordassnot yet fully understood, there are
growing evidences that miRNAs play a critical roteneurological disorders, such as
miR-206/miR-153 in Alzheimer’s disease (Lee et a012; Liang et al., 2012), miR-
34b/miR-9/miR-9* in Huntington’s disease (Gaughwiral., 2011; Packer et al., 2008),
miR-128a/miR-24/let-7b in mood disorder (Zhou et 2D09), miR-189 in Tourette’s
syndrome (Abelson et al., 2005), miR-9 in SMA (Huaadi et al., 2010), miR-206/miR-
338-3p/miR-451 in ALS (Butovsky et al., 2012; Ddiée et al., 2012; Williams et al.,
2009), miR-21/miR-431/miR-138 for axonal regenenafior sensory neurons (Liu et al.,
2013; Strickland et al., 2011; Wu and Murashov,30and miR-133b/miR-21 for spinal
cord injury (Hu et al., 2013; Yu et al., 2011). Hower, pathological contribution of
individual miRNAs to each of these diseases i$ @titler investigation. Especially, our
knowledge about the role of miRNAs in motor neutisseases is very limited. This could
be due to the complexity of the nervous systemthadechnical difficulties of studying
neurological disorders. MicroRNAs have also demastl their potential as non-

invasive biomarkers from blood and serum for a widdety of human pathologies as
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well as neurodegenerative diseases (Keller et28fl1). Concerning ALS, miRNAs
expression in white blood cells from sporadic AL&i@nts appears to exhibit distinct
expression patterns during disease progress. migi#ling data from 14 patients and
14 controls showed that expression of miR-338-3pdeeased and expression of seven
other miRNAs is decreased in leukocyte from ALSigrdas (De Felice et al., 2012).
Moreover, another recent publication reports thiR-206 was found increased in the
circulation of symptomatic animals and in a grodpl® definite ALS patients and it
suggests that may be an interesting potential datelias a biomarker. To further
characterize the roles of miRNAs in ALS pathogememnd their potential use as
biomarkers and, hopefully, also targets for newapg in ALS, an accurate profiling of
mMiRNAs expression in different experimental ALS ralsds necessary. Here, we present
a characterization of miRNAs expression in a caH80OD1(G93A) ALS-linked model.
First, we have analyzed by Western Blot the exjwassf crucial factors involved in
MIRNA biogenesis and processing and we have obdemnealtered expression pattern
between mutated cells and control cells. Afterwavas used the RNA high throughput
sequencing to obtain the miRNA profile of SOD1(G92A&lls and we identified a small
subset of deregulated miRNAs that we have subséguamalyzed in SOD1(G93A)
mice. In order to identify a common signature betwéamilial and sporadic ALS, we
assessed the expression level of mirl29-5p andOfut2which we previously found
upregulated in SOD1(G93A) cells as well as in misd?BMCs obtained from sporadic
ALS patients. We observed that mirl29-5p was upgeted in cells, mice and PBMCs
and we validated ELAVL4/HuD as novel mirl29-5p &trg-urthermore, we generated
stable cell line overexpressing mirl29-5p and wantba reduction in neurite outgrowth

and in the expression of differentiation markerscompare to control cells. Taken
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together these data strongly suggest that microRN#sa role in ALS pathogenesis and
in particular, that mir129-5p can affect neuronakfcity by modulating ELAVL4/HuD

levels.
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2.3 Materials and Methods

RNA high throughput sequencing

Human neuroblastoma SHSY-5Y cells untransfectedtaily transfected with cDNA
coding for wild type SOD1 or the mutant SOD1(G93#Rgre sequenced by whole-
genome small RNA deep-sequencing (SRNA-seq) usiiex8 system. For the statistical
analysis (performed by Dr. R. Calogero, Bioinforitmand Genomics Unit, University

of Turin) were considered only those reads thdtlvelgreater than 10 nucleotides.

Céll cultures, transfections and drug

Human neuroblastoma SHSY5Y cells untransfectedtailys transfected with cDNA
coding for wild type SOD1 or the mutant SOD1(G93¥dre maintained in Dulbecco’s
modified Eagle’s Medium supplemented with antilist{100 U/mL streptomycin and
100 pg/Ml penicillin), 2,5 mM L-Glutamine and 10%t&l Bovin Serum at 37 °C with
5% CO2 . SOD-1 stably transfected cells were alamtained in the presence of 400
png/mL of Geneticin (G418 sulphate, prepared as glninstock solution in water). Cells
were fed every 2-3 days and passed once a weekreAjents were supplied by
Euroclone.

For the luciferase assay experiments, 1,5 X 3BSY5Y cells were seeded in a 24
multiwell, and the next day plasmids (a total o 11g) were co-transfected using
Polyethylenimine (PEI, Sigma, 100 mM in H20O pH 7.86cording to the manufacturer’'s
instruction.

For differentiation treatment, cells were incubateth Retinoic Acid 10uM for 6 days

before collecting.
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PBM Csisolation

PBMCs were isolated from whole blood by Ficoll-tdisaque (GE Healthcare) density
gradient centrifugation. Briefly, blood samples weliluted with the same amount of
saline solution, layered on Ficoll-Histopaque amahtdfuged (490xg, 30 min, room
temperature). PBMCs were collected from the interfaetween plasma and Ficoll-

Histopaque, washed with saline solution, aliquated stored at -80°C.

RNA extraction reverse-transcription and Quantitative Real-Time PCR assay
(qPCRs)

SYSH5Y cells were seeded on 10 cm plates, and 24shafter plating RNAs were
extracted using TRIzol Reagent (Invitrogen) andsegoently purified using silica
membrane spin columns from RNeasy Mini Kit (Quidg&NA quantity and purity were
assessed using a NanoDrop instrument (Thermo Fasfientific Inc.). 2 pug of total RNA
were reverse-transcribed using the random hexabzsmd High Capacity cDNA
Reverse-Transcription Kit (Applied Biosystem), atbng to manufacturer’s
instructions.

In order to validate the microarray data regartHi@XC10, CACNG2 and ELAVL4 gene
levels downregulation, gPCRs were performed imalfvolume of 20 ul with SYBR
Green gPCR master mix (Applied biosystem), 1 ul é0hluted (1:50), and 0,5 uM of
each primer. The primers wused for CACNG2 genes :weferward:
5CTCTCTACTCCCACCCCTTG3’; reverse: 5GCTCTGCTCCGTUGATTTI'; for
HOXC10 were: forward: 5’ACTCGAGAAGATGCCGGATAATCGGZ reverse:

S’ATCTAGTCAGCTGTCAAGAGGAAGCS..
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Normalization of cDNA loading was obtained runniath samples in parallel using
human GAPDH as housekeeping gene. The primers #®POH were: forward:
S’ACGGATTTGGTCGTATTGGGSI’; reverse: 5 TGATTTTGGAGGGRCTCGC3'.
The amplification protocol was as follow: an initteenaturation and activation step at 95
°C for 10 min, followed by 40 cycles of 95 °C fds §, 60 °C for 1 min and 95 °C for 15
s. Normalization of the target amplification ovéetnormalize was performed using

Excel software.

mMiRNA extraction, reversetranscription and gPCR for SHSY5Y cellsand PMBCs
The pellet of PMBCs was lysed by adding 1 ml o&®ti In order to obtain a microRNA-
enriched fraction the aqueous phase was processeg the Absolutely RNA miRNA
kit (Agilent Technologies) according to the manadaer's protocol.

The microRNA from SHSY5Y cells were extracted usihg Absolutely RNA miRNA
kit (Agilent Technologies) according with the protd

2 ug of miRNA were used for retro-transcribing teat that was performed using an
homemade miRNA detection kit. Essentially in thieateascription reaction a poly-A tail
is added to the mature microRNA template by E. Eoly(A) polymerase (New England
Biolabs); cDNA is synthesized by the Affinity-scripolymerase (New England Biolabs),
using a poly-T primer with a 5’ universal tags an@’ a degenerate anchor. The cDNA
template is then amplified using a micro-RNA spiecibrward primer and a universal
reverse primer (that is complementary to the usafketag). SYBR Green (MESA

GREEN gPCR MasterMix Plus) is used for detection.
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List of specific forward primers:

Hsa-mir30a
ACATCCTCGACTGGAAGAA
Hsa-mir30b
TGTAAACATCCTACACTCAGCTAA
Hsa-mir30c
TGTAAACATCCTACACTCTCAGCAA
Hsa-mir30d
CATCCCCGACTGGAAGAA
Hsa-mir30e
AACATCCTTIGACTGGAAGAA
Hsa-mir29a
CACCATCTGAAATCGGTTAA
Hsa-MIR2Z29b
TAGCACCATTTGAAATCAGTGTTAA
Hsa-mirl
TGGAATGTAAAGAAGTATGTATAA
Hsa-mir206
TGGAATCTAAGGAAGTGTGTGGAA
Hsa-mirl5a
GCAGCACATAATGGTTITGTGAAA
Hsa-Mirlse
GCAGCACATCATGGTTTrACAAA
Hsa-mirlé6
CAGCACGTAAATATTIGGCGAA
Hsa-mirl9as
TAGCAGCACAGAAATATTIGGCAA
Hsa-mir203

GTGAAATGTTITAGGACCACTAGAAA

Hsa-Mir9o
TCTTTGGTTATCTAGCTGTATGAAA
Hsa-mir455-3p
GCAGTCCATGGGCATATTCACAA
Snord25
GATGAGGACCTTTTCACAGACCTG

Hsa-mirl24d CACGCGGTGAATGCCAAA
Hsa-mirl25a-3p
GTGAGGTTICTTIGGGAGCCAAA
Hsa-mirl25-5p
CTGAGACCCTTITAACCTGTGAAA
Hsa-mirl25b
CCCTGAGACCCTAACTTIGTGAAA
Hsa-mir-132
CAGTCTACAGCCATGGTCGAAA
Hsa-mirl7 GTGCTTACAGTGCAGGTAGA
Hsa-miR7
TGGAAGACTAGTGATTTTIGTTGTAAA
Hsa-mir200C
TAATACTGCCGGGTAATGATGGAAAA
Hsa-mirg885-3p
AGGCAGCGGGGTGTAGTGGATAAA
Hsa-mir4a55-5p
TATGTCCTTTIGGACTACATCGAAA
Hsa-Miro
TCTTTGGTTATCTAGCTGTATGAAA
Hsa-mird4a55-3p
GCAGTCCATGGGCATATTCACAA
Hsa-mirl1l1l79
AAGCATTICTTITCATTIGGTTIGGAAA
Hsa-mirlz2g>z
TGGATCAGTGGTTICGAGTCAAA
Hsa-mirlil179
AAGCATTCTTTCATTGGTTGGAAA
Hsa-miril2s87
TGGATCAGTGGTTICGAGTCAAA
Snord25s
GATGAGGACCTTTTCACAGACCTG

SHSY5Y data were normalized on SnoRD25, mice miRN¥&ae normalized on

RNU1A1 while PMBCs miRNA expression were normalizad mir-16 and Snord25

expression level.

Extraction, Reversetranscription and gPCR for RNA extracted from spinal cord of

ALS mice.

The RNA isolation was carried out using TRIZOL reagretrotranscribed according to

the protocol. 5 ng of template RNA samples were ldieg using the miRCURY LNA

TM Universal RT microRNA PCR (Exigon) according ttte manufacturer's protocol.

Quantitative PCR was performed on a customized &ibkix PCR panels which consist

of 96-well PCR plates containing a selection oédrdown microRNAs LNA TM PCR

primer sets.
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Plasmids and cloning

The pre-miR 129 expressing plasmid in pMir and@XC10 3'UTR Reporter Clone
in pMir Target were purchased from Origene. The G2 and ELAVL4/HuUD UTR
regions were amplified using the Phusion Hot Skigh-Fidelity DNA Polymerase
(Finnzymes) according to manufacturer’'s instrugioifhe human genomic DNA
extracted from HelLa cells was used as the tempidtee PCR reactions. The sequences
of the oligos used in this PCR reaction were: CACGN®TR forward:
S'TCCACTCCAACACAGCCAACST;; Reverse:
5'CTTACGCGTTTGTTTTCTTCCCTCGTTTA3. ELAVL4/HuD UTR #Brward:
5'CCAACAAAGCCCACAAGTCCTGASZ;; Reverse:
5’ATTACGCGTATGTCATCAGGTATCCCCCT3'. The resulting FCproducts were
purified and cloned into the pGEM T Easy Vectortegs (Promega). The insert was

verifies by nucleotide sequencing.

Bioinformatic miRNA target prediction
The target mRNA that have the potential bindingssitor individual miRNAs were
identified by searching them on public database®wed with prediction algorithms,

such as TargetScan, PicTar, miRBase, Miranda, Diaba

Protein extracts and immunoblotting

Cells on 10 cm plate were washed once in PBS 1Xoftene) and then lysed in 100 pl
of cold Lysis Buffer (Tris HClI 50 mM pH 7,5, NaCb@ mM, 1% NP40, 5 mM EGTA)
with protease inhibitors (Roche) and phosphataseibor (Sigma-Aldrich). The samples

were put on ice for 20 min and then centrifuged%G00 rcf for 15 min at 4°C, and the
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supernatant were collected. An aliquot of thelgskte was used for protein analysis with
the Comassie protein assay reagent for proteintijigation.

