FAMILIAL AMYOTROPHIC LATERAL SCLEROSIS WITH A FOCUS ON C9ORF72 HEXANUCLEOTIDE
GGGGCC REPEAT EXPANSION ASSOCIATED ALS WITH FRONTOTEMPORAL DEMENTIA

by

Paul Workinger

Copyright © Paul Workinger 2017

A Thesis Submitted to the Faculty of the

DEPARTMENT OF CELLULAR AND MOLECULAR MEDICINE

In Partial Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

In the Graduate College

THE UNIVERSITY OF ARIZONA

2017



STATEMENT BY AUTHOR

The thesis titled “Familial Amyotrophic Lateral Sclerosis with a focus on C9orf72
Hexanucleotide GGGGCC repeat expansion associated ALS with Frontotemporal dementia”
prepared by Paul Workinger has been submitted in partial fulfillment of requirements for a
master’s degree at the University of Arizona and is deposited in the University Library to be
made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable without special permission, provided
that an accurate acknowledgement of the source is made. Requests for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in
his or her judgment the proposed use of the material is in the interests of scholarship. Inall
other instances, however, permission must be obtained from the author.

SIGNED:

Paul Workinger

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

05/16/2017

David Elliott Date
Assistant Professor of Cellular and
Molecular Medicine

Jean Wilson
Professor of Cellular and
Molecular Medicine




Table of Contents:

FIUIES aNd TabIES...uiceeee ettt ettt r st e e ae e enesae st st sae saesees 4
LY o 1 o T or TR 5
g Nd 0T [T 4 o o 1 ST RRT 6

(O T oY Tor=] B Tl (] o =T OTOEOOE USRI 7
ALS ..ottt e et et ete ettt et e e e teeheaae s eesaestenne et eheeheeusaesaenat et etesteensenrans 16
ALSLO..c ettt ettt e e e te e beeteesae st e ne et e eteeteate et eebaesbenae et eteaas et et benbenneennentes 18
Y] 7RSSR 21
AILS 2.ttt e e ettt eteeaeaeaes e eare et eteere et et eesaenne e ateeaees et tentennee e ntes 23
Y Y 7SRRI 24
ALSA...c.eeee et ettt e e teete et et e e et eheaaees et testen et sheereeuseesaenneann steeeeennenrens 24
AILS .ottt ettt e e e aeeheeae e s e s be e e teehesaesaseesaesbenRe et aheeheeusaeraesaenne s steeneennans 24
AILS T e ettt et eheeae s e s e te b aae b eesaetbenae et aheeheansaetaetaenne s sheeneennans 25
ALLSS.....ceee ettt ettt e et te eheeae b e s e e aeeheaaeaabeesaetbenne et eheeheensaeraenaenee et steeneennans 25
AILSO ... ettt e et eaeeheete b e b e e te b saesaseesaetben Rt et aheeheansaesaetaenee et steeneennans 27
LY I RO 27
LY 1 2RO 29
LY 1 7RO 30
ALSLA ..ttt et e beeae e e s e a e e eteeteere et eeseesaen et ateeae et et tentennee e ntes 32
ALSLS .ottt ettt e e teeheeteasae b b e et eheeteeseebaetbeaae it abeeheeseetaenbenneenee et ntes 33
ALSLO ...ttt e ettt e e et shesae et e a e s e et eheeae et e es e esaen et st et et e e tentennee e nees 34
ALS LT ettt e ettt shesae et tea b ea e e et eteere et e st esaen et st et et e s tentennee e nres 36
ALSLS...cceeeeeee ettt sttt et sbeeteas e b tea e e eteeteere et et eesbenae et eteeas et et tenbenaee e ntas 37
Y Y1 K T TSRO 38
ALLS20... ettt et e e et e e e tesheeae e e aer e a et eteeteare et et eesben et eteeas et et tentenne e ntas 39
LY Y A TSRO 40
ALS22..c ettt ettt et e e et steeae et eeatea et et eteeae et e st esaen et st et et et tentennee e nees 41
1= 1 OO TRSR 41
PB2/SQSTMIL.....oieceetie ettt st er e st st e s ae b b aas bbb eas et sebaasebsseseasebssesareetenessrs et snnsesanes 42
RBIMI-A5 ...ttt st ettt et et st sae st et et et e s et saesaeere e s sen s as e et shesaeane e s eessen e et sheaneeeeeseennenn 42
ALS-FTD associated with C9orf72 hexanucleotide-repeat eXpansions.........cceeeeeevecieveeseeceseierieeneens 43
INtEEration @Nd OVEIVIEW.....c..cccieie ettt ettt et e s stestesas st e e s be s e st sbesaesnseesaessenann ees 58
Discussion and FULUre DIr€CHIONS.......cccuiieieicietireee e sttt st s st e s see e e 63
RETFEIENCES ... ettt e s te s te s te s te s teste st e se e e e e essesestesessentenaesaesaeranrans 66
AN 01T Lo LTS R 89



Figures and Tables:

FIBUIE L.ttt ettt ettt st ea e she et be e saeeea st e sbeeaeben e sueees e saeeessetesnneeanen see s 6
FIBUIE 2ttt sttt sttt e sttt st et e e sae e et e sheeeb b as see saeeessee sbe et bes e aussessbesnsaensnssseesseenseesnnes 7
FIBUIE Bttt sttt e st e et she e et e she et es e saeeesbe e sbeee e en e sreeeb e she e et e e saneenree srees 7
FIGUIE 4.ttt ettt et et et sae e ea e she et be e eaeeea st e sbeeasbea e sueees e saeeessetesnneeanen sae s 16
FIBUIE 5.ttt ettt ettt st ea e she et e e st e ea e e s beeae b ea e saeees e saeeesseteeareeanen she s 18
FIBUIE Bttt et ettt ettt st ea e she et be e st e ea e e ebeeaebea e sueees e saeeessetesaneeanen sae s 19
FIBUIE 7 ettt sttt sttt sttt e st st e e she e eb e she et e e saeeesbe e sbeaaetan e sheeeb e sbeeetben e saneenree srees 21
FIBUIE 8.ttt sttt sttt et e s te st e e she et e sbe et et saeeesbe e sbesaetenaee sreeesaee sbe et benaeesaneenses seees 22
FIBUIE Ottt sttt ettt et et e she et te st saeeesbe s sbeeasbes e sae e et e saeeessen e saneeases sees 26
FIUIE L0ttt ettt sttt sttt et e s ee et ee e sheessses e suteessessae et e saeensbenneesueassnensseans 28
FIBUIE L.ttt ettt sttt sttt e et e s te et et sae e ssses seeeateensts sasassaes sae et benssesnnassnessseens 29
FIBUIE L2 ittt ettt st et e e e et e s te st e st saeaesaes sheeesten e saeeessessbe et bessbeensaennessrnessrenseeans 31
FIBUIE L3 ittt et e et e et e s te st e s eeeaeeeaaes sheeebten st sueaessessbe et besbeensaenneesreeetbensteans 49
TABIE T e e e e e s e st e a s e st en s 12-13
TABIE 2. e s e e e a e e e re e e n e e s s 45
A1 3 e et et e b et e bRt e bbbt et en et et 61-62



Familial Amyotrophic Lateral Sclerosis with a focus on C90rf72 Hexanucleotide GGGGCC
repeat expansion associated ALS with Frontotemporal dementia

Abstract:

Amyotrophic Lateral Sclerosis (ALS) is a rare and fatal neurodegenerative disorder resulting in the loss of
motor neurons from the spinal cord and frontal cortex. The patterns of neurodegeneration, affected
regions, age of onset, and time course of disease progression are all highly variable between and within
variants of the disease. Familial ALS (fALS), inherited versions of ALS due to genetic changes, accounts
for between 5-20% of all ALS cases, while the rest are sporadic, with either no causative mutation
identified or no familial history of ALS. Recently, the discovery of C9orf72 hexanucleotide repeat
expansions have been identified as one of the most common causes of familial ALS, with some patients
presenting with dual phenotypes of ALS and frontotemporal dementia, leading to new hypotheses about
the nature of neurodegenerative diseases. Despite the continued discovery of new ALS causative genes,
little is known about the pathogenesis of the disease. While almost all variants include the presence of
intracellular protein inclusions, the site of the protein plaques and involved proteins varies between
genetic and phenotypic variants of this disease. Due to the lack of clear pathogenic mechanisms, several
hypotheses have been developed to explain the process of neurodegeneration. Autophagy, the process
of self-eating, leading to destruction of damaged or excess proteins and organelles, has been implicated
as being altered in ALS. Multiple variants have demonstrated altered mitochondrial morphology and
cellular energetic dynamics, which could explain previous observations that implicate the process of
apoptosis in cellular death. Many of the involved proteins in ALS have functional roles for intracellular,
nucleocytoplasmic, and axonal transport of various proteins or RNA. These three competing hypotheses
are currently the most prominent hypotheses in the pathogenesis of ALS, and have largely been
considered as separate and competing in past research. Is there a chance that the true pathogenesis
leading to neuronal destruction via apoptosis involve all three hypotheses? Altered protein and RNA
transport dynamics could lead to changes in cellular stress responses or overload autophagy pathways,
leading to exacerbated cellular stress responses, leading to alterations in mitochondrial morphology and
eventually cell death via apoptosis.



Introduction:

Amyotrophic lateral sclerosis (ALS) comprises a heterogeneous group of neurodegenerative
disorders that result in the destruction of motor neurons, primarily in the ventral horn of the spinal
cord. This destruction of motor neurons in the spinal cord is, in some cases, also accompanied by the
destruction of neurons in the frontal and temporal lobes of the brain, resulting in a condition known as
Amyotrophic Lateral Sclerosis with Frontotemporal dementia (ALS/FTD). Over 20 different subtypes of
ALS have been identified, with the following being used in clinical diagnostic criteria: pattern of
inheritance, pattern of a
neurodegeneration, affected
muscles, time course of
progression, involved proteins
and mutations in genes, age of p
onset, and presence or i
absence of frontotemporal ALS ﬁtggii ALS-FTD FTD-MND FTD
dementia symptoms
(Yamashita and Ando 2015). c

Because of the range of -

L 1L ]

involved muscle groups, and Classic ALS ALS with multisystem degeneration
the potential for the presence
or absence of

; LMN-predominant UMN-predominant ;
PMA ALS PLS

Extramotor involvement

Figure 1. The spectrum of disorders encompassing ALS and associated pathologies. The

frontotemporal dementia, current thinking about ALS has placed it in several different spectrums of other
ALS is commonly neurodegenerative disorders. The middle scale is the most important for this paper, with
considered to exist as part ALS at one end and frontotemporal dementia (FTD) at the other end of the spectrum, with

of a spectrum with intermediate disorders commonly observed in neurodegenerative diseases. With the
. discovery that C9orf72 expansions can clnically correlate with both ALS and FTD, this

diseases of pure motor spectrum has become very important in the thinking about ALS.

neuron degeneration at Swinnen and Roberecht 2014

one end, and diseases of
purely cortical neural degeneration (Figure 1).

Common symptoms of ALS begin with muscle weakness of the proximal muscles, most notable in the
neck, upper arms, chest, and in many cases muscles of the face that aid in swallowing or speaking
(bulbopharyngeal onset), ultimately progressing to severe muscle weakness, and in most cases death
due to loss of control of muscles involved in inspiration, primarily the diaphragm and intercostal
muscles. Because these symptoms are somewhat common in many neurodegenerative disorders, this
leads to some difficulty in diagnosis of the disease, with genetic analysis being the only true way to
confirm ALS as the correct diagnosis (Mancuso and Navarro 2014). With upwards of 20 different genes
having been implicated as causative or contributing to ALS, even this can be somewhat of a challenge.
Mutations in SOD1 were the first analyzed (Rosen et al 1993), and were previously thought to be the
most common cause of familial ALS (fALS), resulting in 15-20% of all cases (Bruijn et al 1998), until the
discovery of the gene locus at C90rf72, a chromosomal location corresponding to chromosome 9, which
is thought to account for upwards of 40% of all fALS cases, and another 5-6% of sporadic cases (Farg et
al 2014).



The most common pathological feature of

ALS is the presence of protein inclusions in A-. TDP-43

the cytoplasm of pyramidal neurons. These 6

protein inclusions are markers for pathology

of the disease, and do not occur normally. SALS [ ALS TOR/ TALS CRORR72
loss of function / gain of toxicity

Protein inclusions typically consist of one of

several proteins that have been B. C.

ubiquitinated and commonly Sl )
‘G
hyperphosphorylated: SOD1, TDP43 and FUS a* 3
H H o fALS-SOD1
are the most commonly occurring proteins o mn'C’;ti /F::n it s o
to be found in these insoluble inclusions.

Whether the presence of protein prevalence of specific proteins in these inclusions. A) TDP-43 is most

inclusions is causative of ALS or a commonly found in plaques, seen in about 97% of all ALS cases. An

symptom of the disease progression is a example of an inclusions stained using imunohistochemistyr for TDP-

topic that is under intense study, with 43 can be seen. B) Mutations in FUS are one of the more commonly

seen. In FUS mutant patients, FUS containing inclusions are

commonly seen, but only account for ~1% of all cases. C) SOD1

mutations are some of the most commonly seen as causative of ALS,
but SOD1 is only found in ~2% of protein inclusions seen in ALS.