Protein were separated in 8% and 10% SDS-polyauiga gels (classic Laemli
conditions) and transferred to nitrocellulose membs (Whatman GmbH), in normal
Transfer Buffer (25 mM Tris, 192 mM Glicine, 20% tanol) at 100 Volts for 2h or in
High Molecola Weight protein (25 mM Tris, 192 mMiGhe, 10% Methanol and 0,1%
SDS) at 15 Volts overnight. Membrane were blockeohgi 5% non fat dried milk in
PBST (0,1% (v/v) Tween 20 in 1X PBS) for 1h at rommperature or overnight at 4 °C.
After washing 3 times with PBST, membranes wereuliated with peroxidase-
conjugated secondary antibody anti-mouse 1gG (Sigflaling, 1:3000 dilution) or anti-
rabbit IgG (Cell signaling 1:8000 dilution), in PBSvith 5% non fat dried milk for 1h at
room temperature.

After washing as above, the chemio-luminescentatgydeveloped by ECL reagents
(Millipore) were detected using Li-cor technologiBciences.

Quantification of signals were performed using br-¢echnology software, each band
value were normalized on the corresponding hougakgdand intensity, thus obtaining

relative intensity values.

Antibodies

The antibodies used for immunoblotting were: Rapbiclonal anti Hoxc10 (AVIVA
ARP39274 P050 1:1000 dilution); rabbit polyclonahtia CACNG2 (AVIVA
ARP35189 050 1:1000 dilution); mouse monoclonali &uD (SC48421, 1:2000
dilution); goat polyclonal anti LDH (Abcam 1222 040 dilution); goat polyclonal anti

Drosha (sc31159, 1:500 dilution); mouse monocloaadi Dicer (sc136980 1:500
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dilution); rabbit polyclonal anti TAF15 (bethyl ABEB08 1:1000 dilution); rabbit
polyclonal anti EWS (bethyl A300-418 1:1000 dilut)p mouse monoclonal TDP43
(sc100871 1:1000 dilution); rabbit polyclonal aRtdS (home.made 1:5000 dilution);
rabbit polyclonal anti Exportin 5 (sc-66885 1:50@ution). All the antibodies were

diluted in PBS-Tween 0,01%- MILK 5%.

Luciferasereporter assays

1,5 X 1@ human neuroblastoma SHSY5Y cells, stably over@sging the SOD1-WT or
the SOD1(G93A) variant, were seeded in 24 multisveh described above. 24h hours
after seeding, cells were co-tranfected with al twitd,,2 pg of plasmid DNA composed
of a constant amount of Renilla expression vecRIt-pK (50ng/well, Promega) and a
variably amount of pMiR vector containing the préRiNA and a variably amount of 3’
UTR Reporter Clone in pMir Target containing theeRy luciferase which expression is
driven by SV40 Promoter. The two vectors were fiested in different proportion: 1:3,
1.1, 3:1. The experiment were carried out in dwgéc Luciferase expression was
maintained for 24 hours, and then cells were lysetD0 pg/well of the Passive Lysis
Buffer 1X according to manufacturer’s instructioms.obtain a complete lysis, cells were
subjected to a freeze-thaw cycle. 10 pl of lysate® used to the luciferase assays, which
was carried out using the Dual-Luciferase Reporssaf System (Promega) and a
Berthold luminometer (Berthold Inc.) The relativeminescence units (RLUS) were
obtained normalizing the Firefly luciferase readitg the corresponding Renilla

luciferase readings.
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2.4 Results

Proteinsinvolved in miRNASs biogenesis and processing ar e differentially expressed

in SHSY5Y SOD1(G93A) célls.

It has been previously reported that in differemtinodegenerative disorders there is an
impairment of proteins involved in miRNAs biogergesind processing (Bicchi et al.,
2013). Moreover, two ALS associated genes FUS dDBE4B are directly involved in
mMiRNAs biogenesis pathway (Gregory et al., 2004) particular way, TDP-43 is a
component of the Dicer and Drosha complexes an@ memently, it has been shown that
FUS promotes biogenesis of specific miRNAs viarduitment of Drosha to primary
mMIiRNA transcripts. In order to unravel the impattroRNAs in ALS pathogenesis we
exploited human neuroblastoma cell lines expresS@P1(G93A) mutation and SOD1-
WT as ALS familiar model. First, we analyzed by \tées Blot analysis the protein levels
of some of the key players involved in miRNA biogsis and processing (Figure 1A and
1B). In particular, we analyzed Drosha and its ctiaDCRGS8, that process pri-miRNA
in pre-miRNA and we found a slight decrease of alih6-1,5 fold change for both
proteins in mutant cells. EWS and TAF15, the twotgins that together with FUS
compose the FET family (known Drosha interactosgye found increased of about 1-2
fold change in SOD1(G93A) cells in comparison wititdd type cells, while FUS and
TDP43 do not show any change. Intriguingly, we fbuhfferent proteins level also
concerning Dicer, the RNAselll enzyme that leadspiR to mature microRNA, that
resulted 2-3 fold change increased. We analyzexdthésprotein level of Exportin 5, but
we did not find any changes. These results shoatsithour model system there is an

impairment of the biogenesis and processing comiplaixrealistically has an impact on
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mMiRNA levels, but further analysis will be neceys&r understand the mechanisms

underlying this alteration.
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Figurel
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Figure 1: Analysisof proteinsinvolved in microRNA biogenesis by Western Blot. (A) In the first and
second lane are shown protein levels of SHSY5Y S@®DOland SOD1(G93A) respectively. Proteins were
detected using Li-cor Technolog§B) Semi-quantification of proteins detected. Data wesemalized to

GAPDH amount for protein with low molecular weigtrtd vinculin for protein with high molecular weight
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The expression of a subset of mMiRNAsis modified in an in vitro ALS model.

The different protein pattern of miRNA regulatougjgested a misregulation in miRNAs
expression. Different approaches can be used &sassicrORNAS. As a first screening,
we used a computational identification inferrednirthe expression changes in their
putative mMRNA targets. Previously, in the laborgtoir Prof. Barabino, it was performed
a whole-genome splicing sensitive microarray anslgshuman neuroblastoma cell line
(SHSY5Y) stably expressing wild-type SOD1 (SOD1-W/Ersus cells expressing a
pathogenic mutation (SOD1-G93A) (Lenzken et al11)0 This analysis allowed the
definition of both transcription patterns (genedewanalysis) and the alternative pre-
MRNA maturation events (exon-level analysis). Tleults obtained revealed that
profound changes exist in the expression of geneshied in relevant pathways for
nervous system development and function such as gumlance and growth, synaptic
vesicles formation and recycling, cytoskeletonatrice and movement. Thus, we used
the T-REX (Target Reverse Expression) algorithndemtifies regulated miRNAs via
the modulation of their predicted targets (Voliataal., 2010). Essentially, this algorithm
is based on the assumption that when a miRNA iseat cells, its target is repressed
and vice versa, if the targets are over-expreskedcontrolling miRNA is down-
regulated. This computational approach identifidd(bable 1) putative differentially
expressed miRNAs in SH-SY5Y SOD1(G93A) cells. Awat step, we performed a Next
Generation high throughput Sequencing (miRNA-seq)tlee same cell lines and we
found 9 differentially expressed miRNA (Table 2jybeen mutant SHSYS5Y with respect
to control cells. To validate both the T-REX anc tNGS output, we carried out
guantitative real time PCRs (QPCR) and we confiried differential expression of a

group of miRNAs found altered by both NGS and T-REX in line with the gPCR
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validation (Figure 2). In particular, we observld tip-regulation of mirl29-5p (six fold
change), mir-200c (three fold change) and mir-aflygwo fold change); and the down-

regulation of mir-124 and mir-455 (about 0.2 folthnge for both).
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Tablel

MI-RNA Down- Up-regulated

- regulated - - |
miR-30a-5p 000079 0,09218
miR-30b 0,00079 0.09218
miR-30c¢ 000079 009218
miR-30d 0,00079 009218
miR-30e-5p 0.00079 009218
let-7a 0,00264 0,72438
let-7b 0,00264 0,72438
let-7¢ 0.00264 0.72438
let-7e 0.00264 0, 72438
let-71 0.00264 0.72438
let-7g 0,00264 0,72438
let-7i 0,002064 0,68389
miR-146a 0,00264 0.,25051
miR- 146b 0.00264 0,25051
miR-29a 0,00264 0.10903
miR-29b 0.00264 0,10903
miR-29¢ 0.00204 0.10903
MiR-98 0,00264 0,72438
miR- 1 0,00455 0,14317

L L ] L ]
L] L] L]

L]
(S. Volinia, University of Ferrara)

Table 1: Computational identification of mMiRNAs. Splicing-sensitive Microarray Analysis of Models of
Mitochondrial Stress (SHSY5Y SOD1-G93A cells) shdvpeofound changes in the expression of genes
involved in relevant pathways for neuron survivalgene-level and in pre-mRNA splicing. T-REX
algorithm identified regulated miRNAs via the maoation of their predicted targets. 54 putative miRNA

differentially expressed in SHSY5Y SOD1(G93A) cellere identified.
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Table?2

ENSEMBLID miR16 precursor Log2 FC

ENSG00000199077 hsa-mir-129-2 UPmt
ENSGO0000207598 hsa-mir-124-3 DWmt
ENSG00000207705 hsa-mir-129-1 UPmt
ENSG00000207703 hsa-mir-7-2 UPmt
ENSG00000207713 hsa-mir-200¢ UPmt
ENSG00000221419 hsa-mir-1287 UPmt
ENSG00000221630 hsa-mir-1179 UP mt
ENSG00000216135 hsa-mir-885 DWmt
ENSG00000207726 hsa-mir-455 DWmt

(R Calogero, University of Turin)

Table 2: Next generation High troughput sequencing ouput. The RNA sequencing showed 9

differentially expressed miRNA between SHSY5Y essirg mutant SOD1 protein with respect to

controls.
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Figure2
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Figure 2: Validation by RT-gPCR of the top ranking up- or down-regulated miRNAs identified by
T-REX and those identified by RNAseq. Experimental validation of altered miRNAs identifiey T-
REX and by RNA-seq by gPCR (n=3 independent exparts) in SHSY5Y cells stably expressing SOD1
WT (in white) and in SHSY-5Y stably expressing SQB23A) (in dark grey). Data were normalized to

snoRD25.



Characterization of miRNAs expression in G93A mice

In order to investigate if the expression of thesnegulated miRNAs, identified in a
cellular model, could be affected also in a modekenrelated to the pathology, we
analyzed their levels in transgenic mice over-esgirg the SOD1-G93A mutation. 18
of the differentially expressed miRNAs were anatyzsn RNA extracted from spinal
cord of 8 transgenic mice carrying the SOD1-G93Aparticular, six mice were at the
early stage (130-135 days) and two were at sympiorstage (140-170 days) of the
disease. As a control, we used 8 normal littermatelse corresponding age group. Our
results at the early stage of disease showed ietdavels of mirl29-5p and mir-200c,
although showing a lower fold change induction &adability with respect to mir-7
(Figure 3A). Instead, the down regulation of midJ#eviously found in SHSY5Y cells
was not comparable in mice. Moreover, we found@nagulation of mir-455 which was
found to be downregulated in neuroblastoma cellspissingly, at the symptomatic stage
(Figure 3B) we found a slight global down-regulatiof each miRNA making most of
them again similar to the control mice, with theeption of mir-200c that is drastically
reduced. These results may suggest that miRNA sgiore may vary in a stage specific
manner. In particular, way mirl29-5p showed a ginmigrease at the early stage and its
levels decreased with the progression of diseaggesting a potential role in the disease

onset.
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Figure3
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Figure 3: Analysis of misregulated microRNA in ALS mice. Analysis of misregulated microRNA in
mice (n=6 biological replicates) carrying the SOB28A) at the early stage (130-135 days) of diséakxe
and at the sympthomatic stage (140-170 days), tieidgical replicates)E). Data were normalized to

RNU1AL.
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Mir-129-5p and mir-200c are upregulated in PBM C of sporadic AL S patients

Our result suggested a potential role of mirl2%&Bg mir200c in ALS pathogenesis. The
increasing relevance of characterization of miRNpAgfiling in biofluids in different
neurodegenerative pathologies has prompted thg sfutiese misregulated miRNAs in
peripheral blood mononuclear cells (PBMCs) of sgmraALS patients by qPCR. In
particular, we analyzed samples of 28 patients 2Adcontrols taken from healthy
voluntaries (Figure 4). Interestingly, we foundgngficant up-regulation (2-fold change)
of mir129-5p and mir200c in patients’ samples. Whiile expression of mir-200c showed
a higher standard deviation, mir129-5p had a gepdoducibility among patients. Based
on these results we decided to further characteniz#29-5p investigating its putative

targets and the role that they may potentially pfagisease onset and progression.
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Figure4

A
ALS CTRL
(n=28) (n=22)
Age 636126 629 =120
Gender (M'F) 15/13 11/11
Form (Spinal/Buibar) 20/8 n/a
ALSFRS-R 233+72 n'a
Disease duration (months) 32,5+30.2 n'a
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Figure 4: Analysis of the expression of misregulated miRNA in patients. (A): Clinical characteristics
of the recruited sample®); Analysis of the expression of the top up-regulat#®@NAs on RNA extracted
from peripheral blood mononuclear cells (PBMCs)spbradic ALS patients. Data were normalized to

mirl6 or Snord25 expression. (** p<0.001)
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Mir-129-5p predicted targets

The human genome encodes over 1000 miRNAs thaativiély target the majority of
MRNAS. Base pairing of the so-called miRNA ‘seexdjion with mRNAs identifies many
thousands of putative targets. The vast majorityrefdicted targets, often with quite
disparate functions, make a challenge choosingtwikigvorthy of experimental follow-
up. To address this challenge, predictors may ieemiodynamic, evolutionary,
probabilistic or sequenced-based features. Sotlfar,best strategy to pullout good
candidates is to compare which targets have agdugte for every one of these features.
In order to define the mechanism by which mirl29dppregulation can contribute in
ALS pathogenesis we looked at its bioinformaticected targets. Following the criteria
mentioned above and wondering which targets coalgignificantly involved in ALS
pathology, we selected four potential targets #matshown in the Table 3 with a short
description. Starting from the output of the migrag profiling experiment, initially we
decided to investigate the genes whose expressasriound to be down-regulated in our
system: HOXC10 and CACNG2 genes. HOXC10 belongheohomeobox family of
transcription factors. We selected this gene bexdumss been demonstrated that mutant
mice (HoxC10-/-) have a reduction in lumbar moteurons (Hostikka et al., 2009).
CACNG2 (Calcium channel, voltage-dependent, gammiaursit 2) also known as
stargazin is involved in the transportation of AMR&eptors to the synaptic membrane,
and the regulation of their receptor rate cons{@ften et al., 2000). We decided to
investigate this putative target for the well-knownplication of AMPA in ALS
pathogenesis. Moreover, we decided to further aeathe ELAVL4/HuD transcript
which was not present in the output list of thenwécray for the well characterized role

of HuD in neuronal cell identity, maturation andh\sual. As a first step, we validated the
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microarray expression data for these genes by g&@Rchecked for ELAVL4/HuD
transcript levels. This validation showed a goodealation with the microarray data and

confirmed the down-regulation of the three trarssr{Figure 5).