Laferriere and Polymenidou (2015).

Figure 2: Examples of the protein inclusions seen in ALS, and the

little hope for a clear answer anytime
soon.

Clinical Picture:

The nature of ALS results in significant geneotype-phenotype heterogeneity in terms of age and location
of onset, progression and further affected neuromuscular groups, time-course of disease progression,

inheritance pattern in familial cases, involved gene mutations and overall severity of the symptoms.

Spinal Bulbar c Progressive Primary lateral
onset onset muscular atrophy sclerosis Figu re 3, to the left

demonstrates some of the
common phenotypes
associated with ALS, and their
respective patterns of upper
and lower motor neuron
involvement (Swinnen and
Roberecht 2014). Upper motor
neuron symptoms stem from

neurodegeneration in the

e Pseudopolyneuritic Hemlplegic Flail arm Flail leg primary motor cortex of the
syndrome syndrome

brain, whereas lower motor
neuron symptoms stem from
neurodegeneration of motor
neurons in the spinal cord, and
in different variants of ALS,
remarkably distinct patterns of
involvement of these two

regions are seen. Upper motor
Figure 3. Common phenotypic presentations associated with 8 PP

d tion typicall
variants of ALS. Swinnen and Roberecht (2014) neuron degeneration typicatly
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results in spasticity or hyperreflexia, whereas lower motor neuron degeneration results in atrophy, loss
of function, and twitching. All of these phenotypes have been observed in at least one of the many
variants of ALS. Because of the vast phenotypic heterogeneity associated with ALS, there are multiple
different factors by which the phenotypes of ALS can be sorted.

Status as an Orphan Disease

Based on consensus from the the FDA and NIH, ALS is currently considered an orphan disease (FDA
Orpan Products page 2016; NIH Genetic and Rare Disease). By definition, an orphan disease is a disease
in which less than 200,000 persons are affected nationwide. With an anticipated worldwide incidence of
between 1:100,000 to 1:300,000, and a worldwide population of approximately 9 billion, we can expect
between 30,000 and 90,000 people to be affected at any point in time worldwide. Because of the nature
of orphan diseases, in trials and experimental research, sample size is not considered as important of a
factor in establishing linkage to specific genes, in establishing specific morphological or pathological
features of the disease, or in consideration of study design. In most studies, as many people as possible
are included. However, the nature of the disease leading to progressive paralysis makes travel
impossible for many of these patients, and with a limited population distributed across the globe,
considerations of the sample size of the disease are less important than confirming the diagnosis of ALS
in these patients via genetic and clinical analysis. Confirmation of an ALS diagnosis, as such, is the truly
important factor in the design of studies focusing on ALS.

Gentoype:

In cases of sporadic and familial ALS, the underlying cause is commonly a mutation in one or more genes
associated with ALS. In cases where an established mutation is discovered to be causative, patients can
be sorted on the basis of the involved gene, and associated mutation. This provides limited clinical
utility, as within variants of ALS there is significant heterogeneity in terms of progression, though some
do show specific preponderances. For examples, C90rf72 hexanucleotide repeat expansion carrying ALS
patients typically present with bulbar involvement, and upper motor neuron dominance. On the other
hand, patients with SOD1 mutations almost never develop bulbar symptoms as the first sign of disease
progression (Swinnen and Roberecht 2014).

Upper motor neuron versus lower motor neuron dominance

Upper motor neuron symptoms are the result of neurodegeneration in the primary motor cortex, and
include weakness, spasticity, and increased deep tendon reflexes. Lower motor neuron symptoms are
the result of neurodegeneration in the spinal cord and include fasciculations (abnormal electrical activity
in the muscle fascicle layer), atrophy, and weakness.

In many cases of ALS, either upper motor neuron signs or lower motor neuron signs are seen as the
predominant clinical symptoms associated with the disease. Indeed, many patients with primary lateral
sclerosis only display upper motor neuron signs, failing to meet the criteria for a diagnosis of ALS, but
displaying many of the symptoms. Conversely, patients with progressive muscular atrophy or flail arm
syndrome tend to predominantly show lower motor neuron signs, with little to no upper motor neuron
involvement. However, all of these diseases fit within a spectrum of neurodegeneration related to ALS,
and these phenotypes can commonly be seen as the onset of ALS symptoms. The level of neuronal
involvement in the disease has been shown to correlate to the severity of symptoms.



Location of onset, age of onset, and disease progression

Multiple different sites of origin are demonstrated within clinical ALS, and have variability relating to the
specific variant of ALS the patient is affected with. As previously stated for example, C9orf72
hexanucelotide repeat expansions tend to correlate with bulbar symptoms as the site of onset.
Alternatively, causative mutations in VAPB tend to correlate with onset in any of the limbs (Li and Wu
2016).

Age of onset is also highly variable between and within disease variants. For example, several familial
ALS variants display a juvenile progression, such as ALS associated with mutations in SETX and SPG11.
This is directly in contrast to classical ALS with an adult onset in the 5™-6™ decade of life.

Time course of disease progressions displays significant phenotypic variability as well, between and
within variants. Certain mutations in SOD1 have been seen to correlate to a rapid progression, such as
the A4V variant commonly seen in North America. In contrast, other variants display a slow progression,
as seen in cases associated with VAPB or OPTN mutations (Li and Wu 2016).

Diagnostic Criteria

Two different major diagnostic criteria systems have been established in the diagnosis of ALS over the
last several decades. The most commonly used diagnostic criteria include the El Escorial criteria
established in 1990, which was revised in 2000 to become the revised El Escorial criteria, and more
recently the Awaji criteria, established in 2008.

El Escorial Criteria

Established in 1990 by a committee of neurologists in El Escorial, Spain, the El Escorial criteria were
considered the essential features in patients that would lead to a diagnosis of ALS (Brooks 1994).

The necessary clinical features for a diagnosis of ALS via the El Escorial criteria include: presence of
lower motor neuron signs by clinical, electrophysiological, or neuropathological examination, the
presence of upper motor neuron signs by clinical examination, and progressive spread of symptoms
within muscle groups or to other regions. In addition, diagnosis necessitates lack of evidence supporting
other disease process that can explain the presence of electrophysiological or neuropathological
findings and neurological imaging that lacks evidence of other disease processes. In the process of
diagnosing ALS, an examination of medical history, physical analysis of the patient, and neurological or
electrophysiological analyses to confirm lower motor neuron signs will be performed early in the
process of the diagnosis. Further studies to determine ALS will include neuroimaging studies to identify
patterns of degeneration, clinical laboratory examinations to rule out other disease processes, and
neuropathological examinations to determine motor neuron involvement and location of involvement. If
early studies suggest the presence of clinical ALS on any of the defined levels (suspected, possible,
probable, and definite ALS), a follow-up examination should be performed after at least 6 months to
establish progression of the disease.

In the diagnosis of ALS, upper motor neuron and lower motor neuron signs can occur in any of the 4
spinal cord regions; bulbar, cervical, thoracic, and lumbrosacral. In diagnosing the presence of lower
motor neuron involvement, symptoms of weakness, atrophy, and fasciculations, irregular electrical
activity leading to contractions in the fascicle. In diagnosing upper motor neuron symptoms, the



presence of abnormal reflexes, repeated and rhythmic muscular contractions, and spastic tone are
clinical features suggesting upper motor neuron involvement. Spread of symptoms between vertical
regions of the body can be best used to establish progression, as lateral spread of the disease may not
indicate the involvement of any new neuronal tissues.

Within the El Escorial criteria, 4 different diagnoses are available: suspected, possible, probable, and
definite ALS. A diagnosis of suspected ALS is based on the presence of only lower motor neuron clinical
symptoms in two or more affected regions. Possible ALS is the diagnosis given to patients who
demonstrate upper and lower motor neuron involvement in only one region, display only upper motor
neuron signs in two or more regions, or when lower motor neuron signs occur in muscle groups closer to
the front of the body than the location of upper motor neuron signs. Probable ALS requires involvement
of upper and lower motor neuron signs in at least 2 different affected regions. Definite ALS has the most
stringent criteria, and requires presence of upper and lower motor neuron symptoms in the bulbar
region and at least two other regions, or the presence of upper and lower motor neuron involvement in
3 different spinal cord regions. In addition,, diagnoses of ALS can be differentiated into familial and
sporadic by the presence of familial involvement, and can also co-exist with other disorders, or occur
with only motor neuron involvement, leading to diagnoses of: sporadic ALS in patients with no other
comorbid disorders, coexistent sporadic ALS if seen with other neurological symptoms, ALS-linked
disorders occur when disease progression leads to other abnormalities, and based on genetic and
epidemiological differences into variants of ALS.

Revised El Escorial Criteria

In revising the El Escorial criteria, limited changes were made to the diagnostic process, but with the
progression of diagnostic and imaging techniques, have been made slightly more stringent, while
expanding the range of disease diagnoses (Brooks et al 2000).

While the initial diagnostic criteria have been unchanged in this revision, it has now been established
that the presence of upper and lower motor neuron involvement must be demonstrated. In addition, a
diagnosis of Clinically Probable- Laboratory Supported ALS was added for patients who demonstrate
involvement of upper and lower motor neuron involvement in only one region, or patients who
demonstrate upper motor neuron involvement in one region with lower motor neuron symptoms in two
regions, and available laboratory and imaging studies have been performed to exclude diagnosis of
related disorders. At the same time, the recognition that ALS can be associated with multiple other
disorders was made, leading to the establishment of ALS-Plus diagnoses to explain patients with
extrapyramidal involvement and patients with comorbid frontotemporal dementia, as examples of
possible ALS-Plus disorders. ALS-Mimic syndromes were also discussed, which include diseases that
match some of the clinical phenotypic characteristics of ALS and may lead to a misdiagnosis. For patients
with suspected ALS and laboratory results indicating abnormalities in motor neuronal function and
innervation patterns that are not distinct to ALS, a diagnosis of ALS with Laboratory Abnormalities of
Uncertain Significance was established.

Awaji Criteria

The Awaiji criteria for establishing clinical ALS were determined in 2006 at a consensus symposium held
on Awaji Island in Japan, from which the diagnostic criteria have derived their name. During this
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symposium, the previously established El Escorial Criteria were reviewed point by point, and comments
were generated (de Carvalho et al 2008).

The most significant change proposed during the Awaji symposium was the concept that needle
electromyography (EMG) results should be accepted with the same diagnostic value as clinical
examinations that demonstrate the presence of neurogenic changes. The expected result of this change
is to allow for earlier detection of single limb involvement, which may allow for earlier diagnosis in
clinical ALS patients. This also led to the removal of the diagnostic criteria Clinically Probably ALS
Laboratory Supported, with the inclusion of needle EMG data in diagnosis this category becomes
essentially non-existent.

When performing needle EMG on patients, it was also decided that presence of detectable
fasciculations should hold the same value as the presence of fibrillations. However, these only hold
value in cases of clinically probable ALS, as fasciculations can occur in normal muscles. In addition, the
symptoms of unstable motor unit potentials which can be detected via needle EMG as changes in the
firing of motor units.

In addition, this conference noted the difficulty in diagnosing the presence of upper motor neuron
symptoms. While available techniques, such as central motor conduction time tests and the triple
stimulation method, a variation of motor conduction tests that involves transcranial magnetic
stimulation, and induces 2 impulses simultaneously to determine the presence of abnormal
conductance patterns (Magistris et al 1999), have been shown to have some success in facilitating the
diagnosis of upper motor neuron symptoms, the development of new techniques is needed, and further
analysis of currently available techniques is suggested.

Further Steps

While the El Escorial and Awaji criteria allow for the successful diagnosis of many ALS patients, the
sensitivity of the Awaji criteria is currently suggested to be around 60%, while the sensitivity of the El
Escorial criteria is seen to be about 45% (Geevasinga et al 2016). While neither of these provide the
necessary sensitivity to diagnose all affected patients, they do provide clinical diagnostic value for the
determination of diagnoses of ALS versus other neurodegenerative disorders. With advancements in
genetic techniques, genetic material isolated from patients can be analyzed to look for changes in one of
multiple causative genes associated with ALS to aid in confirmation of the diagnosis. However, almost all
researchers will agree that the diagnostic criteria need to be further studied, further revised, and will
require the creation of new diagnostic techniques and possibly the implementation of new diagnostic
criteria to allow for identification of all cases of ALS and ALS with associated disorders (Agosta et al
2015).

The necessity for a more sensitive criteria is one of the most crucial steps in further expanding the
clinical spectrum of ALS and neurodegenerative diseases in this author’s opinion. While criteria with a
sensitivity of approximately 70% is acceptable for a rare disease such as ALS, a major goal of research
should be to determine if changes to these criteria can improve the sensitivity of the test without
decreasing the specificity and creating even more overlap in diagnostic criteria for neurodegenerative
diseases, such that we can gain new insights by identifying new rare variants.
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In addition, a major goal should be the development of clinical criteria that can allow for early diagnosis
of ALS, as many studies have generated results demonstrating that earlier intervention and treatment
can decrease severity of symptoms in both patients and mice (Riviere et al 1998; Li et al 2015). Thus, one
of the goals of ALS research should be determining useful early clinical biomarkers in patients affected
patients, or in persons who would be suspected to be affected, such as those children of affected ALS
patients in familial ALS cases.

ALS Functional Rating Scale

The ALS Functional Rating Scale provides a rating of remaining motor function for patients,
based on 12 factors, each assigned a rating between 0 and 4 (ACTS 1996) This rating scale is used to
evaluate the decline of motor function over time, and has been shown to provide clinical predictive
value in determining the progression and likely death of patients. A table of the rating system can be
seen below.

In 1999, one of the research groups involved in the clinical assessment of the ALS functional
rating scale released a set of revised criteria for the functional rating of ALS symptoms (Cedarbaum et al
1999). The revised rating scale included three new symptoms expanded from the “Breathing” rating
component of the original scale. These three new factors can be seen in the table below as well; these
have been italicized for differentiation as part of the revised scale rather than classical scale.

Factors | Rating 0 1 2 3 4
1 Speech Loss of useful Speech Intelligible Detectable speech Normal
speech combined with | with repeating | disturbance speech
non-vocal processes
communication
2 Salivation Marked Marked excess | moderately Slight but definite excess | Normal
drooling; of saliva with excessive of saliva in mouth; may
requires some drooling | saliva; may have nighttime drooling
constant tissue have minimal
or handkerchief drooling
3 Swallowing | NPO Needs Dietary Early eating problems-- Normal
(exclusively supplemental consistency occasional choking eating
parenteral or tube feeding changes habits
enteral feeding)
4 Handwriting | Unable to grip Able to grip Not all words Slow or sloppy; all words | Normal
pen pen but unable | are legible are legible
to write
5a Cutting food | Needs to be fed | Food must be Can cut most Somewhat slow and Normal
and cut by food, although | clumsy; no help needed
handling someone, but clumsy and
utensils can still feed slow; some
(without slowly help needed
gastronomy)
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5b Cutting food | Unable to Provides Some help Clumsy but able to Normal
and perform any minimal needed with perform all
handling aspect of the assistance to closures and manipulations
utensils task caregiver fasteners independently
(with
gastronomy)
6 Dressing Total Needs Intermittent Independent and Normal
and hygiene | dependence attendant for assistance or complete self-care with function
self-care substitute effort or decreased
methods efficiency
7 Turning in Helpless Can initiate, Can turn alone | Somewhat slow and Normal
bed and but not turn or | or adjust clumsy; no help needed
adjusting adjust sheets sheets, but
bed clothes alone with great
difficulty
8 Walking No purposeful Non- Walks with Early ambulation Normal
leg movement | ambulatory assistance difficulties
functional
movement
9 Climbing Cannot do Needs Mild Slow Normal
stairs assistance unsteadiness
or fatigue
10 Breathing Ventilator Intermittent Shortness of Shortness of breath with | Normal
dependent ventilatory breath atrest | minimal exertion
assistance
required
R10 Dyspnea Significant Occurs at rest, | Occurs with Occurs when walking None
difficulty, difficulty one or more of
considering breathing the following:
using when either eating,
mechanical sitting or lying | bathing,
respiratory dressing
support
R11 Orthopnea Unable to sleep | Can only sleep | Needs extra Some difficulty sleeping | None
when sitting up | pillows in at night due to shortness
order to sleep | of breath, does not
(more than routinely use more than
two) two pillows
R12 Respiratory | Invasive Continuous use | Continuous Intermittent use of BiPAP | None
Insufficiency | mechanical of BiPAP during | use of BiPAP
venitlation by the night and during the
intubation or day night
tracheotomy

Table 1: The ALSFRS (ALS Functional Rating Scale) and ALSFRS-R (Revised ALS Functional Rating Scale)
criteria for the evaluation of neurodegenerative decline in ALS patients. Clinically, these scales have
proven to be valuable predictors of the time course of the disease, and provide clinicians a means for
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determining necessary associated care and management of symptoms, as well as allowing for
determination of when to perform drastic procedures, such as full-time respiratory ventilation and end
of life support.

Treatment

While ALS is an incurable disease, there have been many attempts to generate treatments that would
improve the lifespan of patients, or that would alter the progression of symptoms to allow patients to
exist with a more normal quality of life for extended periods of time compared to the absence of
treatment.

Currently, the only approved molecular therapy for the treatment of ALS is administration of riluzole.
Treatment of ALS with riluzole was approved in the United States in 1995 after a double-blind placebo
controlled study demonstrated increased survival in patients treated with riluzole compared to control
(Benisom et al 1994; Hugon J 1996; Petrov et al 2017). In this study, after 1 year, 74% of patients
receiving riluzole were still alive versus placebo. The calculated survival advantage for riluzole treated
patients was 49% versus 37% in placebo treated patients, indicating an increase in survival for patients
treated with riluzole. In addition, treatment of transgenic mice with riluzole has shown similar efficacy
as in that of human patients (Gurney 1997). Despite this, the efficacy of riluzole is still limited. Data from
clinical trials suggested a 16% improvement in survival in ALS patients, which is limited as best. As the
average disease progression ranges anywhere from 1-5 years, this amounts to an increased life
expectancy of 2-10 months, which while significant, is a somewhat limited extension in lifespan for the
patients. Functionally, riluzole acts as a neuroprotective compound via anti-glutamatergic effects (Doble
1996).

In the years since the approval of riluzole, over 60 compounds have been evaluated for clinical efficacy
in large clinical trials. Of these, none have displayed clinical efficacy in the treatment of ALS (Petrov et al
2017).

Of the many compounds that have been developed, few have displayed clinical efficacy on the primary
endpoint of the study, which in most cases is to improve the lifespan of patients. Edaravone, a
compound possessing free-radical scavenging and anti-oxidative properties has displayed some success
in clinical trials, though this drug once again did not demonstrate efficacy versus placebo for the full ALS
population studied, but may provide efficacy in specific patient populations, specifically those who
display increased levels of free radical species (Tanaka et al 2016).

Masitinib is a receptor tyrosine kinase inhibitor which in ALS SOD1 G93A mice has been demonstrated to
improve life span and decrease symptoms in mice that had already reached end-stage paralysis (Trias et
al 2016). Currently, a Phase 3 clinical trial is underway to evaluate the clinical efficacy of masitinib in the
treatment of ALS, with preliminary analysis of results halfway through the study suggesting clinical
efficacy in improving the ALSFRS-R rating in treated patients versus placebo. In addition, the inclusion
criteria for the study are significantly broader than many, indicating that the study designer’s suspect
this treatment may be effective for a large number of affected ALS patients, as normally, inclusion
criteria for ALS clinical trials tend to be limited based on genetic differences. The pending final results of
this study are very interesting, as the efficacy of the drug was not expected to be seen in mice, let alone
humans, and does not seem to target any of the involved or implicated proteins in the progression of
ALS, which will certainly make understanding the mechanism of action of the drug in reducing symptoms
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of ALS an area of research importance for many years to come, particularly if the results of the Phase 3
study end in approval of the drug for treatment.

Treatment with mesenchymal stem cells has also been suggested as a possible therapy for modulation
of ALS symptoms. Transplantation of human motor neurons generated from mesenchymal stem cells
into the meningeal spaces of the spinal cord has shown efficacy in mice, resulting in delayed onset of
symptoms and increased lifespan, both of which were statistically significant (Lee et al 2014). Early
clinical trials have suggested that this form of therapy may provide beneficial results. Two Phase | clinical
trials were conducted in 2012 and demonstrated safety and efficacy of mesenchymal stem cell
transplant and injection into the lumbar tracts of patients, with no adverse side effects noted (Riley et al
2012; Glass et al 2012). A second study looking at the safety of intraspinal injection was also performed
in 2014, with similar results documented (Feldman et al 2014). In a phase one clinical trial, 6 end stage
patients were randomized, and 3 injected with mesenchymal stem cells unilaterally, while the other
three were injected bilaterally in the lumbar cord tract (Mazzini et al 2015). Two of the patients in the
study displayed increases in their ALSFRS-R score, with a third displaying increased motor response and
coordination in the tibialis anterior. This stage | trial demonstrated some clinical efficacy in the
treatment of ALS patients with mesenchymal stem cells. In a second stage I/la study performed in 2017,
injection of 26 patients with bone marrow derived mesenchymal stem cells was performed (Sykova et al
2017). In this study, many patients reported adverse events of a severe headache following injection.
However, functional improvements in several ALSFRS-R categories was noted in patients, which lasted
for 6 months after improvement began (a total of 9 months from injection to functional decline).

It will be interesting to see the development of Stage Il and Stage Il clinical trials looking at the efficacy
of mesenchymal stem cell injection, as this appears to be a potentially very useful therapeutic
technique. With the death of neurons being the ultimate pathology of ALS, if these could be replaced
with the use of mesenchymal stem cells, it would seem that the symptoms of the disease could be
ablated. The modest effects seen in clinical trials so far are likely indicative of the continued progression
of the disease, making it likely that in patients where this treatment is given, continued injections every
3-6 months would be necessary to see continued improvement in patients.

Recently, in a transgenic line of ALS mice, expressing human mutant G93A SOD1, researchers have
demonstrated that administration of a PET imaging compound Cu"(atsm) which results in the release of
copper from tissues with damaged mitochondria has shown success in preventing the development of
symptoms and extending quality and length of life. Mice expressing SOD1 mutations tend to have SOD1
that is deficient in copper, though available research has not made this mechanism clear; while
treatment with Cu"(atsm) has been shown to increase the expression of mutant SOD1 (Roberts et al
2014), it also results in excess copper for SOD1 to bind which theoretically increases reactive oxygen
species scavenging. In addition, if administered to mice from birth onward, survival of SOD1 G93A mice
was extended to over 600 days of asymptomatic life, significantly longer than the expected 70-90 days
for onset in untreated controls, and controls where treatment was stopped 21 days post-natal (Hilton et
al 2017).

End of life care and support is particularly necessary in ALS patients. Typically, as progression of the
disease continues and motor function is lost, the patient needs more and more specialized care from a
team of physicians, nurses, hospice workers, and will often require in-home care. As patients decline,
they will begin to need help with everyday tasks such as getting dressed, maintaining personal hygiene,
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feeding oneself, and even breathing. All of these can be supported with the use of in-home, in-hospital,
or in-hospice care. In addition, as the patient declines, they will be more than likely need to attend
additional physician visits to monitor their progression. All will necessitate the patient to acquire
assistance, likely in the form of a private nurse, or in end stage disease hospice care. It may also be
necessary for ventilation or intubation of patients to occur to provide mechanical support for respiration
and physical support for feeding (Soriani and Desnuelle 2017).

For the treatment of C9orf72 hexanucleotide repeat expansion associated ALS with FTD, one specific
treatment options may someday be available, having shown significant efficacy in mice. Antisense
oligonucleotide ablation of repeat expanded RNA in mice transgenically expressing GGGGCC repeat
expanded C9orf72 has shown significant efficacy in reducing the formation of RNA containing inclusions,
commonly referred to as RNA foci, and dipeptide repeat protein containing inclusions, two of the most
common histopathological features of C9orf72 linked ALS with FTD (Jiang et al 2016). In addition,
treatment ameliorated behavioral deficits, but with limited effect on motor neuropathy. This is likely
due to the fact that dipeptide repeat inclusions are seen more commonly in the neurons of the cerebral
cortex than spinal cord, and may play a larger role in determining FTD pathogenesis than ALS
pathogenesis in the combined phenotype.

ALS1 (SOD1):

SOD1 encodes the protein Copper/Zinc Superoxide dismutase 1, which is involved in the
conversion of the superoxide radical (O2’) into hydrogen peroxide. This results in the conversion of a
dangerous free radical ion into a more stable molecule which can then be further metabolized by the
body into water. Superoxide is formed as a byproduct of oxidative metabolism and this conversion is
necessary to prevent oxidative damage from occurring to the cells. Because of this metabolic role, SOD1
is associated with the mitochondria, and has been seen to interact with anti-apoptotic proteins such as
BCL-2 (Pedrini 2010).

Mutations in SOD1 were first identified as causative of ALS by analysis of DNA from 18 familial ALS cases.
All cases analyzed showed mutations that could be traced back to the locus of chromosome 21q that is
known to be the position of ALS, and further analysis showed all ALS patients from these 18 families
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Figure 4: Left) Distribution of mutations in SOD1 associated with ALS (Valentine et al 2005). Right) Commonly used SOD1
mutations in mouse models of ALS and the characteristics of the mice (Leitner et al 2009).
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carried mutations in the SOD1 gene (Rosen et al 1993). Further analysis throughout the past 20 plus
years has shown over 160 variations in the SOD1 gene, all causative of ALS. These mutations can be seen
in the figure below (Figure 1). As can be seen, the mutations are spread throughout the entirety of the
protein, with no clustering, and a variety of different mutations: nonsense and missense mostly with
many partially conserved mutations. The number and distribution of mutations seen in SOD1 result in
markedly different severities of disease and progression. For example, the A4V mutation is the most
common in North America, and results in an aggressive and fast progressing form of ALS that commonly
leads to death within 1-3 years (Cudkowicz et al 1997). In contrast, the D90A mutation results in a mild
form of ALS with a typical progression course of around 10 years (Andersen 1996). Because of the
heterogeneity of disease phenotypes, it was important to determine what kind of effect mutations in
SOD1 had on the wild type protein. Mutations in SOD1 appear to cause a toxic gain of function, as first
elucidated by Gurney et al 1994, who expressed human G93A SOD1 in mice at high levels, and
demonstrated an ALS phenotypes. This result was later reinforced when SOD1 knockout mice showed
no decreased survival relative to wild type, but mice with a G85R mutation (see Figure 2) in SOD1
showed decreased survival times relative to wild type (Bruijn et al 1998). Another important observation
was the presence of wild-type SOD1 in plaques composed largely of mutant SOD1, indicating a possible
dominant negative gain of function for the mutant SOD1 protein. A dominant negative gain of function
could lead to conscription of wild type SOD1 into plaques via interactions with mutant SOD1.