Homeobox protein Hox- | It has been demostrated that mutant mice have a

C10 reduction in lumbar motor neurons

Calcium channal, CACNGZ also known as stargazin is involved in the
voltage-dependeant, transportation  of AMPA  receptors to  the synaphc
gamma subunit 2 membrang, and the regulation of their receptor rate
(CACMG2) constant

ELAVLY The HUD/ELAWL4 protein is an RNA binding protein. It is

expressed only in nedrans and it binds to AU rich-element
containing mRNAs, As a result of this interaction the half-
life of the transcript is increased. HUD is important in
neurons during brain development and plasticity.

VOP The protein encoded by this gene is a member of a family
that includes putative ATP-binding proteins involved in
vesicle transport and fusion. WCP mutations may account
for approximately 1%-2% of familial ALS.

Table 3: List of potential target of mir129-5p
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Figure5
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Figureb: Analysis of the expression of miRNA targets. Results of RT-gPCR carried out on SHSY5Y
cells over-expressing the SOD1 wild type or the anutSOD1(G93A) in order to confirm the down-

regulation of the putative mirl29-5p targets.
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ELAVL4/HuD istargets of mir-129-5p

In order to validate the putative targets of mirE0 by bionformatic analysis, we
performed a luciferase assay. We used a plasmicipaess the pre-miR129 sequence
and a plasmid with the UTR of the gene cloned epstrof the luciferase gene (in which
we cloned the 3’-UTR of the predicted target). Aftetransient co-transfection of both
plasmids we tested the ability of mir129-5p to bine 3'-UTR of the considered gene by
luciferase assay. We first focused on HoxC10. Tibaformatic analysis of this region
identified one “conserved sites” for mirl29-5p dsting in a “8mer seed match” that
means an exact match to positions 2-8 of the matuRNA (the seed + position 8)
followed by an 'A’. As shown in Figure 6A, the ligtase activity decrease in response to
the presence of miR129-5p with a molar ratio ofdefween microRNA and UTR. Next,
we cloned the 3'-UTR of CACNG2. The sequence of LHER four conserved sites, one
of them is “8mer” and three are “7mer-m8” that mean exact match to positions 2-8 of
the mature miRNA (the seed + position 8). Finalye cloned the 3-UTR of
ELAVL4/HuD that shows only one “7mer-m8” conserv&eked sequence. As shown in
Figure 6B e 6C, for both genes, the luciferasevigtdecreased in response to the
presence of miR129-5p with a molar ratio of 1:1wen the microRNA and UTR of
both sequences. These results show that therdasraase of luminescence activity for
every UTR of almost 40% for ELAVL4/HuD up to the%0for CACNG2, suggesting

that the three genes examined were targets of 8Hsp2

Since, there are controversial opinions regardueguse of the luciferase assay to test the
“miRNA-target interaction” because the transfectimionly about the UTR sequence so

it is not possible to measure the available of sssglience and the thermodynamic
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features. Thus, this method may be considered aoviorce the interaction. To escape
these controversies and be more confident aboutatigets, we generated a stable cell
line that over-express pre-mirl29-1 and we measimeedndogenous protein level of the
putative targets we selected. As shown in Figure®estern Blot analysis revealed that
only ELAVL4/HuD protein level is really affected iyre mirl29-5p over-expression
(almost 60% of decrease), while stargazin presesméda slight decrease and HOXC10
an up-regulation. These results showed that eveirif29-5p is able to bind the 3'-UTR
of the three genes, only ELAVL4/HuUD endogenous girots strongly affected by the

microRNA over-expression.
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Figure6
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Figure 6: Validation of putative targets of mir 129-5p by luciferase assay. The first histogram shows
the luminescence due to the luciferase gene exgadssm the the UTR plasmid. The second shows the
reduced level of luminescence in presence of mi3@@recursor. The amount of microRNA and UTR is
1:1. (A) Shows the reduction of luminescence due to theitgndf mirl29-5p to HOXC10 UTR in
SHSY5Y cells. B) Shows the reduction of luminescence due to theitgndf mirl29-5p to CACNG2
UTR in HEK cells. C) Shows the reduction of luminescence due to theimgndf mirl29-5p to

ELAVL4/HUD UTR in HEK cells.
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Figure7
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Figure 7: Validation of the putative targets of mir129-5p by western blot. (A) In the first and second
lane are shown proteins from total lysates of detlasfected with the empty vector (Vec) and with-p
mirl29-5p (mirl29-5p). The protein analysed were émdogenous HOXC10, CACNG2 and HuB) (

Relative quantification of proteins detected. Datae normalized on LDH levels.
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The overexpression of pre-mir129-1 inhibits neurite outgrowth and differentiation

Our data strongly suggested that ELAVL4/HuD is éamgf mirl29-5p. Since this protein
is strongly expressed within the central nervousstesy and regulates
posttranscriptionally several mRNAs that codify jooteins playing key roles in neurons,
it was hypothesized that ELAVL4/HuD could acts a4raster regulator” of various
neuronal processes (Deschénes-Furry et al., 2086prie-Bizzozero and Bird, 2013).
Moreover, many studies evidenced its importanceeronal function and survival, as
well as plasticity during learning and memory anallofving neuronal injury.
Additionally, there is accumulating support imptiog misregulation and mutation of
ELAVL4/HuD in neuronal pathologies and neuroendegicancers. Moreover a previous
publication indicates that ELAVL4/HuD down-regutaii is able to inhibit the
differentiation of neurites (Abdelmohsen et al.1@0 Based on these reports and in order
to characterize the phenotipical effect of mirlZDdyver-expression, we checked and
measured the neurites outgrowth of SHSY5Y stakdasfected with pre-mirl29-1
plasmid compared to control cells trasfected withpty vector before and after
differentiation treatment with retinoic acid. As skown in Figure 9A, the SHSY5Y
mirl29-1 cell line showed shorter neurites andggéi and rounded cellular body in
compare to control cells. Moreover, the Figure 3&wed the reduced differentiation
phenotype following retinoic acid treatment in sallverespressing mir129-1 with respect
to empty vector control. To measure the varianabfferentiation level between the cells
overespressing the mirl29-1 and the cells withetmpty vector we assessed mRNA
levels of two genes markers of neuronal differdiamasuch as ASCL1 and GAD43. We
observed, after treatment with retinoic acid, tells overexpressing miR129-1 showed

a lower increase of ASCL1 and GAD43 mRNA levelswigspect to control cells after
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differentiation (Figure 8B). These results suggestimpairment of neurites formation

when mirl29-1 is over-expressed.
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Figure 8: Analysis of the overexpression in SH SY5Y cells. (A) The first lane shows the morphology of
the cells transfected with pre-mir129-1 versussceMpressing the empty vector. SHSY5Y overexprgssin
mir129-1 showed shorter neurites and a bigger amaded cellular body in compare to control cellEQ).
Upon Retinoic Acid treatment (10uM for 6 days) tHeC cells showed long neurites while only few cells
in pre-mirl29-1 have an increasing in neuritestlen®) Analysis of differentiation level between the cells
overexpressing the mirl29-1 and the cells withetimpty vector. We assessed the mRNA levels of ASCL1

and GAD43 as markers of differentiation. Data wesemalized to GAPDH expression.
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2.5 Discussion

Post transcriptional regulation of gene expressi@ue by microRNA is increasingly
recognized as an important general mechanism bghwithe function and morphological
plasticity of dendrites, axons and synapses ar&atad locally in response to various
environmental signals. Indeed, there is an incngasumber of studies that characterize
the expression of miRNAs and their potential roléhe molecular mechanisms leading
to neurodegenerative diseases. Nevertheless,isithleown concerning ALS. Our study
started from the observation that miRNA machinegsveompromised in a chronic
mitochondrial stress and in familial AL® vitro model, the SHSY5Y neuroblastoma
cells carryng the SOD1(G93A) mutation. In particulge found a slight decrease of the
two main proteins of microprocessor, Drosha and B&@hat could lead to a reduction
in the amount of the pre-miRNA cellular pool. Theash-regulation of Drosha could be
an effect of the observed increase of EWS protaiffiact, it has recently demonstrated
that the FET protein member EWS is able to negaéigalates Drosha (Kim et al., 2014).
On the other hand, the increase in the level oeDrmay result in the processing of a
subset of pre-miRs compared to other miRNAs thaiired different cofactors. Indeed,
it has been demonstrated that some Dicer partnetsips are able to bind Dicer and
promote the processing of particular miRNAs (Krbhk, 2010). However to elucidate
the mechanism by which the expression of speciiRNv\s can be modified will be
needed further investigations. In this study, weied out the miRNA profiling by RNA
high throughput sequencing in cellular line of mileal SOD1(G93A) ALS model that
allowed us to identify a small group of misreguthteiRNAs. Only one miRNA, mir-
124 in this small pool was already characterizenkeurodegenerative disorders (Johnson

et al.,, 2009). More recently mir-200c was linkedsiynaptic function and neuronal
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survival in Huntington disease (Jin et al., 200¥ analysed the dysregulated miRNAs
in a small group of ALS mice carrying the same gengation at early and symptomatic
stage of disease. We found a correlation betweetamtilBHSY5Y and transgneic
SOD1(G93A) mice concerning the up-regulation of 128-5p and mir200c. As was
reasonably expected miRNAs dysregulation in mi¢ied from the early stage and the
end-stage of disease. Intriguingly, we found thateéxpression of mirl29-5p is increased
at the early stage while its level decreases \mighprogression of the disease suggesting
that this miR could be one of the first player agtin the pathological cascade that leads
to ALS. Thereatfter, in order to find a common sigina@ between familial and sporadic
ALS and in effort to find new biomarkers in easalgcessible sample such as blood, we
assessed the two most up-regulated miRNAs in PBbiiIained from sporadic ALS
patients. This would be not the first case in whiah microRNA linked to
neurodegenerative disorders is found up-regulatth in neuronally differentiated
human cells and in human plasma (Gaughwin et@L]1Pcandidating it as a biomarker.
Subsequently, we studied the predicted targetsvenhlidated ELAVL4/HuD as target
of mirl29-5p. Recent analysis of ELAVL4/HuD-asséeth mMRNAs in mouse brain
revealed that many ELAVL4/HuD targets encoded fatgins with important roles in
neuronal differentiation, cytoskeletal transporigd &NA metabolism (Bolognani et al.,
2010). These findings fully support the abilitytddiD to promote neuronal development,
synaptic plasticity, and nerve regeneration (Pasethl., 2008; Perrone-Bizzozero and
Bolognani, 2002). Accordingly, ectopic intervensoto overexpress or downregulate
HuD in cultured neuronal models revealed a roleHaD in the expression of target
MRNAs and in controlling neuronal morphology (De&ubs-Furry et al., 2006). HuD-

null mice showed deficient neurogenesis, nerve ldpweent, and motor and sensory
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functions (Akamatsu et al., 2005). To test the atftd downregulation of HuD due to
microRNA regulation, we generated stable cell laverespressing mirl29-5p and we
found a reduction in neurite outgrowth and in tlpression of differentiation markers
with respect to control cells. Taken together thaesta strongly suggest that microRNAs
play a role in ALS pathogenesis and in particukat tmirl29-5p can affect neuronal
plasticity by modulating HuD level. Additionallyt is important to underline that the
altered expression of miR129-5p in neuroblastomBEHG93A), in transgenic mice and
in sporadic ALS PBMCs, together with the observatimat in mice the major increase of
MIiRNA levels is at the early stage, proposes mi3@&s potential biomarker for ALS.
In many patients with ALS in population-based stsdidiagnostic certainty currently
entails a delay of about 1 year from onset of symgt to diagnosis (Zoccolella et al.,
2006); this delay prevents early treatment with sgme disease-modifying drugs.
Moreover, at least 30% of anterior horn neuronstfawaght to have degenerated by the
time distal muscle wasting is visible (Swash angrdm, 1988). Therefore, reliance on
symptoms or clinical examination to trigger intertien might not be adequate if
degeneration is no longer salvageable at that sfdges, an early diagnostic biomarker
might prove to be clinically useful only if those sk of developing ALS can be

identified and screened before the onset of symgtom
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3.1 Abstract