Two of the most commonly used ALS mouse models include the G93A and G85R mutants, which
are transgenic mice expressing human SOD1 mutations. The details of these two mouse lines can be
seen in Figure 2. The G85R model follows the most classical ALS progression, with a long time course to
disease onset, and a quick disease progression. The G93A model is one of the most commonly used due
to the quick timeframe in which symptoms develop relative to other models. Both display classical ALS
symptoms: muscle weakness, dysphagia (difficulty eating), and histologically show protein inclusions
common to ALS. However, of these two commonly used models, the G85R SOD1 mouse is likely the
more appropriate model to use, as this more closely follows the clinical features of ALS and a timeframe
more similar to human disease.

Current research into SOD1 mediated ALS is looking at protein misfolding. Protein misfolding is
thought to play a role in the formation of SOD1 containing inclusions, and recent research has posited
the idea of using protein chaperones to ameliorate the effects of the disease. In fact, work by Novoselov
et al (2013), demonstrated that overexpression of HSJ1a, a member of the Hsps40 protein family was
capable of increasing neuronal survival and performance in late stage G93A ALS model mice. This result
has recently been seen in the G85R mouse model as well, by overexpressing Hsp110, another protein
chaperone (Nagy et al 2016). This new area of research has provided the potential for a therapeutic
target; if protein misfolding is causative of SOD1 mediated ALS, then overexpression of protein
chaperones should help decrease misfolding and lead to increased survival. Other areas of current
research are looking at the interactions between SOD1 and the mitochondria, as well as pro and anti-
apoptotic proteins, seeing if the interactions between SOD1 and these proteins influence integrity of the
mitochondrial membrane and possibly lead to cell death through an incorrectly triggered apoptotic
pathway (Pickles et al 2016). New mutations in SOD1 are still being discovered as well (Hayashi et al
2016). The involvement of SOD1 in the reactive gliosis seen in ALS is also currently a subject of intense
study (Madji Hounoum et al 2017), and in addition, many groups are hoping to establish the functional
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role that different SOD1 mutations exert on disease progression (Srinivasan et al 2017, Keskin et al 2017,
Abdolvahabi et al 2017).

ALS10 (TARDBP):
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appear as well, many without a functional domain necessary for TDP43’s exon skipping function. Initial
functional analysis performed by Ou et al demonstrated that TDP-43 was functionally incapable of
binding to RNA; more recent studies have questioned this result. In vivo, TARDBP has been shown to be
capable of binding both DNA and RNA targets, and appears to play a central role in the processing of at
least some RNA targets. TDP-43 has a high affinity for DNA and RNA transcripts containing multiple TG
(UG) direpeats, and generally appears to interact well with RNA and DNA that have repeated elements
(Buratti and Baralle 2001). One notable target of TDP-43 is the Cystic Fibrosis Transmembrane Receptor
(CFTR) transcript. Binding of TDP-43 induces skipping of exon 9, which produces a non-functional CFTR
protein, and this RNA processing may be a vital step in the development of CF by affected individuals
(Buratti and Baralle 2001). TDP-43 may also be involved in the formation of stress granules, intracellular
vesicle like structures that sequester RNA transcripts and free ribosomal components to prevent
translation during periods of cellular stress, such as if levels of amino acid charged tRNA molecules for
use in translation falls too low (Ling et al 2013). The functional roles of TDP-43 in the maintenance of
RNA processing and transcriptional/translational dynamics can be seen in Figure 5. Even more recent
research has demonstrated an interaction between TDP-43 and C90rf72, another protein where genetic
alterations have been implicated as causative of ALS. Ishiguro et al (2016) demonstrated that TDP-43 is
capable of binding and transporting G-quadruplex containing mRNA’s from the nucleus in the cell body
to the length of the dendrites where these proteins can be locally transported and provide the expected
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function. C9orf72 is one such G-quadruplex RNA that TDP-43 is capable of binding and transporting, and
is heavily implicated in the progression of ALS with FTD. One final emerging function of TDP-43 is
protection from incorporation of cryptic exons into RNA transcripts. Cryptic exons are small, intronic
DNA sequences which occasionally can be improperly inserted into the RNA transcript of a protein
(Zhang 2007). This function was lost when TDP-43 was knocked out in mice, and led to an increase in
cryptic exons present in RNA transcripts, resulting in incorrect translation, and leading to increased
nonsense mediated decay of RNA transcripts (Ling et al 2015).

TDP-43 was first identified as potentially causative of ALS in 2006 through the work of Neumann
et al. This group discovered that the major component of protein inclusions in ALS is an ubiquitinated,
cleaved, misfolded, and hyperphosphorylated version of TDP-43, though wild-type TDP-43 was also
found to be present within these protein inclusions (Neumann et al 2006). This hyperphosphorylated
ubiquitinated TDP-43 protein has since been reported to be present in protein inclusions in upwards of
97% of all sporadic ALS cases (Ling et al 2015)

TDP-43 has a unique gene structure which can be seen in Figure 6. This gene includes many
expected elements for a DNA/RNA binding protein, such as the presence of a nuclear localization and
export signal, and two RNA recognition motifs. However, TDP-43 also includes a glycine rich region,
which is commonly referred to as a “prion-like region.”
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Figure 6: The gene structure of TARDBP. There are 5 main regions. L) Nuclear Localization. RRM1) RNA Recognition Motif

1. RRM2) RNA Recognition Motif 2. E) Nuclear Export Signal. Glycine Rich Region) Prion-like domain.

(Lagier-Tourenne et al 2012)
The mutations tend to cluster in the glycine rich region (prion like), which has led to the development of
the “Prion Hypothesis of ALS” (Lee and Kim 2015), though increased research and new results are
leading thoughts away from this direction. The Prion Hypothesis of ALS essentially states that mutations
in the prion like region of the TDP-43 protein leads the protein to act more prion like, demonstrating a
propensity to bind and sequester wild type TDP-43 in insoluble plaques, while also demonstrating some
ability to misfold wild type TDP-43, which allows for further disease progression. In addition, prions have
been shown to propagate between cells; in patients with TDP-43 mutations causative of ALS, a similar
spread of proteins between healthy cells and damaged or dying cells has been observed. Much of this
thought is based on two facts: the glycine rich region of TDP-43 does indeed have many sequence and
structural similarities with prion proteins, and the presence of wild-type TDP-43 in TDP-43 protein
inclusions. Based on this, the Prion Hypothesis was developed to explain the presence of wild-type TDP-
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43 in the protein inclusions, though many other simpler mechanisms, such as a dominant negative
mechanism whereby mutant TDP-43 monomers can interact and sequester wild-type TDP-43 proteins.
The prion-like region of TDP-43 indeed appears to have significant functional importance, as deletion of
the Prion domain lead to a 90% reduction in CFTR exon 9 skipping in one study (Wang et al 2004),
indicating that this region may itself be important in either selecting RNA for binding or in the process of
binding splicing machinery.

Attempts have been made to generate TDP-43 transgenic mice for use in research, with several
models having successfully mimicked human ALS, such as the one used by Wegorzewska et al (2009).
This mouse model develops TDP-43 staining protein inclusions and also appears to develop symptoms
similar to those seen in affected humans with ALS, including degeneration of motor neurons in both the
upper and lower CNS, and can also replicate the symptoms of ALS with FTD in some cases, where some
transgenic mice appear to have markedly worse maze tests than others. TDP-43 in these mice also
appears to delocalize from the nucleus as is seen in ALS, making this a useful model. Other models have
been unsuccessful, leading to difficulty in continuing research, largely due to the self-regulatory actions
of TDP-43. The presence of elevated levels of wild type TDP-43 is enough to lead to discontinuation of
TDP-43 mRNA production, which can lead to difficulty in generating the protein plaques seen in ALS. The
major issue associated with the use of almost all available TDP-43 transgenic mouse models has to do
with the fact that these mice overexpress TDP-43, either endogenous or human mutant, and this over-
expression does not mimic the normal conditions of the disease, and while almost all cases develop
associated TDP-43 pathologies including cytoplasmic inclusions, very few of the mice develop the clinical
symptoms of ALS (Phillips and Rothstein 2015). Transgenic knockout of TDP-43 in mice models leads to
embryonic lethality (Sephton et al 2010).

Recently, it has been demonstrated that mutant TDP-43 mislocalizes and aggregation in the
mitochondria, where it exerted effects such as binding mitochondrial mRNA involved in generation of
complex I, leading to complex | dysfunction, and general mitochondrial dysfunction (Wang et al 2016).
By abolishing the ability of TDP-43 to enter the mitochondria, neuronal loss in TDP-43 transgenic mice
was diminished, mitochondrial dysfunction was decreased, and the phenotype of the mice was
significantly improved.

Current research is studying the effects of different isoforms of TDP-43 and seeing what effects
these isoforms have- forms lacking the prion domain do not have the ability to cause exon skipping, but
can bind RNA, meaning they likely have an effect on binding and regulating RNAs through some other
mechanism, possibly exon stabilization, RNA transport, or binding to the 3'UTR of specific mRNAs
(D’alton et al 2015, Caccamo et al 2015). Other research is examining the interaction between C9orf72
and TDP-43, which have recently been shown to interact, and it has been suggested that TDP-43 may
transport C9orf72 the length of the axon to where it is transcribed (Ishiguro et al 2016), which would
provide a link between the presence of TDP-43 in protein inclusions even in ALS cases without TARDBP
mutations. Indeed, in many cases of TDP-43 proteinopathy associated with ALS, there is no mutation in
TARDBP, but there may be mutations or changes in other ALS causative genes. In particular, C9orf72
hexanucelotide expansions, which will be discussed in detail later, are commonly associated with TDP-43
proteinopathy and the presence of TDP-43 protein inclusions.
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ALS6 (FUS/TLS):

FUS/TLS (Fused in
Sarcoma/ Translocated in
Liposarcoma) is a protein that
belongs to a unique class of
DNA/RNA binding proteins that
is able to function at all stages
of gene expression, from
transcription through
translation (Sama et al 2014).
FUS/TLS was first identified as
a part of fusion protein in
various sarcomas and
liposarcomas. In cancer, the N-
terminal domain of FUS is
fused with the C-terminus of
an endogenous DNA binding
factor, leading to excessive
transcriptional activation and
issues with RNA processing
(Crozat et al 1993, Rabbitts et
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Figure 7: While TDP-43 and FUS/TLS have similar functions in the processing and
maintenance of DNA and RNA, when comparing the two proteins, it is evident
that they have little overlap in terms of RNA that the individual proteins are
capable of processing. As can be seen, when knockdown of TDP-43 or FUS occurs,
approximately 300 RNA targets are downregulated. Between these pools of RNA
that are downregulated, 45 are the same between TDP-43 depletion and FUS
depletion. (Ling et al 2013).

al 1993). FUS appears to have many wild type functions in vivo, which can be seen in Figure 5, the first
and foremost of which is directly binding to DNA. By directly binding to DNA, FUS appears to play a role
in DNA repair by aiding in pairing of homologous single stranded DNA (Baechtold et al 1999), as well as
by aiding in D-loop formation, structures similar to telomeres which mark sites of damage in DNA
(Takahama et al 2009). The N-terminal domain appears to be involved in protein dimerization and the
initiation of transcription, one of the most important functions of FUS (Yang et al 2014). As a role in
transcriptional processing, FUS is involved in the selection of the adenylation site of the transcript and
can use alternate adenylation sites to create alternate transcripts (Masuda et al 2015). Several different
groups have demonstrated the direct ability of FUS to interact with the spliceosome components,
particularly small nuclear riboproteins, and mutations in FUS seen as causative of ALS appear to disrupt
proper spliceosome formation (Yu et al 2015). Several studies have reported the ability of FUS to bind to
the 3’UTR of many different mRNAs, and appears to be involved in affecting the stability of these
MRNAs, with knockdown mostly leading to mRNA destabilization (Udagawa et al 2015). Finally, FUS
appears to be involved in RNA translation and sequestering, with multiple groups reporting its
involvement in transporting mRNA the length of the axon, and the presence of FUS in stress granules.
Due to its involvement in RNA processing, FUS is primarily located in the nucleus. FUS proteins have
been shown to bind to a specific GUGGU motif in RNA (Lagier-Tourenne et al 2012).

As can be seen in Figure 5, FUS and TDP-43 both have a variety of shared functions in RNA processing
and transcriptional/translational control. This led researchers to determine which RNA targets are
downregulated by the knockdown of either FUS or TDP-43. The results of these knockdowns can be seen
in Figure 7. Ultimately, an analysis of multiple TDP-43 and FUS knockdown experiments demonstrated a
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knockdown of approximately 300 RNA targets when either was depleted, of which 45 of these targets
were found in both knockdown pools.