Amyotrophic lateral sclerosis (ALS) is a progressineuro-muscular disease
characterized by motor neuron loss. MEF2D and MEBBCmembers of the myocyte
enhancer factor 2 family (MEF2), a group of traisan factors playing crucial roles
both in muscle and in neural development and maamtee; for this reason a possible
their involvement in ALS context has been invededaSince the transcriptional activity
of each tissue specific MEF2 isoform is conservedifferent cell types, we choose to
assess our parameters in an easily accessible idetywsed experimental tool such as
peripheral blood mononuclear cells (PBMCs) obtaifrech 30 sporadic ALS patients
(SALS), 9 ALS patients with mutations in SOD1 gé8©D1+) and 30 healthy controls.
Gene expression analysis showed a significant gplagon for MEF2D and MEF2C
MRNA levels in both sporadic and SOD1+ ALS patiemrtd a direct correlation between
MEF2D-MEF2C mRNA levels was observed in patientsl aontrols. Moreover,
although protein levels were unchanged, a diffepattern of distribution for MEF2D
and MEF2C proteins was evidenced by immunohistocsteyn suggesting a possible
lack of their function. In line with this hypothssia significant down-regulation of the
MEF2 downstream targets BDNF, KLF6 and RUFY3 wasnth In conclusion our
results evidenced, for the first time, a systeniteration of MEF2D and MEF2C
pathways in both sporadic and SOD1+ ALS patienidezicing a possible common
feature between the sporadic and the familiar fofndisease, potentially eligible as

biomarker easily obtainable from accessible bidfui
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3.2 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal nedegenerative disease characterized by
the selective degeneration of both upper and lomaior neurons; death usually occurs
due to respiratory failure within 3-5 years fromrggtom onset. Skeletal muscle atrophy
and paralysis due to denervation are common featardoth patients with spinal or
bulbar onset. Causes underlying the pathogenesdisefise remain still unknown,
although protein aggregate formation in motor nesrg a neuropathological hallmark
(Volkening et al., 2009). Approximately 90% of pmatis with amyotrophic lateral
sclerosis show a sporadic form (sALS), whereasah®ining 10% have a familial form
(fALS); among these, about 20-25% has mutation€CuZn superoxide dismutase
(SOD1) gene that catalyzes removal of the supeecatidion radical from cells. However,
both sporadic and familial ALS patients displayaaiety of differing phenotypes (Beghi
et al., 2007) making very difficult to define a Wwiined and efficient diagnosis and
monitoring disease progression; for this reasowd#fidation of biomarkers able to reflect
the phenotypic heterogeneity is an urgent goal.s&hmarkers should reflect core
processes involved in the disease pathogenesig alih great accessibility and low
costs in terms of both patient and health systemicgzation.

Recently, Calvo and colleagues (2012) have shoene@sed myocyte enhancer factor 2-
C (MEF2C) mRNA levels in transgenic SOB¥#*mice and similar results were observed
after denervation in skeletal muscle cells obtaiinech wild type mice, highlighting the
importance of myogenic potential to compensate meuslamage induced by the
neurodegenerative process. MEF2C belongs to the 2Vibtein family, a group of

transcriptional regulators including four differesdforms (MEF2A-D) (Yu et al., 1992).
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MEF2 family members are highly expressed in cdllsoscle lineage where they have
been shown to be important regulators during deweént of skeletal, cardiac and
smooth muscle, activating the expression of stratigenes, as well as amplifying the
expression of other transcription factors thaiaté muscle differentiation and maintain
sarcomere integrity (Black and Olson, 1998). Furtiee, MEF2 proteins sustain many
important functions inside the central nervous eyst(CNS), where they promote
neuronal survival and regulate dendrite morphogendgferentiation of post-synaptic
structures and excitatory synapse number (Flavell.e2006; Mao et al., 1999; Shalizi
et al., 2006). MEF2D and MEF2C, in particular, kmegely expressed in brain and in
muscle where they play crucial roles. Notably, tlee directly implicated in the
regulation of brain derived neurotrophic factor (8B) (Lyons et al., 2012), a
neurotrophin already investigated in ALS contexe da its ability to promote motor
neuron growth and survival in boithvitro andin vivo models of neuron injury or death
(Ikeda et al., 1995; Sendtner et al., 1992), altbeitapeutic trials of BDNF infusion in
patients failed to show significant clinical ben€fi999). However, MEF2 proteins are
also involved in several functions in circulatingmune cells, where they show a specific,
conserved expression profile (Swanson et al., 198&)articular, MEF2C and MEF2D
are expressed in lymphocytes and macrophages wihene directly sustain the
proliferation process and the immune response (Abaeia et al., 2010; Wilker et al.,
2008), functions that may be critical for modulgtilLS clinical onset and progression.
Indeed, immune cells are well known to be diredtiyolved in ALS pathogenesis,
actively influencing disease progression and sahvin animal models and in patients
positively or negatively influencing disease pragien in a time-related manner (Henkel

et al.,, 2013; Zhao et al.,, 2013). Moreover, recevilences showed that TDP-43
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aggregates were able to mediate the activation iofoglia causing a toxic pro-
inflammatory cascade for motorneurons, suggestirgy ihvolvement of a non-cell
autonomous pro-inflammatory signalling in motorreuinjury and offering a possible
novel therapeutic targets in ALS (Zhao et al., 2015

Currently, no data exist on the expression anduhetion of MEF2D and MEF2C in
ALS patients. Considering that the transcripticmativity of each tissue-specific MEF2
isoform on the responsive reporter elements isawes in different cell lines (Sekiyama
et al., 2012), we choose to investigate MEF2D aiitFRIC gene and protein expression
levels in peripheral blood mononuclear cells (PB)@s easily accessible and widely
used experimental tool able to recapitulate sompiedy pathological features previously
found within CNS of ALS patients, such as TDP-48ragates (De Marco et al., 2011;
Nardo et al.,, 2011). Clarifying the involvementtbese transcription factors in ALS
offers, therefore, the unique opportunity of chtgdzing a potentially nodal event where
disease pathways may converge, since MEF2 mechasfisction is shared by all the
cell types involved in ALS pathophysiology. Furtimeare, PBMCs offer the opportunity
to investigate these parameters using accessitfleilds eligible to be used as source of
potential biomarkers useful to be employed in dasig;m and to monitor disease

progression.
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3.3 Materials and Methods

Recruited subjects

30 patients affected by sporadic ALS (SALS) diagmbaccording to El Escorial criteria
(Brooks, 2000) were consecutively recruited at MEMO center (Milano, Italy)
following informed consent. ALS patients negatiee $0D1, TARDBP and FUS gene
mutations were considered eligible for the studyg ail patients recruited were also
assessed for C9orf72 hexanucleotide repeats thatiwall subjects <14. Furthermore,
9 familial ALS patients positive for mutations i©51 gene (SOD1+) were recruited for
the study [SOD1(G93D) n=6; SOD1(L144F) n=1; SODIGBY n=1; SOD1(G72S)
n=1]. See Table 1 for demographic and clinical abtaristics. ALSFRS-R scores were
recorded as well as the disease progression irdeR,(defined as: [(48 - ALSFRS-R
score at recruitment)/disease duration in monthsf(iblizzo et al., 2013). 30 healthy
subjects, age- and sex-matched to SALS patientg, reeruited. Exclusion criteria for all
the recruited subjects were considered cancerjmantone and inflammatory diseases.
Moreover, healthy controls were not affected by amgurological or psychiatric
condition, nor were taking psychoactive drugs. Tétisdy was approved bigthics

Committee of University of Milan-Bicocca (Protocol n. 0017525; 04 August 2015).
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CTRL SALS SOD1+

n=30 n=30 n=9
Gender, M/F 16/14 16/14 3/6
61.6 £ 10.6 62.6 £9.9 58.5+11.8
Age, yr
(37-77) (41-78) (40-78)
32.9+245 39.0+34.6
Duration, mo N/A
(3-82) (0-96)
Onset, B/S N/A 9/21 0/9
24.1£10.2 24.0 £ 20.3
ALSFRSR N/A
(6-44) (4-47)
0.92 £0.51 (0.45 0.71 £0.54 (0.22-
DPI N/A
2.33) 1.63)
PEG, yesno N/A 8/22 4/5
NIV, yes/no N/A 11/19 217
Riluzole, yes/no N/A 26/4 6/3
Tablel

Clinical and demographic characteristics of theuiéed subjects. Data are presented as mean *
standard deviation (range). ALSFRS-R, ALS functloraing scale-revised version; CTRL,
healthy controls; DPI, disease progression inde#, Not applicable; NIV, non-invasive
ventilation; PEG, percutaneous endoscopic gastmystsALS, sporadic ALS; SOD1+, ALS

patients positive for SOD1 gene mutations.
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PBM Csisolation

Peripheral blood samples (15 ml) were drawn frorchesubject in tubes containing
K2EDTA after overnight fasting. PBMCs were collectedpreviously described (Sala et
al., 2012). Briefly, whole blood samples were ditlitwith the same amount of saline
solution, layered on Ficoll-Histopaque (GE Healtle¢and centrifuged (490xg, 30 min,
room temperature). PBMCs were collected from therface between plasma and Ficoll-

Histopaque, washed with saline solution, aliquated stored at -80 °C.

RNA extraction and cDNA synthesis

Total RNA was extracted from PBMCs using the RNddgyi kit (Qiagen), according
to the manufacturer instructions. RNA concentratiowas determined
spectrophotometrically at 260 nm and each RNA samls loaded on 2% agarose gel
to evaluate RNA quality. cDNA was synthesized fr&NA using the SuperScript®
VILO™ cDNA Synthesis Kit (Invitrogen) at the follang conditions: 10 min at 25 °C
and 60 min at 42 °C. The reaction was terminate85&iC for 5 min and cDNAs stored

at -20 °C.

Real-time PCR (qPCR)

For the analysis of MEF2D and MEF2C mRNA levelsN&3 obtained from 70 ng RNA
were amplified in quadruplicate in the ABI PrismOP5HTSequence Detection System
(Applied Biosystems) using TagMan® Gene Expresg\ssay (Applied Biosystems,
MEF2D assay ID: Hs00954735 m1; MEF2C assay ID: B30049 ml; beta-actin
assay ID: Hs99999903 m1). For the analysis of mR@&#&ls of the remaining targets,

cDNAs obtained from 50 ng RNA were amplified irpticate using the HOT FIREPoI®
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EvaGreen® gPCR Mix Plus (ROX) (Solis BioDyne) at following conditions: 50 °C
for 2 min, 95 °C for 15 min, 40 cycles of: 95 °Q i&b s, 60 °C for 20 s and 72 °C for 30

s. The following primer pairs (Sigma-Aldrich) warsed:

BDNF-F (TGGCTGACACTTTCGAACAC)

BDNF-R (AGAAGAGGAGGCTCCAAAGG);

KLF6-F (GGACCAAATTCATTCTAGCTCGGG)

KLF6-R (AGGCGTCGCCATTACCCTTG);

RUFY3-F (CCTGGGAATTGCTTGCCCTA)

RUFY3-R (TCTCATAGGATTGGCCGTGC);

NPEPPS-F (CGACTTGCTGGACTTCACCTT)

NPEPPS-R (CTGATTAGTCGCCTGCCTCAC);

beta-actin-F (TGTGGCATCCACGAAACTAC)

beta-actin-R (GGAGCAATGATCTTGATCTTCA).

For relative quantification of each target vs. bmtin mRNA, the comparative C

method was used as previously described (Sala, 04l0).

Western blotting

Cell pellets were lysed in cell extraction buffémfitrogen) supplemented with 1 mM
PMSF (Sigma-Aldrich) and protease inhibitor codki{@igma-Aldrich) and protein

concentrations determined by Bradford’s method. Farch target, preliminary
experiments were run loading on blot increasing @am®of total proteins obtained from

a pool of three control PBMCs to verify the lin@aof the immunereactive signals and
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to choose the most suitable protein amount forsérai-quantification. Based on these
results, 4Qug of proteins were diluted in Laemmli’s loading teufpH 6.8, denatured at
95°C for 2 min, separated by SDS-PAGE in 4-12% ghgine gels (Invitrogen) and
transferred to nitrocellulose. Blots were blockedX h, incubated overnight at 4°C with
specific primary antibodies (MEF2D, BD Biosciencés],000 dilution; MEF2C, Cell
Signaling, 1:500 dilution, respectively) and theihvHRP-linked anti-mouse or -rabbit
IgG for 1 h. Beta-actin (Sigma-Aldrich, 1:40,000udion) was used as internal standard.
Signals were revealed by chemi-luminescence, vighlon X-ray film and quantified
by an imaging densitometer (Bio-Rad). The protexpression of each sample was
expressed as ratio between the optical densitietheoftarget protein and beta-actin.
Negative control blots, obtained incubating membsanithout the primary antibody and
in presence of the HRP- linked anti-mouse or atibit IgG, were run before starting the
quantification and no immunereactive signal waseolked. Four ALS samples, four
control samples (comparable for age and sex to gdiples), a molecular weight marker
(GE Healthcare) and a quality control sample weadyaed in each blot. Each value was
calculated referred to the mean value of the ctsitomded on each gel. For all blots,
guality control sample was represented by totalgancextracts obtained from SH-SY5Y
human neuroblastoma cells. Each sample was anaiyzaplicate in 2 different blots
and the deriving coefficient of variation (CV), calated after inter-membrane

normalization, was always <15%.

I mmunofluor escence

PBMC smears were fixed with 4% paraformaldehydelfomin and the permeabilized

using 0.2% Triton X-100 for 10 min. Cells were ibated overnight at 4 °C with anti-
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MEF2D primary antibody (1:100, mouse anti-MEF2D, Bdsciences) or anti-MEF2C
primary antibody (1:50, rabbit anti-MEF2C, Cell 8ading) and then with appropriate
fluorochrome-conjugated secondary antibody diluted®BS (1:200, Alexa Fluor 488
goat anti-mouse, Invitrogen, and 1:200, Alexa Fi®88 goat anti-rabbit, Invitrogen) for
1 hour. After staining with DAPI for 2 min (1:50008igma-Aldrich), glass slides were
mounted with polyvinyl alcohol (Polyvinyl Alcohol eunting medium with DABCO®

Antifading pH 8.7, Sigma-Aldrich). Immunofluores@enanalysis was performed with

laser confocal microscope (Radiance 2100; Biordubtatories).

Statistical analysis

Statistical analysis was performed using Prism 4@GfaphPad Software). Data are
expressed throughout the paper as mean * standeaiatidn (SD). Two-tailed unpaired

Student’d-test or one-way ANOVA, followed by Tukey’s multgogtomparison test, were

used to assess the significance of differencesdsstwwo or more groups, respectively.
Correlation was computed with the two tailed Peissotest. Values that differ by two

standard deviations from the mean value of eachpgvweere excluded from the analysis.
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3.4 Results

Up-regulation of MEF2D and MEF2C mRNA levelsin SALS and SOD1+ PBMCs

A significant increase in both MEF2D and MEF2C mRMNAels was evidenced in
PBMCs of sporadic and SOD1+ ALS patients with respe controls Figure 1A and
1B). MEF2D mRNA levels of sporadic patients were manan two-fold higher
(p<0.001) as compared to healthy controls; SOD14S Adatients showed increased
MEF2D mRNA levels with respect to both SALS patge(it73%, p<0.001) and controls
(+342%, p<0.001)Kigure 1A). Similar results were obtained for MEF2C mRNA lisve
that were significantly up-regulated (three-fol&0@01) in both sporadic and SOD1+
ALS patients when compared to contrafsglre 1B). A positive correlation between
MRNA levels of MEF2D and MEF2C was observed in bo#lalthy controls (r=0.43,
p<0.05), sALS (r=0.43, p<0.05) and SOD1+ patiemts .89, p<0.01) Kigure 2),
suggesting the existence of a common regulatoryhareésm responsible for the

transcription of these MEF2 isoforms.
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Figurel

MEF2D and MEF2C gene expression in PBMCs of patiemd healthy controls. Increased
MEF2D (A) and MEF2C B) mRNA levels in PBMCs of sporadic ALS patients (A and
subjects with SOD1 gene mutations (SOD1+) witheesm healthy controls (CTRLs). Relative
quantification (RQ) of MEF2D and MEF2C mRNA is aalgted as ratio t@-actin. One-way
ANOVA, followed by Tukey's multiple comparison tegt*p<0.001) (CTRLs n=30; sALS
n=30; SOD1+ n=9).
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Figure?2

Correlation between mRNA levels of different MERbforms. MEF2D and MEF2C mRNA
levels showed a positive correlation in PBMCs ddiltiey controls A. p<0.05; r=0.43; n=30),
sporadic ALS patientd( p<0.05; r=0.43; n=30) and SOD1+ patiers [<0.01; r=0.89; n=9).
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Different localization of MEF2D-MEF2C in PBM Cs of sporadic AL S patients

Protein expression analyses performed by Westettirid on PBMCs lysates evidenced
a remarkable individual variability for both MEF2IDd MEF2C targets; with a subgroup
of subjects showing undetectable MEF2D (14 patiants 13 controls) and MEF2C (12
SALS and 11 controls) protein levels, as previousdported (Sala et al., 2014).
Collectively, MEF2D and MEF2C immunoreactive leveisre unchanged in sALS with
respect to controlsF{gure 3). Based on the hypothesis that an altered sulbeellu
distribution might occur without changing the ouketavels, an immunofluorescence
assay was performed on fixed PBMCs derived fromelsALS patients and three healthy
controls. Different patterns of distribution wereserved for both MEF2D and MEF2C
immunereactive signals. In PBMCs obtained from thgatontrols MEF2D staining
marked well-defined speckles within the nucleusilevim SALS patients the signal was
more diffused Figure 4A and4B). On the other hand, MEF2C immunereactive signal,
albeit qualitatively more similar between patier#sd controls, was found more
frequently outside the nucldrigure 4C and4D), bordering them, in SALS PBMCs (~

8%) with respect to healthy controls.
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Figure3
MEF2D and MEF2C protein expression is similar inMRBs of SALS patients and controls

(CTRL). Individual MEF2D A) and MEF2C B) protein levels in PBMC lysates obtained from
30 sALS patients and 30 healthy controls (CTRL¥eased by Western blotting. MEF2D and
MEF2C protein levels are expressed as ratio betwsrget and beta-actin optical density, each
value was calculated referred to the mean valtieso€ontrols loaded on each gel. Representative

Western blot imageQ) showing MEF2D and MEF2C protein levels in SALS4hwith respect

to controls (n=4).
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Figure4

Different MEF2D and MEF2C localization in sALS PBMCwith respect to controls.
Representative immunofluorescent assay showing NMEKR,B, green fluorescence) and
MEF2C (C,D, red fluorescence) expression in PBMCs of 3 hgaltntrols A,C) and 3 sALS
patients B,D). Nuclei are stained in blue (DAPI). Insert bat@pum; insert bar in the box = 2

um
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Down-regulation of MEF2D-MEF2C downstream targets in PBMCs of sporadic
and SOD1+ AL S patients

To verify if the normal function of MEF2D and MEF24s influenced by the suggested
altered localization observed in immunofluorescenaequantification of selected
downstream targets of these transcription factas performed. BDNF mRNA levels,
whose transcription process is regulated by boti-*MEand MEF2C isoforms (Lyons
et al., 2012), were found to be significantly reeltign both sALS (-42%, p<0.05) and
SOD1+ patients (-95%, p<0.01) when compared tdthheaontrols Figure 5A).
Considering that BDNF regulation involves otheryels besides MEF2D and MEF2C,
we decided to include in our analysis selected diriegam targets that are specifically
regulated by MEF2D or MEF2C. Krueppel-like factor(KiLF6), a specific MEF2D-
target (Salma and McDermott, 2012), was found tdden-regulated in SALS patients
(-46%, p<0.0001) and in SOD1+ subjects (-49%, pKOadth respect to control&igure
5B). Furthermore, the expression analysis of RUN BNWE domain containing 3
(RUFY3), a MEF2C target (Sekiyama et al., 2012pvetd a significant reduction in
MRNA levels in both sporadic (-53%, p<0.05) and S®D-65%, p<0.05) patients versus
controls Figure 5C). In contrast, the analysis of mMRNA levels of puyein-sensitive
aminopeptidase (NPEPPS), another MEF2C specifigetarshowed no differences
between patients and controlSdure 5D).

A positive correlation was found between BDNF mRIM»®els and the specific MEF2D-
target KLF6 both in controls (r= 0.54, p<0.01) andsALS patients (r= 0.51, p<0.01)
(Figure 6A-6C) but not in SOD1+ subjects. BDNF mRNA levels iasteorrelated with
the MEF2C downstream target RUFY3 in healthy cdst{c= 0.69, p<0.05) and in

SOD1+ subjects (r= 0.75, p<0.0%)dgure 6B-6D) but not in SALS.
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Figure5

MEF2D and MEF2C downstream targets mRNA levels BMEs of the recruited subjects.
Relative quantification (RQ) of target mRNA is adkted as ratio t@-actin. Both BDNF A),
KLF6 (B), and RUFY3 C) are down-regulated in sALS and SOD1+ patient$ witspect to
healthy controls (CTRL), while no change was obsdrin NPEPPS gene expressi@).(One-
way ANOVA, followed by Tukey's multiple comparisdast (*p<0.05; **p<0.01; ***p<0.001)
(CTRLs n=30; sALS n=30; SOD1+ n=9).
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Figure6

Correlation between BDNF and the specific MEF2D-dstream target KLF6 mRNA levels in
healthy controls A; r=0.54, p<0.01, n=30) and in sALS patien® ¢=0.51, p<0.01, n=30).
BDNF mRNA levels also correlate with the specifiE M2C-downstream target RUFY3 mRNA
levels in controlsB; r= 0.69, p<0.05, n=30) and in SOD1+ ALS patigidsr= 0.75, p<0.05,
n=9).
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No correlations emer ged between biological parametersand clinical characteristics
Dichotomizing ALS patients based on riluzole asstiomp(5 untreated vs. 25 treated
SALS patients; 3 untreated vs. 6 treated SOD1+ pattents), no significant differences
emerged. No influence of other clinical charactergs(sex, age at onset, site of onset,
disease duration, ALSFRS-R score and disease pgigreindex) of patients was

detected on all investigated parameters.
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3.5 Discussion

MEF2 transcription factors play pivotal functiomshrain, skeletal muscles and PBMCs,
regulating the synthesis of specific mMRNA targdtsoigh common mechanisms
conserved in all these different cell lines (Sekigeet al., 2012). Here we report a strong
up-regulation of MEF2D and MEF2C mRNA levels in PBBobtained from sporadic
and SOD1+ ALS patients when compared to healthyimealt controls; furthermore, a
different pattern of distribution of the related nmanofluorescence signal was also
observed in sALS. Based on these evidences, abgp@$sck of function for MEF2D and
MEF2C in ALS patients has been hypothesized. Tduat@ MEF2D transcriptional
activity we assessed mRNA levels of Krueppel-liketér 6 (KLF6), a MEF2D
downstream target essential for its pro-survivalction. Indeed, knockdown of KLF6
expression in neurons promotes neuronal cell daathgonizing the beneficial effect of
MEF2D (Salma and McDermott, 2012). Similarly, MEFg@nscriptional activity was
evaluated by assessing mMRNA levels of RUN and Fdg@ain containing 3 (RUFY3)
and puromycin-sensitive aminopeptidase (NPEPPS), MEF2C downstream targets
(Sekiyama et al., 2012). Our results showed a fsognit reduction of KLF6 and RUFY3
MRNA levels in both sporadic and SOD1+ ALS patieotsfirming the hypothesis of a
reduced transcriptional activity of MEF2D and MEFZ© further confirm these results,
the expression of brain derived neurotrophic fa@BWNF), another target regulated by
MEF2 proteins, was evaluated. Since MEF2D and MEBRferently regulate BDNF
acting on distinct alternative promoters (Lyonalet2012), the quantification of mMRNA
levels was performed using specific primers designeamplify all the most important

BDNF transcript variants (specific for 17 out otab18 alternative transcripts). We
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demonstrated a significant down-regulation of BDdéhe expression in both sALS and
SOD1+ subjects and a positive correlation betweBINB mMRNA levels and mRNA
levels of KLF6 and RUFY3 both in patients and colstwas also observed, suggesting
that BDNF expression is directly linked to activity MEF2D and MEF2C proteins.
Therefore, although the regulation of BDNF-MEF2/&sy complex and only partially
clarified (Lyons et al., 2012; Pazyra-Murphy ef 2009; Wang et al., 2007), it is possible
to hypothesize that the significant reduction inNBDbsynthesis that we found in ALS
patients is probably due to a synergic reductiothéactivity of both MEF2 isoforms.
Although the level of the MEF2D and MEF2C protewsre unchanged, a strong up-
regulation of their mMRNA levels was observed in RBdVbf both sporadic and SOD1+
ALS patients, confirming previous results obtairiedSODI®%* ALS animal model
(Calvo et al., 2012). We hypothesize that the iaseel transcription of the MEF2 genes
observed in this study may represent a compenseti@gt of the MEF2 lack of function,
indicated by the decreased MmRNA levels of downstrdargets, suggesting an
autoregulatory feedback loop. Similar results wereviously observed in human
neuroblastoma cells where a significant increaddBiF2D mMRNA levels was shown in
response to a toxic agent (Sala et al., 2013)rdstmgly, our results showed a direct
correlation between MEF2D and MEF2C mRNA levelssaued in SALS patients, in
SOD1+ subjects as well as in healthy controls, sstigg the existence of an upstream
regulatory mechanism common to both factors, wigaimaltered in disease conditions.
Our data suggest that the pathological MEF2D/MER@€5 of function, which is
reflected by the reduction of the expression oirttiewnstream targets, is not caused by
changes in mMRNA synthesis or translation, butlikesly due to modifications of mature