While linkage to
chromosome 16 was

shown to.be associated l l‘ - l l “ l ‘ ﬁ—,[‘]

with ALS in 2003 (Sapp | mmu ' j oy
et al 2003), mutations

in FUS/TLS were first Pricndbe doman
identified as causative R A S
of ALS in 2009 by

Kwiatkowski et al. .
Mutations appear to be e 1
spread throughout the ‘

entire protein, with a

§10 526

few areas of clustering. Figure 8: Gene structure of FUS/TLS showing the different domains and sites of common
As can be seen in Figure mutations causative of ALS. Q/G/S/Y Region) Prion-like. N-terminal domain. G-rich region)
8, the majority of the Glycine rich region, Prion-like. RRM) RNA Recognition Motif. RGG) Arg-Gly-Gly rich region.

ZNF) Zinc Finger. NES) Nuclear Export Sequence. NLS) Nuclear Localization Sequence

mutations occur in the
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C-terminal domain of

the protein, largely affecting the nuclear localization sequence (NLS) and one of the arginine rich regions
(RRG). However, similar to TDP-43, FUS contains a glycine rich region, which in tandem with the N-
terminal domain forms a prion like domain, which also has a significant number of mutations clustered
within it. The major effects of the mutations which cluster in the nuclear localization sequence would
seem to impact the localization of FUS more than the function, FUS not being localized to the nucleus in
ALS similarly to TDP-43. Mutations in the Prion-like domain affect the ability of FUS to form stress
granules (Patel et al 2015).

Several mouse models of FUS mutations have been developed. In 2012, researchers overexpressed
human FUS in mice, or expressed one of two human ALS causing FUS mutations (Verbeeck et al 2012).
Mice expressing either of the two mutants displayed the clinical features of ALS including protein
inclusions in cytoplasm of motor neurons and development of progressive motor neuropathy symptomes.
In another group overexpressing human FUS in mice led to progressive neurodegeneration and
symptoms similar to ALS including FUS proteinopathy in both motor neurons and associated glial cells
(Mitchell et al 2013). In mice expressing human FUS mutations exclusively in neuronal tissue,
aggregation of FUS protein in the spinal cord and motor neurons that was accompanied by
neurodegeneration were seen (Deikin et al 2014). Further studies have expressed FUS lacking an RNA
recognition motif, which led to the associated symptoms of FUS proteinopathy, leading to early death
often with an accompanied muscle tremor in the days leading up to death. However, neuronal loss was
not observed despite extensive FUS proteinopathy.

In general, all available data suggests that FUS mutations result in a toxic gain of function mechanism.
Using mice, FUS was either knocked out, or a mutant lacking a nuclear localization sequence was
knocked in. Both mice were embryonic lethal; however, analysis of neuronal density at death
demonstrated that FUS mutant knockin mice displayed decreased motor neuron numbers (Scekic-
Zahirovic et al 2016). Further studies have confirmed the likelihood of a toxic gain of function
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mechanism, via observations that fast axonal transport is impaired in mutant expressing cells and
aberrant activation of the p38 MAPK pathway (Sama et al 2017).

An emerging area of research in the function of FUS has to do with its ability to induce
processing of microRNAs via interactions with microRNA processing proteins (Dini Modigliani et al.
2014). Several of the mRNA that FUS targets have FUS as a target themselves, meaning that FUS has an
auto-regulatory component that has not been studied very much, but could prove insight into the effect
of levels of FUS in the cell. This autoregulatory component has led to many of the same issues in model
development as with TDP-43, whereby the levels of protein and RNA are strictly controlled to prevent
over-expression, limiting the development of disease in animal models. .

In addition, an association between FUS and mitochondrial dysfunction has been established, as FUS
containing disease causing mutations has been seen to display increased localization in the
mitochondria, which is in part regulated by the chaperone protein Hsp60 (Deng et al 2016). In cases of
two different mutation, in vitro in cultured neurons and in vivo in transgenic Drosophila, fragmentation
of the mitochondria was noted.

Rare Variants
ALS2 (Alsin):

Mutations in the gene ALS2 demonstrate an autosomal recessive inheritance pattern, and are causative
of several early onset forms of the disease, with phenotypes ranging from infantile-onset ascending
spastic paralysis to severe juvenile ALS, with the possibility of juvenile primary lateral sclerosis. The ALS2
gene encodes a guanine nucleotide exchange factor for the Rab 5 protein family, and is involved in
endosomal trafficking, as it was seen to localize to early endosomes. It is thought that these mutations
in the ASL2 gene result in a loss of function phenotype, as no evidence of any Alsin or truncated forms
could be detected in immortalized lymphoblast lines from patients with confirmed ALS2 mutations
(Yamanaka et al 2003). Mutations in this protein may lead to disease via changes in endosomal dynamics
leading to motor neuron degeneration (Otomo et al 2003). In addition, loss of Alsin function has been
associated with impaired mitochondrial dynamics, leading to fragmentation of mitochondrial
membranes and clumping of mitochondria containing vesicles (Gautam et al 2015).

Several groups have attempted to generate an ALS2 mouse model. Three groups in 2006 generated lines
of mice with an ALS2 knockout. All three groups reported that mice has subtle but noticeable defects in
neuronal development, and differences in observed phenotype are likely related to the substrains of
embryonic stem cells used in gene targeting. In Devon et al 2006, a decrease in the size of cortical
neurons was noticed, along with changes in the balance of endosomal transport in neurons, particularly
for BDNF and IGF1R proteins, which are involved in the growth and development of neuronal tissues.
This group also demonstrated that there was a significant decrease in locomotor activities in ALS2-/-
mice in a 3-minute open field test. Cai et al 2005 demonstrated that this decreased motor activity was
not significant if the timeframe of the test was expanded to 30 minutes, indicative of an increased stress
or anxiety response. In addition to this, multiple groups used the rotarod test for motor coordination,
with mixed results; Cai et al and Deng et al observed that ALS2 null mice demonstrated decreased motor
coordination compared to their wild type littermates (Cai et al 2005; D
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eng et al 2007), while Hadano et al (2005) and Devon et al (2006) observed no change in motor
coordination, possibly due to differences in conditions under which the tests were performed. The
limited motor phenotype observed in mice is likely due to the presence of a gene with a redundant
function, which limits the severity of the disease phenotype, despite the aggressive nature of ALS caused
by ALS2 mutations in humans.

ALS3:

A rare form of ALS identified in one family with linkage mapping to chromosome 18q21. This autosomal
dominant form of ALS displays a uniform clinical presentation within the affected population, with
weakness of the legs and arms, bulbar symptoms, and an average age of onset of =45. The average life
expectancy for an affected patient in this family is 5 years. This variant of ALS displays a classical clinical
phenotype, with upper and lower motor neuron involvement, and no demonstrated dementia (Hand et
al 2002). The gene that is causative of this variant of ALS has yet to be identified, and limited research
has been performed on this variant.

ALS4 (SETX)

Analysis of DNA from members of a multi-generation family with a form of juvenile onset ALS
characterized by both upper and lower motor neuron involvement and an average age of onset of 17
years led to the determination that the causative mutation for this form of ALS was presentin a
chromosomal region not previously associated with ALS: 9934 (Chance et al 1998). Further studies led to
the narrowing of the region (Blair et al 2000), before Chen et al (2004) were able to identify 3 mutations
in the SETX gene encoding the protein senataxin. Despite the early development of symptoms, the
progression of this variant of ALS is relatively mild, taking decades from onset to death; with difficulty
walking, weakness, and atrophy of small muscles of the hand and face as primary symptoms, by 40 to 50
years of age, most affected persons will be wheelchair bound. Symmetrical weakening of muscles is
commonly seen in this variant, while the involvement of bulbar symptoms is rarely seen.

Senataxin encodes a protein with homology to a yeast RNA and DNA processing protein Senlp (Moreira
et al 2004), and has been demonstrated to interact with RNA polymerase I, with knockdown of
senataxin decreasing transcription of RNA Pol Il gene targets (Suraweera et al 2009). In 2014, Fogel et al
demonstrated that in fibroblasts taken from affected ataxia-oculomotor apraxia 2 patients, a disease
also characterized by mutations in the SETX gene, that gene targets involved in neurogenesis, cell
proliferation, and synaptic transmission had altered expression levels. Mutations in SETX may result in
neuronal degeneration through dysfunction of helicase activity (Chen et al 2004), or by failing to resolve
RNA/DNA hybrids that are formed during RNA Pol Il transcription and are associated with transcriptional
termination. This may also affect poly-adneylation of RNA Pol Il transcripts, leading to a decreased
stability of these transcripts and altering their expression levels, as senataxin has previously been
demonstrated to interact with poly(A)-binding proteins 1 and 2.

ALSS (SPG11):

Mutations in the SPG11 gene, encoding the protein spatacsin, have been identified as causative of a rare
form of autosomal recessive, familial juvenile ALS. This variant is a slow progressing phenotype, with an
average age of onset of 16, and an average duration of 34 years (Orlacchio et al 2010). The presence of
both upper and lower motor neuron symptoms are seen, with distal muscle weakness and atrophy as
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the primary symptoms, with hyperreflexia and spastic gait as associated symptoms. Significant variation
is seen in the phenotypic expression of the disease in affected patients, with some expressing a rather
mild phenotype with limited upper and lower motor neuron symptoms, while others were wheelchair
bound with limited distal muscle function. In most cases, bulbar symptoms, including jaw spasticity,
poor facial muscle reflexes, and a weak tongue muscle were observed. In all patients, the Hoffman sign
is present; this involves tapping the nail or flicking the terminal phalange of the middle or ring finger to
elicit a response of flexing the terminal phalanx of the thumb. In ALS patients, this reflex is commonly
lost, or in some cases is exaggerated depending on the level of upper motor neuron versus lower motor
neuron involvement. The involvement of bulbar symptoms led to the differentiation of this condition
from spastic paraplegia, the primary condition associated with mutations in SPG11.

Spatacsin is ubiquitously expressed in neuronal tissue, with localizations to organelles such as protein
trafficking vesicles, endoplasmic reticulum, microtubules (Murmu et al 2011), and lysosomes involved in
autophagic lysosome formation via fusion with autophagosomes (Chang 2014). Recent evidence has
suggested that a loss of spastacin function leads to alterations in lysosomal storage and clearance
pathways, likely associated with autophagy defects, and that these alterations in lipid processing can
lead to both upper and lower motor neuron degeneration in a mouse model with SPG11 disrupted
(Branchu et al 2017).

ALS7:

A rare variant of ALS with linkage to chromosome 20p3, demonstrated in 1 family from Boston with
multigenerational autosomal dominant ALS. No other family with significant linkage to this region has
been identified (Sapp et al 2003). The gene in which causative mutations lie in this family have yet to be
identified.

ALSS (VAPB):

Mutations in the VAPB gene were identified as causative of ALS in a Brazilian Caucasian family in 2004 by
Nishimura et al (Nishimura et al 2004). 26 affected patients across 3 generations were examined, with
linkage mapping to chromosome 20q13.33. The average age of onset of the disease was approximately
39 years of age, with an average age of death of 49 years, indicating a 10 year progression for this
autosomal dominant variant. In most patients, both upper and lower motor neuron symptoms are seen,
though the lower motor symptoms appear more severe. Many patients presented with postural tremor,
and in multiple cases the painful muscle cramps were observed, with approximately one fifth of the
patients demonstrating bulbar involvement.

VAPB encodes the vesicle-associated membrane-protein associated protein B. Previous studies have
demonstrated localization to mitochondria associated membrane regions, specialized regions of
endoplasmic reticulum (De vos et al 2012). In mice, VAPB protein is expressed primarily in cell bodies
and dendrites of neurons, with localization to regions of the endoplasmic reticulum (Larroquette et al
2015). Over-expression results in activation of the cellular unfolded protein response designed to clear
excess proteins from the ER. Mutations in VAPB result in an insoluble protein that is localized to non-
endoplasmic reticulum cellular locations, as can be seen in Figure 9. Groups have demonstrated that
mutations in VAPB likely result in a dominant negative effect, as mutant VAPB expression limits the
ability of wild type VAPB to trigger the unfolded protein response (Kanekura et al 2006). Members of
this protein family have been demonstrated to be involved with membrane transport. Mutant VAPB
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proteins have been demonstrated to form cytoplasmic protein inclusions and ubiquitinated inclusions
which ultimately lead to cell death (Chen et al 2010), and have been demonstrated to include ER tubule
proteins (Teuling et al 2007). VAPB loss of function does not appear to be involved, as mice with loss of
VAPB mutations do not display significant motor neuron degeneration phenotypes (Kabashi et al 2013),
despite the fact that loss of function of a lipid binding domain known as a FFAT domain has been
implicated in the progression of the disease.

A-\VAPB-wt . calreticulin

Figure 9. Altered expression patterns of VAPB seen in mutant mice (Teuling et al 2007). In wild type,
VAPB is seen to be diffuse throughout the ER. When mutant VAPB is expressed, these proteins become
localized to small insoluble protein inclusions within the ER. This may alter ER dynamics and the ER
unfolded protein response triggering cellular stress.