MEF2 proteins. MEF2 function is finely regulatediogny different post-transcriptional
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modifications and interaction with several activator repressive elements (Gong et al.,
2003; McKinsey et al., 2001). Among these, membérdass Ila histone deacetylases
(HDACS) play a very important role in the regulatiof MEF2 protein activity; indeed,
in absence of stimuli, class-Il HDACs maintain MEKR a repressive state until
transactivating stimuli arrive. In particular, HDAChas been shown to promote the
sumoylation of the transcriptional domain of MEF2IDd MEF2C, repressing their
activity and regulating important cellular progralike muscle differentiation, neuronal
survival and T-cell apoptosis (Cohen et al., 20B88goire et al., 2006; Gregoire and
Yang, 2005). Interestingly, HDAC4 levels were fouiedbe dramatically increased in
muscles of SOD3®** animal model, with subsequent repression of MEFget genes,
contributing to muscle dysfunction (Cohen et aDP2, Cohen et al., 2007). In this
context, a treatment with HDAC inhibitors has bedmown to alleviate the disease
phenotype in ALS mouse model (Ryu et al., 2005)tiHasmore, a crucial role for
HDAC4 and its regulator microRNA-206 (miR-206) irL3 progression was recently
suggested; as a matter of fact, miR-206, a sketatatle-specific microRNA, was shown
to promote reinnervation and slow down diseaserpssion in ALS mice, repressing
muscle expression of HDAC4 thus counteracting tbgative effect of HDAC4 on
reinnervation (Williams et al., 2009). Finally, & recent study performed in muscle
samples from ALS patients, HDAC4 expression wasiaantly higher in patients with
rapidly progressive disease and was negativelyelaaed with the extent of muscle
reinnervation and functional outcome (Bruneteauakt 2013). Moreover, 14-3-3
proteins, which are involved in MEF2 regulationdgrupting its interaction with class-
II HDACs, have been found to be accumulated in t¢haracteristic ubiquitinated

inclusions present in the spinal cord of ALS pasgiMcKinsey et al., 2000; Volkening
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et al., 2009), thus contributing to MEF2 repressigiHDACSs. These data are in line with
the part of the literature describing alteratiohgtromatin methylation and acetylation
status in ALS (Liu et al., 2013; Tremolizzo et @D,14), thus reinforcing the involvement
of epigenetic modifications in the pathogenesisdifease. Taken together, these
evidences allow us to suppose that an imbalantER2-HDAC ratio demonstrated in
ALS could determine a loss of MEF2D and MEF2C fiortwith consequent disruption

of many critical processes in both muscle, neurandlimmune system cells.
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3.6 Conclusions

This study indicates that a dysfunction of the Mpaghway play a potential pathogenic
role in ALS. Besides MEF2D and MEF2C, also theiwdstream targets are known to
be crucial for many cellular functions in both thervous system and skeletal muscle.
KLF6 regulates neuronal cell survival and axon gloas well as skeletal myogenesis
(Dionyssiou et al., 2013; Salma and McDermott, J0RRJIFY3/Singarl can suppress the
formation of surplus axons and contribute to negpalarity (Mori et al., 2007) and
NPEPPS is an aminopeptidase that counteracts thematation of aggregation-prone
proteins and thus proteotoxicity in brain (Menzets al., 2010). NPEPPS directly
regulates SOD1 protein abundance and clearancpretaolysis and, differently from
results of our study, NPEPPS protein expression oserved markedly decreased in
transgenic mice overexpressing mutant SOD1 andstnmortem spinal cord of sporadic
ALS patients (Ren et al., 2011). Also BDNF has bpeviously investigated in ALS
field, although the literature regarding BDNF exgsmien in peripheral tissues or in
affected muscles of ALS patients is discordantraight deserve further characterization

(Grundstrém et al., 2000; Kist et al., 2002).

In conclusion, our results support the hypothebist t(MEF2D, MEF2C and their
downstream targets found altered in ALS patienightrbe involved in the pathogenesis
of disease. Moreover, alterations identified in MEFand MEF2D pathways were
observed in both sporadic and SOD1+ ALS patienteeSsporadic and familial forms
of disease have completely different pathologi@lnmarks, it could be very important

to identify a common set of altered parameters umEapathogenic mechanisms
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sustaining these alterations probably occur inweial moment of disease onset and
represent a common feature of both pathologicaingorFurthermore, our findings
evidenced a different expression of assessed ptemmnbetween ALS patients and
controls using accessible biofluids, offering thpgortunity to explore this tool in future
to better understand if could be employed to deprakent a suitable diagnostic tool.
Indeed, our preliminary data seem to suggest ttexations in MEF2 pathways could be
associated with a different disease progressioexii@PI) (data not shown). To address
this important issue a dedicated study will be grenied following up patients in different
time points to monitor our parameters during disgasgression.

Moreover, the identification of MEF2 pathway as elbfactor potentially involved in
ALS pathogenesis suggests thather investigations could be justified in affettssues
obtained from patients or in motor neurons andetkklmuscles deriving from ALS
animal models. In fact, the confirmation of MEF2hpyeay disruption in ALS might lead
to elucidate the possible underlying causes, offenovel clues for dedicated therapeutic

interventions.
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Chapter 4 - Conclusions

RNA metabolism is a multistep process includingesalvdifferent areas well known to
be involved in ALS pathogenesis (Strong, 2010}his study we have investigated two
particular aspects potentially linked with tranptional alterations occurring in ALS.
First, we analysed the potential role of microRN&s define pathological hallmark
conserved in different disease models. With this, ave have not only assessed a panel
of miRNAs to identify any possible alteration irethexpression between patients and
controls, but we have identified a common set af microRNAs altered in a common
manner in different ALS models. Our findings shovikdt miR-129-5p and miR-200c
were upregulated in both neuroblastoma cell limebsia transgenic mice expressing the
pathological protein SOD1(G93A). Moreover, thesermiRNAs were also increased in
PBMCs obtained from sporadic ALS patients with sxtpto healthy controls.
Consequently, miR-129-5p and miR-200c could be idened as thelbwest common
multiple” of alterations afflicting miRNAs, indicating prably a nodal event in ALS
pathogenesis, since their expression were altarkdth cellular and animal familial ALS
models and in human samples from sporadic patiéitisough further investigations
will be performed to confirm if transcriptional atations are selective for specific
mMIiRNAs or the final event of a global dysregulatitme altered expression of miR-129-
5p and miR-200c previously reported could have aflireonsequences on several
molecular targets. Our results identified HUD lkedirect target of miR-129-5p and a
lack of its regulation was able to cause alteratimnneurogenesis, nerve development,
and motor and sensory functions. Alterations aiifigctmiR-129-5p function could

directly alter neuronal morphology and functionfeahg a possible explanation of the
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involvement of miR-129-5p in the pathogenesis skdse. Moreover, further evidences
could be raised from the identification of othetadive targets of miR-129-5p elucidating
any more mechanisms clarifying the role of this M#iRin ALS.

The second part of the study was dedicated todalieia possible involvement of two
transcriptional factors playing important rolesnuscle and neuronal differentiation in
the ALS context. Our findings reported evidenceppsuting another type of
transcriptional alterations occurring in ALS. Indewe showed a systemic alterations of
MEF2D and MEF2C pathways tipical of both sporadatignts and subjects with
mutations in SOD1 gene. The expression levels ofF M@ownstream targets were found
altered in patients and, although their exact fiomctn peripheral cells is not clearly
understood, they could cause any lack of functisngmmune cells with possible
consequences leading to a pathological conditiam.r€sults showed increased MEF2D
and MEF2C mRNA levels, altered subcellular locdlma and a reduction of their
transcriptional activity. We have hyphotesized tRHRRACs proteins, which are well
known to be up-regulated in SOD1(G93A) mice ansjioradic ALS patients (Bruneteau
et al., 2013; Cohen et al.,, 2009; Cohen et al.,7206ould be responsible for MEF2

alterations (Figure 1).
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data unpublished)
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Furthermore, 14-3-3- proteins, which are able tqusstre HDACs disrupting their
repression on MEF2 proteins, were found to be actated in protein aggregates
tipically observed in sporadic ALS patients (Volken et al., 2009). Thus, 14-3-3
proteins are sequestred and can not prevent th@tomy action of HDACs. Nevertheless,
the inhibitory action of HDACs is not the only moigar mechanism potentially involved
in MEF2 alterations. In fact, microRNAs could bspensible of unaltered protein levels

showed despite the strong increase of MEF2D and MERRNA levels.

In this study we reported two altered mechanisnmeemig RNA metabolism. Although
these two exemples of transcritional alteratiors\aary different and charactherized by
dissimilar mechanisms of actions, a possible ligdtween microRNAs and MEF2
alterations could exists. Indeed, preliminary bioimatics analysis showed that the
3'UTR of MEF2D gene could be potentially recognitgdseveral miRNAs and amoung
these there are miR-129-5p and miR-200c, whichave Ipreviously identified increased
in SALS patients and in SOD1(G93#A) vitro andin vivo models. Indeed, a conserved
binding site for miR-129-5p and miR-200c was idigedi in 3'UTR region of MEF2D

(Figure 2), suggesting a possible regulatory meshamvolving all these parameters.
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Figure?2

Schematic illustration showing several miRNAs paitdly able to recognize the 3'UTR region
of MEF2D gene (above). Figures reporting the bigdiite in MEF2D gene for miR129-5p and
mMiR200c (below).
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Evidences supporting the miRNA-mediated regulatbrMEF2 proteins are largely
increased in the last few years. Among these,ssibe to identify a group of miRNAs
already demonstrated to be altered in ALS and pialgnable to regulate MEF2 proteins
or other molecules implicated in its regulation.nylaf these miRNAs could potentially
play an important role in the pathogenesis of diseairectly repressing MEF2D or
MEF2C causing the reduction in their transcriptlgnactivity previously described in
the Chapter 3 (Figure 3). For exemple, miR-155 and miR-338-3perfeund increased
in circulating cells of sporadic ALS patients (Bus&y et al., 2012; De Felice et al., 2012)
and they were identified as potential regulatort&fF2 proteins using a bioinformatic
prediction tool (Target Scan Human, version 7.@aséd in August 2015). Moreover,
miR-155 was already reported to inhibite MEF2 attiduring muscle differentiation
(Seok et al., 2011). Since miR-155 was previousported to be increased in the spinal
cord and in monocytes of sporadic ALS patients ianalansgenic SOD1(G93A) mice
where its repression with anti-miRs significantisolonged survival (Butovsky et al.,
2012; Koval et al., 2013), it could be hypothesiteat miR-155 negatively influences
disease progression. Furthermore, miR-155 wasifahto negatively regulate BDNF

(Varendi et al., 2014) which is known to favorit@torneuron survival.

138



T in SALS palients}
B
oo

1 in SOD1(G93A) mice
: | ) —
in SALS monocytes
miR-155
T in SALS spinal cord

T in SALS patients

faccumulated in
14-3-3 B protein

H Y\ aggregates of

proteins K SALS patients

levels /=777 levels

T in SALS monocytes, | MEF2D |__| MEF2C | )

SOD1(G93A) mice and
transcriptional) « — — — —{ & |50 alization
activity

SHSY5Y
(l in SOD1(G93A) mice and SALS)

Arosio A. data unpublished

Figure3

Schematic illustration representing a possible raesm of regulation of MEF2 proteins
mediated by microRNAs known to be altered in ALA0sio et al., data unpublished)

In conclusion, miR-155 and miR-338-3p potentialggulate MEF2 transcriptional
activity and it could be hypothesized that theyaiegly affect disease progression in a
MEF2-mediated manner, for example directly targetiBDNF or reducing its
transcription via MEF2D and MEF2C inhibition; bat¢onfirm it further investigations
will be necessary. To confirm that miR-155 was gptated in PBMCs of ALS patients
employed in our study and showing increased MER2I$e we assessed miR-155
expression in a small cohort of 10 sALS and 8 hgatbntrols. These preliminary data
failed to show the increased miR-155 levels hypsittesl (Figure 4) probabily due to the
too small cohort of subjects recruited; for thiasen further analysis employing a bigger

group of subjects will need to strengthen the asisly
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No differences in mir-155 expression levels wemahin PBMCs of sporadic ALS patients and
healthy controls (CTRL n=8; sALS n=10) (Arosio &f data unpublished).