Several groups have attempted to generate VAPB mutant ALS mice. In 2010, researchers created
transgenic mice expressing human VAPB with the P56S mutation, and demonstrated at 18 months of
age that mice expressing the human mutant developed TDP43 containing protein inclusions,
demonstrating a possible link between these two proteins (Tudor et al 2010). Studies have also
demonstrated that, in mice with ALS caused by expression of human SOD1 mutants, levels of VAPB
protein are decreased in end stage mice (Teuling et al 2007). Transgenic expression of mutant P56S
VAPB led to multiple motor abnormalities, induced ER-stress, likely via affecting the unfolded protein
response, and led to expression of pro-apoptotic proteins (Aliaga et al 2013). These mice demonstrated
corticospinal motor neuron degeneration, but limited spinal motor neuron degeneration. A third group
generated transgenic mice expressing the human mutant P56S VAPB gene with a VAPB-null genetic
background via knockin, and observed multiple important characteristics of the resulting phenotype
(Larroquette et al 2015). Cytoplasmic mislocalization of VAPB mutants was demonstrated, along with
VAPB being predominantly expressed in lower motor neurons, transport into autophagosomes, and ER
stress. Expression in predominantly lower motor neurons may explain the observation that affected
patients present with primarily lower motor symptoms and limited bulbar involvement.

The involvement of VAP proteins in lipid synthesis and transport has also been observed, with groups
identifying that VAPB is involved in sphingomyelin synthesis and transport (Kawano et al 2006, Perry and
Ridgway 2006). This has been implicated in the progression of disease, as decreased transport of
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functionally important lipids to or from the ER may lead to decreased stability of these motor neurons
and ultimately lead to cell death over a long disease course.

ALS9 (ANG):

With a plethora of research demonstrating that angiogenic factors have importance in control and
regulation of motor neuron degeneration (Lin et al 2000; Oosthuyse 2001; Azzouzz et al 2004),
Greenway et al began to examine the VEGF-related protein angiogenin, encoded by the ANG gene
(Greenway et al 2004). In follow up studies by the same group, mutations in angiogenin were confirmed
in ALS patients of Irish and Scottish heritage displaying no other mutations identified as causative of ALS
(Greenway et al 2006).

Patients with mutations in ANG present with classical signs of ALS, with distal motor weakness as the
primary symptom. Associated symptoms include stiffness with cramping, upper and lower motor neuron
signs, progressive muscle atrophy, brisk reflexes with normal sensory responses. There is large
phenotypic variability within patients affected with this variant of ALS; some patients present with
bulbar involvement, some with rapid degeneration progressing to a state of being wheelchair bound,
difficulty breathing, presence of fasciculations, and in some cases painful muscle degeneration (Wu et al
2007). This variant of the disease was noted to be incompletely penetrant, as one obligate carrier of the
mutation did not display any symptoms of ALS (Van es et al 2009), though the inheritance pattern
appears to be predominantly autosomal dominant.

ALS11 (FIG4):

ALS10 is an autosomal dominant variant of ALS characterized by mutations in FIG4, a
phosphatidylinositol phosphatase that is involved in the regulation of levels of PI(3,5)P,. Alterations in
signaling though PI(3,5)P, have been implicated in pathways associated with neurodegeneration (Chow
et al 2009, Volpicelli-Daley et al 2007). FIG4 has also been demonstrated to be involved with retrograde
endosome to trans-golgi network transport, which provides a link to the idea that an underlying issue in
the pathogenesis of ALS is a disruption of intracellular transport.

FIG4 has been associated with multiple neurodegenerative disorders including ALS; in many of these
diseases, FIG4 is found in intracellular inclusions, though in ALS associated with TDP-43 proteinopathy
and formation of TDP-43 protein inclusions, FIG4 was not immunohistochemically detected in plaques
(Chow et al 2009).

However, a line of mice known as the pale tremor (plt) mouse exists which is null for FIG4 (FIG4-/-).
Chow et al analyzed these mice in 2007 and found multiple issues. Fibroblasts, both isolated and
cultured, had vacuole-filled cytoplasm with staining for LAMP-2, a lysosomal membrane associate
protein (Chow et al 2007). This is indicative that these mice likely have an issue in the conversion of
endosomes to lysosomes, which could be a possible explanation for the accumulation. These mice were
also found to have profound motor neuron degeneration, displaying severe tremors and abnormal gait
in early development, with abnormal limb postures, impaired motor coordination, muscle weakness,
and continued abnormal gait. This ultimately culminates in juvenile death. The phenotype of these mice
can be seen in Figure 10.

The pattern of neurodegeneration seen in these mice begins with sensory and autonomic neurons in
neonatal stages. There are intermediate stages seen in this disease, with neuronal loss preceded by the
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development of vacuole filled neurons. Spinal neurons are normal at 3 weeks, but by 6 weeks display
the presence of vacuolar inclusions. Peripheral neurons display decreased diameter, myelination, and
conduction velocity (Chow et al 2007). When a human mutant FIG4 is significantly overexpressed on a
FIG4 -/- background, the mice experience dose dependent recovery of neuronal function, demonstrating
decreased neurodegeneration, rescue of autophagy function, and significantly decreased accumulation
of protein plaques containing p62 in astrocytes, which is one of the predominant features of FIG4
mutations (Lenk et al 2011). This is indicative that FIG4 mutations may result in a loss of function, or
partial loss of function for the protein; the overexpression of the protein would rescue this if partial
function is maintained by the mutants.

Figure 10: A) Chow et al (2007) Pale tremor mice displaying a “limp” phenotype; B) Lenk et al (2011)
Cytoplasmic inclusions containing p62 and LAMP2, demonstrating localization to lysosomal associated
membranes C) Ferguson et al (2009) p62/ubiquitin containing inclusions commonly seen in FIG4 mutant
associated ALS.

Chow et al 2009 first identified mutations in FIG4 as causative of ALS. The features of this variant include
a disease onset of ~55 years of age though there is significant variability in this. Approximately one
guarter of patients present with bulbar onset, another two thirds with upper and lower extremity
weakness, and approximately 5% with multiple sites of onset. In multiple examined patients, paralysis
was asymmetric. Presence of fibrillations in muscle was detected via electrophysiology. Proximal
muscles were primarily affected, asymmetrically, and no axonal length dependent affects were
observed.
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ALS12 (OPTN):

Ms 7nti»pNFH Rb anti-peripherin _— Rb anti-optineurin Mutations in optineurin were
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Figure 11. Protein inclusions staining for neurofilament subunit H (Left). Protein an important role of this

inclusions staining for peripherin, an intermediate filament (central). Protein inclusions protein in the progression of
staining for optineurin. In ALS associated with an array of different mutations (SOD1,

C90rf72, TDP-43 and FUS), inclusions stain positive for these proteins (Keller et al 2012). the disease. This can be seen in

This indicates that the functional role of optineurin may be interfered with in this disease, Figure 11.
and establishes linkages to the structural components of the neuron, indicating that
some intracellular transport pathwavs mav be interfered with bv this disease. The function of optineurin has

been described as an adapter protein, as it has a myriad of cellular protein targets it can interact with.
Optineurin inhibits NF-kB signaling, is involved in vesicle trafficking to the Golgi body via interactions
with Rab8 or microtubule associated cytoskeletal motor proteins, may play roles in mitosis via
interactions with CDK1, and has been seen to interact with Rab11 and the metabotropic glutamine
receptor 1a, which indicate a functional involvement in vesicle trafficking (Paulus and Link 2014). Loss of
optinerin in vitro leads to many functional changes in cells including increased apoptosis (Akizuki et al
2013), disruption and defects in Golgi structure and vesicle transport (Sahlender et al 2005) and
disruption of autophagy (Wild et al 2011). It is important to note that the disruptions caused by
optineurin changes all confer pathological changes to cells that have been implicated in ALS, suggesting
that the role of optineurin in the development of ALS pathology is highly important (Keller et al 2012).
This has also provided evidence that a loss of function of optineurin may be involved in the disease
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pathogenesis. In addition, loss of optineurin has been shown to lead to defective mitophagy of damaged
mitochondria, potentially providing a mechanism for apoptotic neuronal death via improper
mitochondrial disposal and cytochrome c release (Wong and Holzbaur 2014).

Alternatively, one group examining the role of ubiquitin and the ubiquitin binding domains of optineurin
in the formation of inclusion bodies in neurodegenerative diseases demonstrated that mutations in
optineurin decrease cellular autophagy responses against misfolded proteins (Shen et al 2015), which
can induce cellular stress and increase apoptosis of these cells via the ER unfolded protein response.
This provides the possibility that mutations in OPTN confer a dual loss of function and toxic gain of
function (dominant-negative) advantage to the mutated protein. A second group analyzing the
connection between OPTN mutations and autophagy identified that the ubiquitin binding domain of
optineurin allows it to act as a selective autophagy receptor, and confirmed that mutations in the
ubiquitin binding domain alter autophagy responses in the cell to poly-ubiqutinated proteins. In
addition, optineurin can act as a regulator of the ubiquitin-proteasome system (UPS); when mutated,
there is a decrease in the presence of regulatory subunits for the UPS (Ying and Yue 2016).

Links between multiple ALS-associated proteins and optineurin have been established. As shown in
Figure 11, in ALS variants characterized by mutations in SOD1, TDP-43, FUS and C90rf72, cells contain
protein inclusions that are positive for optineurin. In addition, a link between ubiquilin-2 and optineurin
has been established, with observations in vitro that mutants of ubiquillin-2 localize to Rab 11 positive
vesicles which are in part created by interactions with optineurin (Osaka et al 2015).

Recent studies have provided insight into the potential pathogenic mechanism of ALS associated with
optineurin mutations, as Nakazawa et al (2016) identified that optineurin can normally bind caspase-8,
and that mutations lead to increased TNF-a directed apoptosis (Nakazawa et al 2016). In a second study,
Ito et al (2016) demonstrated interaction of optineurin with RIPK1, a protein that has been implicated in
the induction of apoptosis and necroptosis (Ofengeim and Yuan 2013). In this study, Ito et al generated
transgenic Optn-/- mice, and observed an age-dependent decrease in the number of motor neurons in
the spinal cord (Ito et al 2016).

Clinical features of ALS caused by mutations in OPTN include a relatively short progression, similar to
classical ALS, with variation in age and location of symptom onset. In most cases, hyperreflexia is
present, with some bulbar involvement. Progressive weakening of proximal muscles has also been
observed. In patient neuronal tissue, the presence of TDP-43 positive skein-like inclusions was
commonly seen (Kamada et al 2013).

ALS13 (ATXN-2):

ATXN-2 contains a poly-glutamine repeat region that when expanded more than 33 times causes clinical
symptoms of spinocerebellar ataxia-2 (SCA-2); expansions causative of SCA-2 were first identified by
Trottier et al in 1995. Elden et al 2010 examined genetic changes that may enhance TDP-43
proteinopathy in yeast and Drosophila, and identified repeat expansions in ATXN-2 as a risk modifier for
the development of ALS. These studies demonstrated interactions between TDP-43 and ataxin-2 in an
RNA dependent manner, meaning that when TDP-43 is bound to mRNA, ataxin-2 is able to interact with
the same RNA and TDP-43. In addition observations that up-regulation of ataxin-2 led to an
enhancement of neuronal degeneration were made. Mutations that ablate the nuclear localization
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signal of TDP-43 led to interaction with ataxin-2 and formation of intense staining protein plaques,
which can be seen in Figure 12 (Elden et al 2010).

Ataxin-2

TDP-43-

MNLS

YFP

Figure 12: Elden et al (2010) Co-localization of TDP-43 with NLS mutations (yellow) and ataxin 2 (red),
demonstrating that functional changes in TDP-43 are associated with mis-localization and can lead to
interactions with other implicated ALS proteins.

It is important to note that intermediate expansion of the poly-glutamine repeat region is necessary to
confer disease risk without development of symptoms of SCA-2. Expansions of greater than 35 repeats
confer the clinical symptoms of SCA-2; expansions between 27-28 are normal; expansions in the range
of 29-33 are considered intermediate, and modify the risk of ALS development, as well as enhancing the
clinical features.

In patients with ALS, an analysis of repeat expansion in ATXN-2 demonstrated that there is a significant
increase in poly-glutamine repeat expansion between patients with ALS and control patients, implicating
the role of ataxin-2 polyQ repeat expansions as a mechanism risk modification for the development of
ALS phenotypes (Ross et al 2011).

In European populations with ALS and TDP-43 proteinopathy, a significant association was established
between ATXN-2 with 30-35 polyglutamine residue expansions and the development of ALS (Gispert et
al 2012). A second group demonstrated similar results in an Italian population (Conforti et al 2012).
Further studies have demonstrated that repeat expansions in ataxin-2 can enhance activation of
caspase-3, indicative of stress-induced apoptosis, while also leading to an increase in the levels of
hyperphosphorylated and cleaved TDP-43 fragments commonly found in protein inclusions seen in ALS.
In the same study, it was also demonstrated that activation of caspases is involved in the development
of these hyper-phosphorylated and cleaved fragments, as induction of caspase inhibitors in sample cells
led to a decrease in disease phenotype (Hart and Gitler 2012). The cellular inclusions formed in ALS
associated with ataxin-2 polyQ expansion differ morphologically from ALS without ataxin-2 polyQ
expansion; when ataxin-2 intermediate polyQ expansions are present, skein-like inclusions resembling a
roll of yarn are seen as opposed to the round Lewy-like bodies seen in ALS without ataxin-2 polyQ
expansion.