On the other hands, MEF2 proteins also positiveyulate some microRNAs able to
inhibit HDAC proteins in a positive feed back loddEF2C was reported to induce
during muscle differentiation the expression of MiRnd miR-206 (Gagan et al., 2012),
two microRNAs already investigated in ALS and poamly identified to be able to
negatively regulate HDAC4 proteins (Dai et al., 20King et al., 2014; Williams et al.,
2009; Winbanks et al.,, 2013; Winbanks et al., 20IAPAC4 sequestration by
microRNAs prevents the inhibitory effect on MEF&riscriptional activity sustaining this
positive autoregulatory loop. Similarly, MEF2C algmmotes miR-9 induction which
inhibits HDAC4 (Davila et al., 2014), reinforcinpg MEF2-miRNAs-HDACs axis.
Moreover, miR-206 regulates BDNF (Lee et al., 20M®jra et al., 2012; Tian et al.,
2014; Yang et al., 2014) suggesting a further meishaconcerning the regulation of this
neurotrophin directly or via MEF2 proteins. BothRr206 and miR-9 were well known
to be altered in both SOD1(G93A) mice and in ALSiguds (Bruneteau et al., 2013;

Marcuzzo et al., 2015; Russell et al., 2013; Toamet al., 2014; Williams et al., 2009;
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Zhang et al., 2013). Taken together, all theseesdds suggest that this complex cascade
of molecular mechanisms involving MEF2 proteinsctmRNAs and HDACs could
representative a potential target of investigatiorelucidate the real impact of this
pathway in ALS and to clarify if it could becamejeti of a possible pharmacological

modulation.
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Chapter 5 -

Additional Results & Further Perspectives

In this study we have analyzed the role of trapsicnnal alterations in ALS investigating
a common set of microRNAs dysregulated in differ&hS models and exploring the
possible involvement of MEF2 proteins in the pategsis of disease. Alterations in
RNA metabolism are crucial moment in ALS pathogendsut are not the only
phenomena potentially involved in the disease omseéeed, while we were carrying out
this study we decided to develop two collateral @ognate topics, which will be
described below. First, we previously reported eased levels of BDNF in PBMCs
probably due to a reduced MEF2 transcriptionalégt{Arosio et al., data unpublished)
and we discussed how many miRNAs altered in ALSregulated BDNF expression.
For this reason, a dedicated section to exploredleeof BDNF in ALS will be discuss
below, while the second part of this chapter isceon to the role of autophagy in ALS.
Indeed, MEF2D is a specific substrate of the chapemediated autophagy (CMA) a
degradative pathway which also contributes to tbgradation of TDP-43 and never
investigated in ALS; thus to explore the activifytlois catabolic process in our samples

we have performed dedicated analysis.
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5.1 BDNF and hormones in ALS

Brain derived neurotrophic factor (BDNF) is a membéthe neurotrophin family of
growth factors, a group of cytokines involved ivesal aspects of neuronal and extra-
neuronal life. BDNF is synthesized as precursortgang, pro-BDNF, packed into
secretory vesicles and released both constitutigaly upon stimulation. Cleavage by
proteases, such as furin or proconvertases, preduature neurotrophins. BDNF exerts
its functions mainly at the synaptic cleft, througteraction with two types of receptor:
the tropomyosin related kinase B (TrkB) receptod #me p75 neurotrophin receptor
(p75NTR). In adult brains, mature BDNF predominamtiteracts with TrkB inducing
neuronal survival and synaptic plasticity. On thieeo hand, pro-BDNF binds with higher
affinity to p75NTR, a member of the tumor necrdsistor superfamily of receptors,
prompting apoptosis and a shrinkage of dendritimesp Pro-BDNF and BDNF
metabolism and functions outside the nervous syséeenless well characterized.
However it was shown that BDNF passes the blootilivarrier (BBB) bidirectionally
(Pan et al., 1998; Sartorius et al., 2009) soithmaty “leak” outside the central nervous
system (CNS), reach the blood stream and affeetr digsues expressing TrkB receptor.
Vice-versa, peripherally produced BDNF may affegikability of such neurotrophin
within the CNS. Plasma BDNF is rapidly degradeglteases, or uptaken by platelets
which in turn release it upon stimulation, so gertum levels of BDNF are 100-fold those
of plasma. Interestingly, alterations of neurotiiopdvailability has been advocated as a
pathogenic mechanism underlying ALS neurodegereraBDNF, in particular has been
shown to impact survival of motor neurons by bathitro and in vivo models of neuron

injury or death (Henderson et al.,, 1993; Ikeda let 2995; Koliatsos et al., 1993;
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Mitsumoto et al., 1994; Novikova et al., 1997; Seed et al., 1992). However,
therapeutic trials of BDNF infusion, failed to shaignificant clinical benefit (1999;
Ochs et al., 2000). Immunohistochemical post-morardies of motor cortex and spinal
cord samples of ALS patients showed that the reimgimass of motor neurons retains
the ability to express BDNF and its receptors aéle comparable to those of controls,
however a switch in their susceptibility from BDIdRd NT-3 to NGF may have occurred
(Duberley et al., 1997; Kawamoto et al., 1998; Misht al., 1998). Similar studies
performed on muscle biopsies and cerebrospinad fi@SF) held mixed results
(Grundstréom et al., 1999; Grundstrom et al., 20Q0st et al., 2002), one of them,
however, identified a pattern of BDNF/NGF expressiwith longer disease duration
being characterized by a decreased BDNF and ireddd&F expression within muscle
cells. To our knowledge only two studies measuredpperally circulating BDNF and
only one of them in serum (Angelucci et al., 20BZecka and Stelmasiak, 2002). This
study, specifically, failed to show significant féifences between ALS patients and a
group of lumbar disc disease controls. On the ottaerd, circulating levels of BDNF
were found altered in several neurological and Ipigyac disorders (Teixeira et al.,
2010). Lower BDNF serum levels were shown, for eglanin FTLD patients versus
healthy controls but not Alzheimer disease (AD)guas (Ventriglia et al., 2013). Albeit
the circulating levels of this neurotrophin miglot e different, overall, in ALS patients
with respect to healthy controls, we may hypothedhlrat BDNF might characterize
differentially expressed phenotypic traits. Therefave assessed BDNF serum levels in
45 ALS outpatients implementing a multidimensiodlahracterization based on foar,
priori chosen, disease-defining axes: ALS bulbar/spinsitype, speed of disease

progression, cognition and mood dysfunctions.
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Considering the whole cohort of ALS patients, seRIXNF levels were similar, overall,
with respect to controld={gure 1). Nevertheless, disease staging (defined accotding
ALSFRS-R scores) correlated with BDNF serum leyets0.39, p<0.01) and patients
with ALSFRS-R scores below of the median valuer822( [46.6%]) had ~25% lower

BDNF serum levels with respect to patients scoabgve 32 (p=0.01)Hgure 2A-2B).

Figurel

Serum BDNF levels in ALS patients and healthy aalst(CTRL).
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Lastly, we analyzed BDNF serum levels investigatamy possible correlations with
multidimensional correlates in ALS. Bulbar (n=7yss spinal (n=38) onset patients did
not significantly differ in terms of BDNF serum k&g (22.7 £ 9.3 vs. 19.7 + 8.6 ng/ml|
p=0.42, mean £ SD, respectively). Analyzing cogeity impaired versus spared patients

no differences were found as well as comparingasgus slow progressors.
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Figure?2

(A) serum BDNF is ~25% lower in ALS patients with AESS-R scores belonging to the more
impaired group (scores >16 an82, defined as Il) with respect to those patienth WLSFRS-

R scores (>32) belonging to the less impaired g(defined as lll; note that no patients scored
below 17), p=0.01 Student’s t-tedB)(correlation between ALSFRS-R scores and serumBDN

levels in ALS patients.
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Accordingly, neurotrophin serum levels did not etate with both the Montreal
Cognitive Assessment score (MoCA) and with the &sseProgression Index (DPI). On
the other hand, ALS patients showing a depressaiewith (n=18 [40%]) had ~25%
lower BDNF serum levels with respect to non-deprdgsatients (p<0.03, séegure 3)

and correlated with the BDI scores (r=-0.37, p<@.03

Figure3

Serum BDNF levels in ALS patients stratified ac@ogdto the pre-specified multidimensional
parameters. Data are presented as mean + SD. fSutiefining altered scores were: Beck
depression inventory >9 (BDI+); MoCA <26 (MoCA+)a$t progressors (DPI>) had a score
>0.39. *p<0.03 two-tailed Student’s t-test.
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This study was designed in order to get meaningfsights on the determinants of
phenotypic variability in ALS. In conclusion, weitially failed to report differences in
serum BDNF between ALS patients and healthy cositrextending previous findings
published on smaller series (lfzecka and Stelmasz&l2). However, BDNF was
downregulated in depressed patients. AccordingIPNB decrease has already been
reported in depressed patients (de Azevedo Cardbsh, 2014) and a recent meta-
analysis showed that altered peripheral BDNF leadsassociated to ongoing depressive
disorders (Molendijk et al., 2014). Clearly thispimes that mood dysfunction in ALS is
not only a mere adaptive phenomenon to a progeessierwhelming disability, but a
complex phenotypic trait regulated by specific bgtal mechanisms that might be
amenable of early dedicated interventions. Interglst, however, an important
determinant of neurotrophin concentration is stegsosure: accordingly, converging
lines of research show that an altered productimmnd stressful periods of life could
nourish the biological dysfunctions underlying degsive disorders (Kimpton, 2012). In
line with this hypothesis, steroid hormones, sukkatisol and dehydroepiandrosterone
(DHEA), involved in mediating stress effects andaynhg key roles in the
pathophysiology of mood disorders, are also knawmadulate the production of BDNF
(Pluchino et al., 2013). Thus, to investigate € ttecreased BDNF expression described
in serum of depressed ALS patients could be cabgedterations involving these two
stress hormones, we assessed the expression tdévedstisol, DHEA and its sulfate
metabolite (DHEAS) and the cortisol/DHEAS Ratio (RDin serum of our patients

(Figure4) but no significant differences emerged.
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Figure4

Serum cortisol, DHEAS and cortisol/DHEAS ratio (CORBRvels in ALS patients.
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Furthermore, to better characterize the bioavditglnf these hormones, the expression
levels of specific hormone-binding proteins will lssessed. We will specifically
evaluate the circulating levels of albumin, whicghds DHEAS and transports it in the
bloodstream. Moreover, we have also planned tosadewels of testosterone and its
protein carrier Sex hormone-binding globulin (SHBG)ALS patients with respect to

controls.

In conclusion, we report here that BDNF dysfunctioight lie beneath selected
phenotypic traits in ALS, and in particular depesbsnood and advanced functional loss
(Tremolizzo et al., 2019 press). Further studies will clarify whether these chesg

might become clinical tools suitable for guidingesific therapeutic interventions.
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5.2 Chaperone mediated autophagy (CMA) in ALS

Misfolded proteins generated in various cellulanpartments, including the cytoplasm,
nucleus and endoplasmic reticulum (ER), are efiityeremoved by quality control

systems composed of the ubiquitin (Ub)-proteasoystem (UPS), chaperone mediated
autophagy (CMA) and macroautophagygure5). The first line of defense in degrading
soluble misfolded proteins is the UPS, a selegiinateolytic system in which substrates
are tagged with Ub, unfolded into nascent polygkpthains, and cleaved into short
peptides while passing through the narrow chambitieqroteasome. Specific misfolded
proteins that expose the KFERQ degradation sigaalle degraded by the CMA, a
branch of the autophagy-lysosome system (hereaftephagy), in which substrates are
selectively recognized by the chaperone heat-slogkate 70 (hsc70) and directly
delivered into lysosomes, leading to degradation ly)gosomal hydrolases into

aminoacids. Some misfolded proteins that escapsuiweillance of the UPS and CMA

or tend to form aggregates are directed to macophany, a bulk degradation system in
which substrates are segregated into autophagosetmel, in turn, are fused with

lysosomes for degradation into aminoacids.
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Figure5
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The degradation of misfolded proteins by varioululz proteolytic pathways. Misfolded
proteins are initially recognized by molecular obiaqmes that deliver the substrates to the UPS,
CMA or macroautophagy depending on the nature efatting, size and solubility. In general,
soluble and monomeric misfolded proteins are piilsnalegraded by the UPS and CMA. In
CMA, substrates carrying the KFERQ motif are reéngeh and bound by Hsc70 in association
with chaperones. The substrates are subsequerilerdel to the LAMP2 complex on the
lysosomal membrane, translocated to the lumen,dagdaded into amino acids by lysosomal
hydrolases. Some of these misfolded proteins terfdrin aggregates and are thus directed to
macroautophagy. Misfolded protein substrates oframadophagy are recognized by molecular
chaperones such as Hsc70, ubiquitinated by Ubdiyand delivered to the autophagic adaptor
p62, leading to the formation of p62 protein bodiEse targeted protein aggregates associated
with p62 are subsequently delivered to autophagimbranes for lysosomal degradation, when

p62 interacts with LC3 on the autophagic membrane.

153



Among the three arms of autophagy, the targetedratee of misfolded proteins is
mainly mediated by CMA and macroautophagy. CMA &ebective proteolytic system
in which specific misfolded proteins carrying th&ERQ motif are delivered to and
degraded in lysosomes. This pentapeptide motifjJdan ~ 30% of cytosolic proteins, is
normally buried by protein folding, but it can bgesed on the surface by misfolding or
partial unfolding. It is recognized by the chaperéisc70 associated with co-chaperones
(Kiffin et al., 2004). The substrates are subsetiyetelivered to the CMA adaptor
lysosomal membrane-associated protein 2A (lamp-@A)the lysosomal membrane,
unfolded, translocated into the lysosomal lumen dedraded into aminoacids. In
degenerating neurons, CMA can be constitutivelyvatdd to compensate for impaired

macroautophagy (Kaushik et al., 2008).

Concerning to ALS, although various pathogenic me@dms have been proposed to
sustain the pathogenesis of disease, a possildefoolautophagy was observed in
transgenic mouse models of fALS. For instancehéttansgenic SOD1(G93A) mouse,

increased autophagy was observed during the presymagic stage {90 days of age).

Surprisingly, any significant changes in autophagyhe soma of motor neurons were
not observed until the terminal stage in these nile® days of age)(Li et al., 2008).
Although autophagy seems impaired in the ALS modeny researchers showed its
induction in ALS mouse models (Morimoto et al., 20&ong et al., 2012). In patients
with sporadic ALS, the autophagy features were feseunder electron microscopy in
the cytoplasm of normal motor neurons and moreukatly in degenerated motor
neurons (Sasaki, 2011). Furthermore, small heatkshimtein B8 (HSPB8) decreases the

aggregation of mutant SOD1 and increases its ddjulkind clearance by enhancing
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autophagy without affecting wild-type SOD1 turnouethe SOD1(G93A) ALS model
mice (Crippa et al., 2010a; Crippa et al.,, 2010Djher evidences sustaining an
impairment of autophagy are related to the cleaafidDP-43, the main component of
protein aggregates observed in sporadic ALS patidridP43 turnover is known to be
enhanced by autophagy activation and that autophetijyating compounds improve
TDP43 clearance and enhance survival in neuron& lodels (Barmada et al., 2014).
TDP-43 is well known to be degraded by UPS and osmadophagy; however a recent
study recently showed that it is also degradedhey dhaperone-mediated autophagy
mediated through an interaction between hsc70 kalewn as HSPA8) and ubiquitylated
TDP-43 (Huang et al., 2014). The authors also tepothat TDP-43 is cleaved by
caspases and produces fragments with lower moleadaht, moreover TDP-25 was
identified as the principal substrate necessaryfdonation of the cytosolic TDP-43-
positive aggregates observed in patient’ cells.rthieumore, MEF2D is a selective
substrate of CMA (Yang et al.,, 2009) and we presipueported in ALS patients
increased MRNA levels for this protein without sfigant changes in protein levels
(Arosio et al., data unpublished) compatible withassible increase of the degradative

activity of its catabolic pathway.