In addition to enhancing TDP-43 proteinopathy in ALS patients, repeat expansions of ATXN-2 have been
demonstrated to enhance FUS proteinopathy in ALS with FUS causative mutations. Both mis-localization
of FUS to the cytoplasm and enhanced ER stress responses were observed in the presence of
intermediate polyQ expansions in ataxin-2 (Farg et al 2013). Multiple ubiquitin ligases have been seen to
be interfered with by expansions in ATXN-2 as well, indicating that ER stress and unfolded protein
responses may be involved in the mechanism leading to cell death seen in these patients (Halbach et al
2015). Associations with C9orf72 repeat expansion and ATXN2 repeat expansion have been reported as
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well, demonstrating an interaction between these two proteins, leading to increased TDP-43
proteinopathy and enhanced neuronal death (Ciura et al 2016).

Zhang et al 2017 identified the concomitant expression of C9orf72 repeat expansions and ATXN-2 repeat
expansions in a family with combined phenotypes of ataxia, Parkinsonism, and dementia; this presents
the possibility that, when coupled with previously identified interactions between C9orf72 and ATXNZ2,
that combination of these mutations could pre-dispose patients to the development of ALS-FTD (Zhang
etal 2017).

ALS14 (VCP):

Mutations in the VCP gene encoding valosin-containing protein were first identified as causative of ALS
in 2010 (Johnson et al 2010). VCP protein appears to be an ATPase with multiple significant functions in
cells, including the ability to associate with clathrin in coated pits, which are involved in endocytosis.
Many of these functions have roles that have been implicated in the progression of disease, including
ALS. One function of VCP includes protein quality control, in which it functions to help target
ubiquitinated proteins to the proteasome and may be involved with autophagy in response to
inappropriate processing of proteins (Meyer et al 2012). In addition, VCP is essential for maintenance of
the outer mitochondrial membrane, and likely plays a crucial role in maintaining mitochondrial activity
in cells (Xu et al 2011), and recruitment to the mitochondria leads to impairment of mitophagy in
models of other neurodegenerative diseases (Guo et al 2016). Groups have also noted roles in the
biogenesis of the ER and Golgi membrane networks (Uchiyama and Kondo 2005), as VCP can act to
mediate membrane fusion, indicating a potential role in targeting as well via interactions with SNARE
proteins. Further groups have established definitive link between VCP and autophagy roles (Dai and Li
2001), and in the ubiquitin-proteasome system in which it is involved in the degradation of proteins (Ju
et al 2009). Based on all of these functions, it would appear that functionally VCP has roles in
maintaining the stability of membranes and membranous organelles, likely through an endocytic
regulatory process, or via interaction with targeting proteins that allow for correct localization of
membrane components. Thus, it would be likely that mutations in VCP alter the ability of the cell to
functionally maintain the ER, which would create cellular stress and potentially lead to apoptosis via
similar pathways as many of the other involved proteins. Alternatively, the functional role in maintaining
the mitochondrial associated membrane could alter the stability of both the ER and mitochondria
leading to ER stress responses and upregulation of apoptotic signaling via mitochondrial membrane
dysfunction and the related release of cytochrome C from the inner mitochondrial membrane.

The Kimonis research group has generated VCP mutant transgenic knockin mice to attempt to provide a
disease model, and study the pathogenesis of the disease. In 2012, Yin et al created a transgenic VCP
knockin mouse, and noted that it displayed a slow progressing neurodegenerative phenotype,
underlined by slow and progressive weakening of the muscles, and the animals generally maintain
normal behaviors throughout their life, making them different from many ALS mouse models which
develop symptoms rapidly and do not model the course of the disease well. Motor neuron degeneration
in the ventral horn neurons of the spinal cord was observed in an age dependent manner, with older age
correlating to further neurodegeneration. In addition, the presence of TDP-43 positive protein inclusions
were found in the neurons of the spinal cord. Uniquely, mitochondrial aggregates were identified in
these tissues as well. Astrogliosis was commonly seen to affect these mice (Yin et al 2012). These mice
were further studied in the following year, and similar results were demonstrated, along with the
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presence of ubiquitin containing inclusion bodies, though the inclusions did not contain VCP (Nalbandian
et al 2012). These mice were observed to have an accelerated disease progression in specific
homozygous knockin mutants (Nalbandian et al 2012), and the identification that autophagy and
apoptosis were both increased (Nalbandian et al 2013).

Patients with VCP mutations present typically with lower limb weakness beginning in early middle age,
which ultimately progresses to include all four limbs (Johnson et al 2010). Examination of several
patients revealed upper and lower motor neuron signs, with abnormal electromyography readings
demonstrating abnormal innervation and regions displaying typical signs of concurrent innervation and
denervation. In one patient analyzed, the presence of bulbar symptoms as noted. In addition, the
presence of frontotemporal dementia or frontotemporal dementia like symptoms has been observed in
patients with ALS caused by mutations in VCP (Bersano et al 2009).

ALS15 (UBQLN2)

Ubiquilin proteins are involved at the interface between ubiquitinated proteins and the proteasome
degradation system, physically linking ubiquitinated proteins to their target of the proteasome.
Ubiquilin-2 has also been implicated as having roles in the cell cycle, based on re-distribution of the
protein and increased expression in mitotic cells (Kleijnen et al 2000, Mah et al 2000). Ubiquilin-2 has
also been suggested to have roles in autophagy, as it can interact with microtubule associate protein 1
light chain 3, which is a structurally and functionally important component of autophagosomes (N’diaye
et al 2009). In other organisms, ubiquilin-2 has been demonstrated to play a role in assembly of the
cytoskeleton by mediating interactions between cytoskeletal proteins (Wu et al 1999). In addition, it was
recognized that Ubiquilin-2 has homology to yeast proteins involved in mitotic spindle development and
maintenance, and elimination of this protein leads to stalling of yeast at the G2/M checkpoint, which
was rescued by expression of human ubiquilin-2 in the system (Kaye et al 2000a, Kaye et al 2000b). In
addition, ubiquilin-2 is involved in the proper disposal of mitochondrial proteins, and alterations in this
pathway may be involved in disease pathogenesis (Itakura et al 2016).

Mutations in UBQLN2 were first identified in 2011 by Deng et al. In analysis of one multi-generation
pedigree, an unusual inheritance pattern displaying no transmission from affected father to son and
incomplete penetrance in female carriers, implicating an X-linked mechanism for the manifestation of
this variant. This led Deng et al to identify a region on the X chromosome containing approximately 200
genes, which via structural, expression, and functional analysis was found to contain mutations
causative of this disease in the UBQLNZ2 gene.

Clinical features of ALS caused by this variant result in sex-linked differences in development. In an
analysis of 40 patients (5 obligate carriers not expressing full disease penetrance), on average, affected
males develop symptoms almost 15 years earlier than their female counterparts. However, despite this
age discrepancy, the time-course of the disease does not display sex-dependent effects. Approximately
one fifth of the patients analyzed displayed symptoms of dementia; in some cases, symptoms of
dementia proceeded symptoms of motor dysfunction; in all cases, motor dysfunction was ultimately
evident. Protein aggregates in neuronal tissue samples taken from affected patient’s post-mortem were
analyzed for the presence of ubiquilin-2, and demonstrated strong immunohistochemical staining of
ubiquilin in skein-like inclusions. In addition, in patients without mutations in ubiquilin-2, such as those
with ALS caused by mutations in FUS, TDP-43 and optineurin, ubiquilin-2 IHC staining demonstrated the
presence of ubiquilin-2 in protein inclusions.
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Indeed, further work as demonstrated a potential link between ubiquilin-2 and optineurin. In wild type
cells, ubiqulin-2 localizes to autophagosomes formed by optineurin, and that disease causing mutations
in optineurin prevented this localization (Osaka et al 2015). Along with this, demonstration of a link
between ubiquilin-2 and TDP-43 has been established with the observation that ubiquilin-2 aggregates
that form in ALS are involved in the recruitment of TDP-43 to the plaques, possibly via ubiquitin binding
domains (Picher-Martel et al 2015). Recent research has demonstrated a potential role in transcriptional
control, as interactions between ubiquilin-2 and hnRNPA1 have been demonstrated in yeast, with the
finding that mutations in the gene causative of ALS decrease interactions between ubiquilin-2 and
hnRNPA1 (Gilpin et al 2015). hnRNAp1 is involved in binding to transcribed mRNA in the nucleus of
human cells, and plays a role in alternative splicing of mRNA (Pollard et al 2002, David et al 2009)

Transgenic animal models of ALS containing mutations in UBQLN-2 have been generated to study the in
vivo effects of the mutations. In one study, expression of UBQLN-2 mutants led to the development of
neurological symptoms in mice, with limited motor involvement, more closely modeling the features of
dementia or frontotemporal dementia seen in cases of ALS with UBQLN-2 mutations (Gorrie et al 2014).
The presence of ubiquilin-2 protein containing inclusions was commonly seen in the neuronal tissue of
the mice, as well as displaying decreased numbers of dendritic spines. In electrophysiological studies,
mice displayed diminished long term potentiation of neurons and enhance long-term depression of
neurons, indicating a change in synaptic turnover and likely diminished signaling. Expected impairment
of proteasome function was also observed. In a second group expressing UBQLN2 mutants in mice,
similar results were seen, including protein inclusions and dementia like features associated with
neurodegeneration, but limited motor involvement (Ceballos-Diaz et al 2015). One final group
performed electrophysiological analysis of neuronal cells taken from transgenic mice expressing mutant
ubiquilin-2 protein and demonstrated that cells were hypo-excitable, had decrease glutamatergic
current, and both increased time and reduced amplitude response in times immediately after
hyperpolarization (Radzicki et al 2016).

ALS16 (SIGMAR1):

The SIGMAR1 gene encodes the sigma-nonopioid receptor 1, which functions as a molecular chaperone
in the ER, binding a range of ligands including neurosteroids, and as such is expressed at highest levels in
motor neurons (Mavlyutov et al 2015). In cells, Sig-1R is involved in interactions with ion channels,
predominantly K+ channels, can interact with inositol triphosphate receptors, and has been implicated
in lipid transport and differentiation of stem cells into neuronal cells (Aydar et al 2002, Hayashi et al
2003a, Hayashi et al 2003b). Of functional importance is the ability of Sig-1R to form lipid-raft like
microdomains in the cell membrane, as this plays a role in oligodendrocyte differentiation (Hayashi et al
2004). With identification of mutations in SIGMAR1 as causative of frontotemporal lobar degeneration
by Luty et al in 2010, researchers turned their attention towards other neurodegenerative diseases with
similar phenotypes that may also have mutations in SIGMAR1 and identified mutations as causative of
one variant of juvenile ALS.

In 2011, analysis of a Saudi Arabian family with an autosomal recessive variant of juvenile onset ALS
revealed mutations in the SIGMAR1 gene via homozygosity mapping of affected individuals (Al-Saif et al
2011). Affected patients in the family present with noticeable weakness in the lower limbs with
associated spasticity by the age of 1-2 years, with exaggerated tendon reflexes (hyperreflexia). By the
age of 9-10, weakness of the hands and forearms was noticeable. Progression affected the proximal
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muscles of the upper arms, leading to weakness and denervation in the triceps and extensors of the
forearm. No respiratory or bulbar weakness was noted. Two of the four patients analyzed were
wheelchair bound by the age of 20. No dementia, frontotemporal dements, or frontotemporal lobar
degeneration were observed in these patients.

Interestingly, analysis of protein distribution in neuronal cells transfected with human mutant Sig-1R
protein on a knockdown background of wild type Sig-1R demonstrated that mutant Sig-1R is found in
low-density membrane fractions, indicating that mutations may disrupt the propensity of this protein to
form micro-domains with lipid enrichment. Due to the functional ability of Sig-1R to regulate lipid
transport and interact with ion channels, it may be suspected that Sig-1R has a role in the generation of
high density lipid microdomains in membranes, which could explain the altered localization of the
mutant protein. Detergent resistant clusters of protein were also formed by the mutant Sig-1R, possibly
due to dimerization of proteins, which would provide evidence for a mechanism of protein aggregation
in patients expressing SIGMAR1 mutations, as well as providing a mechanism for loss of function of Sig-
1R in these patients, and demonstrating a toxic gain of function.

An unexpected function of Sig-1R is the ability to regulate apoptosis by modulating Ca?* levels in the
endoplasmic reticulum, which can have profound effects on cell survival and signaling. When mutant
Sig-1R is expressed in cells, this increases the likelihood of apoptosis by approximately 1.7 fold,
indicating that mutations in this protein alter the ability of the cells to deal with ER stress (Hayashi and
Su 2007). Conversely, overexpression of Sig-1R leads to increased calcium uptake into mitochondria and
increased synthesis of ATP (Shioda et al 2012). Prause et al (2013) noted that the sub-cellular
localization of Sig-1R was altered in ALS.