Currently, no data exist about the CMA activityAhS patients or in animal models of
disease; for this reason a dedicated study witlcttlaboration of Prof. Poletti’'s group
and Dr. Cereda’s lab started to assess the CM#itga ALS. Firstly, we have assessed
the two principal parameters of CMA in PBMCs ob&infrom 30 sALS, 9 SOD1+
patients and 30 healthy controls age and sex nttéhar results showed a significant

reduction in hsc70 mRNA levels in both sporadic 8@D1+ ALS patients with respect
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to healthy controlsKigure 6A). Moreover decreased hsc70 proteins were alsaite
in sporadic ALS patients versus contrdisgure 6B). The other parameter of CMA is
lamp2A and, since its binding to the substrateginatepresents the limiting step of CMA,

lamp2A protein levels have been shown to direatlyalate with CMA activity (Cuervo

and Dice, 2000a; Cuervo and Dice, 2000b).

156



Figure6

Hsc70 gene and protein expression in PBMCs of sliozatients (SALS), ALS patients with
mutations in SOD1 gene (SOD1+) and healthy cont(8ls Decreased hsc70 mRNA levels in
SALS and SOD1+ patients with respect to healthyrote(CTRL). Relative quantification (RQ)
of hsc70 mRNA is calculated as ratigtactin. One-way ANOVA, followed by Tukey’s multiple
comparison test (***p<0.001; CTRLs n=30; sALS n=30D1+ n=9). B) Reduced hsc70
protein levels were shown in sporadic ALS patiergssus controls. Hsc70 protein levels are
expressed as ratio between target and beta-adtadabgensity, Two-tailed unpaired Studertt's
test (**p<0.01; CTRLs n=30; sSALS n=30).
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We assessed mRNA and protein levels of lamp2A leutaled to show any differences
between patients and controlSdure 7A-7B). However, a negative correlation between
lamp2A protein levels and disease duration, expeessmonths, emergeé#ifure 8A).
Indeed, stratifying patients based on disease idaraind dividing them in two groups
(SALS patients with a disease duration lower thHan median value of 18 months and
patients with a disease duration > 18 months) veeveld reduced lamp2A protein levels

in patients with a longer disease duratibrg(re 8B).

Our results evidenced a significant reduction ia7@sprotein levels in PBMCs of ALS
patients due to a decreased mMRNA synthesis. Calyetamp2A protein, which is the
parameter representing the rate limit step of CMAvdy, was unaltered excluding an
impairment of this catabolic pathway, at leastiial phases of disease. As a matter of
fact, patients with a longer disease duration lealliced lamp2A protein levels without
changes in mMRNA levels (data not shown) suggestiag) a possible lack of CMA
function could arise in the last steps of dised3®erefore, our results evidenced different
regulation mechanisms for hsc70 and lamp2A: thesojic carrier was found decreased
in ALS patients because its transcription is redueéh respect to controls and disease

duration no
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Figure?

Lamp2A gene A) and protein B) expression is unchanged in PBMCs of sporadiceptti
(SALS), ALS patients with mutations in SOD1 gen®©[®+) and healthy controls. Relative
quantification (RQ) of lamp2A mRNA is calculatedratio top-actin (CTRLs n=30; SALS n=30;
SOD1+ n=9). Protein levels are expressed as ratigden lamp2A and beta-actin optical density
(CTRLs n=30; sALS n=30).
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Figure8

(A) Lamp2A protein levels negatively correlates wdibease duration (months) (r=0.42, p<0.05,
n=25). Moreover, although considering the wholearbbf ALS patients lamp2A protein levels
were unchanged with respect to controls, stratifyfratients based on the disease duration
expressed in months (< of the median value of 1&thwor > of 18 months), we showed
decreased lamp2A protein levels in ALS patient$\aitong disease duration versus contrBl|s (
*p<0.05; **p<0.01).
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influences neither mMRNA nor hsc70 protein levelatgdnot shown), while unaltered
lamp2A protein levels suggests that CMA activitgres to be not altered in ALS patients
until the last stages of disease where reduceddanmpotein levels were evidenced in
PBMCs of ALS patients. To assess in these cellsldgradative activity of CMA we

have investigated levels of its putative targeisstly, we evaluated TDP-43 protein
levels and we showed a significant increment in FBMf sporadic ALS patients with

respect to controld=(gure 9).

Figure9

Increased TDP-43 protein levels in PBMCs of sAL8guds with respect to controls. TDP-43
protein levels are expressed as ratio betweenttangebeta-actin optical density, each value was
calculated referred to the mean value of the cts\tomded on each gel and expressed as %.

(***p<0.001; CTRLs n=20; SALS n=20).
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We hypothesize that increased TDP-43 protein lenegderted in ALS PBMCs could be
related to the protein aggregates TDP-43-positasrdbed in the literature, suggesting
that protein levels were increased because unfal@d43 were accumulated in protein
aggregates; but further investigations are needexbnfirm this hypothesis. However
TDP-43 clearance is carried out also by UPS andeaatophagy, so to better evaluate
specifically CMA activity a specific target coulce kassessed. MEF2D is selectively
degraded by CMA (Yang et al., 2009) but we previpwescribed unaltered protein
levels for this parameter between sSALS and heaftbgtrols (Arosio et al., data
unpublished) suggesting that CMA seems to be tietid in ALS patients and TDP-43
protein levels were found increased probably dugntampairment of other degradative
systems. Anyway, stratifying patients based onadisaluration as previously described,
we showed that TDP-43 protein levels were upregdlitbm the earliest stages of disease
(Figure 10A) (in agreement with the literature describing T&8-aggregates like
pathological hallmarks of ALS), while MEF2D showed differences in protein levels
between patients and controls even if MEF2D seentsetincreased (p=0.07) in ALS

patients with longer disease duratigingur e 10B), similarly to lamp2A.
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Figure 10

CMA substrates stratified based on disease dutagnTDP-43 protein levels were increased
in both patients with disease duration <18 montitsia patients with a longer disease duration
(*p<0.05; ***p<0.001). 8) MEF2D protein levels were unaltered between sAab8 controls,

but patients with a longer disease duration seenavte higher MEF2D levels even if without

statistical significance (p=0.07).
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Taken together, these results seem suggest that EMét affected in PBMCs of ALS
patients in the earliest stages of disease, ewepdksible impairment of the degradative
activity of this pathway could arise during disegsegression (Arosio et al., data
unpublished). However, the hsc70 downregulatiore haescribed could affect CMA
degradative efficiency reducing the amount of cgtioscarrier available to direct the
substrate to the lysosome where it will be degraBladhermore, hsc70 is well known to
play several function in the cell cooperating witarious co-chaperone molecules;
indeed, hsc70 is not only describedassociation with CMA but it is also involved in
UPS system and macroautophagy. Hsc70 is involvedtangeting proteins to
ubiquitin/proteasome machinery interacting with tea@chaperones: BAG1 and CHIP
(carboxyl-terminus of HSC70 interacting proteimjtelraction between BAG1 and hsc70
leads to the activation of CHIP which acts as goehane associated ubiquitin ligase
regulating protein quality control (Zhang et aD08). CHIP mediates the attachment of
an ubiquitin chain to chaperone-bound client prteiand stimulates substrate
degradation by proteasome. Moreover in the lastsyewidence has also been acquired
supporting a participation of hsc70 in autophagathprays such as microautophagy.
Recently, a microautophagy-like process involvingc#0, called endosomal
microautophagy, has been described (Sahu et d1)2@s in CMA, hsc70 binds to
KFERQ motif-containing proteins, but instead of dimg to a lysosomal membrane
receptor, the chaperone directly associates thralgttrostatic interaction with the
phosphatidylserine moieties present in the lipidalger. Consequently, the protein
substrate can be easily internalized and degrddeddh endosomal microautophagy.
Finally, recent studies have highlighted an invateat of hsc70 in macroautophagy.

During this process, large portions of cytosol sequestered inside double-membrane
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vesicles known as autophagosomes; the captureda@nis are then degraded upon
fusion of these structures with lysosomes. Thislwaliic pathway is relevant for the
removal of different cytoplasmic components suctiasaged organelles or intracellular
protein aggregates (Wong et al., 2011). Hsc70elyidssociated with these aggregates,
targets them to the lysosomes through a particukcroautophagic process known as
chaperone-assisted selective autophagy (CASA).cohehaperone BAG3 binds hsc70,
inducing ubiquitination of the protein substratestead of being targeted for proteasomal
degradation as described above, the complex isgneed by the macroautophagy
receptor SQSTM1/p62 (sequestosome 1) protein. Ulbsesjuent binding of SQSTML to
the autophagosomal membrane-anchored LC3, delinessCASA substrate to the
macroautophagy machinery for degradation (Arndi.e2010; Ulbricht et al., 2013). All
these degradative pathways could be involved in Ab8 eventual hsc70 alterations
could directly affects the pathogenic mechanisntuoing during disease. As a matter
of fact, hsc70 and its co-chaperone CHIP facilgakegradation of the ALS-linked mutant
SOD1 in an ubiquitination-dependent manner (Urasthiet al., 2004). Studies with
transgenic mouse models of ALS also suggestedtibahclusions may be sequestered
into ubiquitin-proteasome pathway and hsc70 mayinbelved in formation and/or
degradation of these inclusions (Choi et al., 2@hg et al., 2013; Wang et al., 2009;
Watanabe et al., 2001; Zetterstrom et al., 201byway, hsc70 was also described to
mediate the degradation of mutant SOD1 via autophingleed, the multiheteromeric
complex HspB8/Bag3/Hsc70/CHIP interacts with mut&®D1 and activates its
autophagic removal (Crippa et al., 2010b). Thiscpss is strongly regulated by BAG3
which enhances autophagy activity, as indicatethbyincreased LC3 and p62 mRNA

levels observed in skeletal muscles of transge@OBFG93A) mice at symptomatic
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stage (Crippa et al., 2013). In conclusion, hsad@d determinate the final fate of its
substrate conveying it to a specific catabolic path To better understand these
mechanisms and to assess the real impact of hs@(S we started a collaboration with
Prof. Poletti’'s group to study in deep this topaclaur preliminary results are described

below.

Firstly, we investigated the two key regulatorsnafcroautophagy: LC3 and p62 to assess
if the induction of this pathway previously desexhin animal ALS model also occurred
in peripheral cells obtained from blood patientee ¥howed a significant reduction of
LC3 and p62 mRNA levels in both sporadic and SOBLSE patients with respect to
controls Figure 11) and a positive correlation between mRNA levelstladse two
parameters was also observed in patients and itrot®nfFigure 12). Then, we
investigated mMRNA levels of BAG1 and BAG3 the cajsbrones of hsc70 that directing
substrates to be degraded by UPS or autophagywarstiowed reduced BAG1 mRNA
levels in both sporadic and SOD1+ ALS patients wahpect to controls, while no

changes in BAG3 mRNA levels were observed in p&iéngure 13).

Taken together, these preliminary results seemesighat the hsc70 down-regulation
previously described could afflict several degradatpathways. Although further

investigations will be need to finely assess thecfional status of macroautophagy and
UPS system in PBMCs of ALS patients, reduced leoelsc70 seem impair degradative
activity. Alterations in protein quality controlsigm could play a crucial role in ALS and
are responsible for the accumulation of misfoldedtgins and aggregates formation

which are pathological hallmarks of ALS.
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Figurell

Reduced gene expression of LG8 @nd p62 B) in sporadic and SOD1+ ALS patients with

respect to controls. Relative quantification (RQM&RNA target is calculated as ratiofieactin
(*p<0.05; **p<0.01 ***p<0.001; CTRLs n=30; SALS n€3 SOD1+ n=9).
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Figure12

The two parameters of macroautophagy LC3 and p6iRAnRvels showed a positive correlation
in PBMCs of healthy control#\( p<0.0001; r=0.77; n=30) and sporadic ALS pati¢Bt$<0.01;
r=0.54; n=30).
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Figure13

Gene expression levels of BAGA)(and BAG3 B) in patients and controls. BAG1 mRNA levels
were significantly reduced in both sporadic and S®LS patients with respect to controls
(*p<0.05; **p<0.01). Relative quantification (RQ¥ mRNA target is calculated as ratio fte
actin (CTRLs n=30; sALS n=30; SOD1+ n=9).
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To better characterize the pathological mechanisnving catabolic pathways could

be very important to development pharmacologicaltsgies to improve degradative
systems efficiency and to facilitate removal of folided proteins. Based on eventual
future results confirming an impairment of protgumlity system, dedicated therapeutic
strategies could be hypothesized to contrast tbeeior aggregation and accumulation

which is a nodal event in ALS and in several otieurodegenerative diseases.
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