Mitochondrial dysfunction has long been a proposed mechanism of cellular damage in ALS, with direct
evidence of interactions between mutant SOD1 proteins and BCL-2, an anti-apoptotic protein associated
with the mitochondrial membrane (Pasinelli et al, 2004). This likely prevents BCI-2 from acting in an
anti-apoptotic manner, and may shift the balance of apoptotic signaling to favor apoptosis in neuronal
cells that experience ER stress, altered proteasomal dynamics, or altered autophagy dynamics. This has
led researchers to consider the role of mitochondrial dysfunction in many causative mutations
associated with ALS, including Sig-1R mutations. In recent studies, expression of mutant Sig-1R in
neuro2A cells causes dissociation of Sig-1R from IP3 receptors in the mitochondria, leading to decreased
ER-calcium uptake and associated mitochondrial dysfunction, proteasomal dysfunction, and directed
cytoplasmic localization while enhancing ubiquitination of TDP-43 (Tagashira et al 2014). Further studies
have demonstrated similar results, with mutations in Sig-1R leading to dissociation from the
mitochondrial membrane, altered calcium homeostasis, increased ER-stress induced apoptosis, and
evidence of mitochondria-associated membrane collapse in SIGMAR1 mutant ALS (Watanabe et al
2016). Treatment with methyl pyruvate, which acts to increase ATP production rescued proteasome
activity even in the presence of ER stress (Tagashira et al 2014).

At least one group has generated and analyzed the effects of a Sig-1R knockout on mouse development,
but noted no changes in mouse phenotype with the exception of the mouse hyper-excitability response
(Langa et al 2003). However, knockout of Sig-1R in SOD1 G93A ALS mice leads to a more rapid and
severe progression of the disease (Mavlyutov et al 2013). In SOD1 G93A ALS mice, administration of Sig-
1R agonists improved locomotor function and decreased motor neuron degeneration (Peviani et al
2014).
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ALS17 (CHMP2B)

CHMP2B encodes a member of the chromatin modeling protein/charged multivesicular body family of
proteins, and appears to function as part of an endosomal sorting complex which aids in the
internalization and degradation of surface receptors (Tsang et al 2006). Chmp2b appears to be
expressed in all neuronal tissues, with mutations altering the expression pattern (Skibinski et al 2005).

Mutations in CHMP2B have previously been identified as causative of frontotemporal lobar
degeneration (Skibinski et al 2005), and with the emerging idea of the existence of neurodegenerative
disorders ALS and FTD and FTLD existing on a spectrum with overlap between diagnoses and involved
genes, this led groups to determine if patients with ALS expressed mutations in CHMP2B. In 2006,
Parkinson et al’s group was able to demonstrate cases of mutations in an adult, rapid onset and
progression variant of ALS.

Affected individuals demonstrated varied symptoms (Parkinson et al 2006). One affected male
demonstrated bulbar symptoms with progression to dysarthria and dysphagia. In the same time frame,
wasting and weakness of the hands was noticed. Widespread neurogenic changes were evident upon
electrophysiological analysis. Rapid progression of the disease was observed. No evidence of dementia
symptoms were noted. The second patient presented with inappropriate behavior at age 65 that was
ultimately diagnosed as frontotemporal dementia. After 5 years, motor neuron involvement was
observed with dysphagia as the presenting symptom. This developed into dysarthria with right arm and
hand atrophy. In other patients, progression was similar, though age of onset can vary significantly. In all
cases observed, the presence of bulbar symptoms was noted.

An interesting note about this variant is the rare upper motor neuron involvement; few to no neurons
from the cerebral motor cortex demonstrate pathological lesions (Parkinson et al 2006).

Further studies have gone into elucidating the pathogenic mechanism of CHMP2B mutations, and have
demonstrated widespread results. An analysis of genetic material from over 400 ALS patients
demonstrated 4 with mutations in CHMP2B, as opposed to 0 in controls (Cox et al 2010). In addition,
functional changes within cells provided detrimental effects. In addition to previously noted defects in
autophagosome clearance and clearance of protein aggregates from autophagosomes leading to
accumulation of autophagosomes (Lee et al 2007, Filimonenko et al 2007), multiple cellular processes
are disrupted by mutations in CHMP2B. Expression of human mutant CHMP2B in HEK293 cells
demonstrated significant alteration of RNA processing and transcriptional activity (almost 900 mRNA
transcripts downregulated, almost 600 upregulated with respect to wild type). This is likely via altered
downstream effects as this protein is involved in various signaling transcripts that regulate mRNA
production. Of note, multiple mRNA transcripts pertaining to endosomal targeting, ER targeting, and
Golgi targeting are altered, disrupting these processes. In addition, downregulation in microtubule
stabilizing protein transcripts were noted, which combined with stathmin upregulation (a protein that
functionally de-stabilizes microtubules) likely challenges cytoskeletal integrity in these cells. Proteins
involved in autophagy are also downregulated (Cox et al 2010).

Importantly, modification of the MAPK/p38 system may provide a link between this variant and other
rare variants, such as ALS16 caused by mutations in SIGMAR1, as Sig-1R has been seen to modulate p38
signaling in astrocytosis/gliosis associated with ALS (Moon et al 2014). Cox et al (2010) demonstrated a
downregulation of Ras, Raf, and ERK2, with upregulation of inhibitors of these proteins such as NF-1,
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indicating that growth may be limited in these cells. In addition to decreased MAPK signaling, decreased
p38 signaling was noticed, leading to downregulation of proteins involved in many processes, including
one that has notable functions in RNA stability and actin cytoskeletal changes, MK2. Downstream
targets of MK2 including Hsp27, a protein involved in prevention of apoptotic activation by cytochrome
¢, caspase-3 and caspase-9, indicating a balance shift in apoptotic signaling in these cells, and likely pre-
disposing these cells to apoptosis under conditions of ER stress, which is likely to be observed based on
defects in ER and Golgi related transport pathways. Lastly, changes in mitochondrial calcium uptake
were noted, indicating that changes in cellular energetic and mitochondrial dysfunction may be
contributing, if not underlying factors in this disease. Based on all of this, it would seem that alterations
in CHMP2B result in downstream signaling pathway changes pre-disposing the cell to ER stress and
apoptosis due to decreased activity of Hsp27, which likely triggers to ERAD unfolded protein response.

At the cellular level, cells with CHMP2B mutations develop multiple large vesicles. It appears that
interactions with Rab8, a protein associated with defective proteins in ALS, may be involved in these
aberrant signaling and endosomal storage pathways. Changes in lysosomal storage pathways have been
observed, and may help explain the formation of vacuoles as well (Clayton et al 2015).

In 2016, Vernay et al developed a transgenic mouse model expressing CHMP2B human mutants under
the control of a mouse, neuronal-specific promoter. Importantly, integration of this gene into the mouse
genome did not alter production of mRNA transcripts from the gene it inserted into. Previously
developed transgenic CHMP2B mouse lines displayed neuronal pathology with inclusion bodies when
expressed under control of the hamster prion promoter but no neuronal dysfunction (Ghazi-Noori et al
2012), or displayed symptoms of frontotemporal lobar degeneration and FTD without motor dysfunction
(Gascon et al 2014). The mice developed by Vernay et al display clinical signs of both ALS and FTD,
including abnormal gait, neuromuscular junction abnormalities, and presence of neuronal inclusions in
an age dependent manner, indicating a reasonable model of the disease progression. A second group in
2017 created a transgenic mouse model expressing mutant CHMP2B with a C-terminal truncating
mutation, essentially the same as those previously used (Clayton et al 2017). Many of the same features
were identified as in the previous study, with new findings that reactive gliosis in neuronal tissue likely
leads to the development of neurodegeneration, and the observation of neurodegeneration as
measured by brain mass showed signs of neurodegeneration in transgenic mice. These mice will likely
allow researchers to further understand the mechanisms associated with neurodegeneration, and
possibly provide insight into mechanisms by which RNAi knockdown of mutant CHMP2B lead to
restoration of wild type phenotype in fibroblasts isolated from patient fibroblasts (Nielsen et al 2012).

ALS18 (PFN1):

Mutations in the gene for profilin-1 are some of the rarest variants associated with ALS (Lattante et al
2013, Zou et al 2013, Chen et al 2013, van Blitterswijk et al 2013, Syriani et al 2014), with affected
populations primarily being of Nordic and German ancestry. Mutations in PFN1 were first identified by
via analysis of genetic data from two large ALS families (Wu et al 2012).

Profilin-1 is ubiquitously expressed in the cytosol, and was first identified for its ability to bind and
interact with actin, possibly as a sequestration mechanism for free actin monomers (Carlsson et al
1977). Later studies demonstrated that profiling-1 functions in seeding of actin monomers into
filamentous actin (Yarmola et al 2009), and have also demonstrated that aside from actin dynamics,
profilin-1 may have functional implications in signaling pathways, such as VEGF signaling, as profilin-1
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has been shown to interact with VEGFR (Pronto-Laborinho et al 2014), and VEGF signaling has previously
been shown to be involved in the development of neurons as well as demonstrating neuroprotective
effects (Jin et al 2000).

Indeed, in mice with conditional knockout of profilin-1 in selected neuronal tissues to prevent
embryonic lethality seen in full knockout mice, development of the brain was affected by knockout of
profilin-1, leading to a decreased brain volume, decreased radial migration of neurons in the CNS, and
lack of association with glial cells by neurons (Kullman et al 2011). In a second mouse model expressing
PFN1 mutants on a null background, mice experienced progressive and unrelenting loss of motor
neurons and associated symptoms of muscle weakness, ultimately leading to paralysis and death of the
mice, likely due to respiratory failure of inability to gather resources (Yang et al 2016). In addition,
examination of neuronal tissue displayed inclusions containing profilin-1 mutants and a disruption of
neuronal cytoskeletal architecture. It is important to note that when observing these mice, development
of protein inclusions was proceeded by neurodegeneration, indicating that formation of protein
inclusions in this variant is not the causative mechanism, but an underlying result, and directing the idea
that other variations caused by profilin-1 mutants, such as altered cytoskeletal dynamics may be
mechanistic in the pathogenesis.

Links between profilin-1 and other proposed ALS pathogenic mechanisms have been proposed as well. It
has been observed that profilin-1 associates with stress granules, membrane bound inclusions
containing translational machinery and transcriptional altering machinery, and that mutations in PFN1
can alter the dynamics of stress granule formation and resolution (Figley et al 2014). In addition,
interactions between profilin-1 and ataxin-2, another protein in which mutations cause rare variants of
ALS discussed above, were seen with co-localization to stress granules; this may simply be correlative, as
ataxin-2 is localized to stress granules normally. Interactions between mutant profilin-1 and TDP-43 have
also been established, as mutant profilin-1 protein appears to provide a seed for TDP-43 containing
inclusions, likely due to a gain of function mechanism (Tanaka et al 2016, Tanaka and Hasegawa 2016).
TDP-43 proteinopathy is commonly observed in multiple variants of ALS, with incorporation into plaques
and a mis-localization which likely allows profilin-1 to bind and seed the abnormal cytoplasmic TDP-43
into insoluble plaques.

ALS19 (ERBB4):

Mutations in ERBB4 were identified as causative of an adult onset ALS with relatively slow progression in
a Japanese family diagnosed with ALS that was cleared of having mutations in more common disease
causing genes such as SOD1, TARDBP, FUS, and ALS2 (Takahashi et al 2013). Affected individuals
displayed an autosomal dominant inheritance pattern, with an age of onset usually in the 6 or 7t
decade of life. Weakness in the upper limbs was the most commonly identified phenotype at onset of
the disease. Interestingly, the disease appears to have a plateau effect, whereby a large change in
symptoms is seen initially, yet later in the progression little to no continued development of symptoms
is seen. In most cases, patients experienced respiratory failure and became dependent on ventilators.
Average time-course of the disease appears to be about 6-7 years before death.

ERBB4 is a member epidermal growth factor receptor subfamily of receptor tyrosine kinases. Binding of
neuregulins to the extracellular binding domain leads to autophosphorylation of tyrosine residues in an
ERBB dimer pair, triggering downstream signaling consequences (Huang et al 2000). Mutations in ERBB4
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causative of ALS decrease autophosphorylation activity (Fleisig et al 2004). This likely plays a role in the
progression of the disease, potentially limiting out-growth of neurons or dendrites.

Generation of ERBB4 knockout mice resulted in embryonic lethality associated with altered motor-
neuron development (Gassmann et al 1995). This led researchers to examine the effects of neuregulin-1
knockouts in mice, as neuregulin-1 is the primary ligand for ERBB4. Mice with mutant neuregulin-1
developed abnormally, with 60% spinal motor neuron reduction (Wolpowitz et al 2000). Conditional
neuronal knockout mice for neuregulin-1 experience embryonic lethality and demonstrate retraction of
spinal motor neurons, indicating a role for ERBB4 and neuregulin-1 in the outgrowth of spinal motor
neuron axons (Yang et al 2001).

Functionally, ERBB4 and neuregulin-1 appear to important for the maintenance and development of C
boutons, specialized neuronal structures containing a modified endoplasmic reticulum that exist at
synaptic terminals and heavily express cholinergic activity. This modified endoplasmic reticulum
structure has been referred to as a subsurface cistern, and appears to be a site of neuregulin-1 and
ERBB4 accumulation in disease (Gallart-Palau et al 2014). This is functionally different than in normal
mouse spinal motor neurons, which display neuregulin-1 as punctuate throughout the soma and
dendrites, whereas ERBB4 is usually found in presynaptic nerve terminals. In SOD1 G93A mouse models
of ALS, at disease onset, transient localization of NRG-1 to C boutons was observed with increase
expression; this was not observed in mice at end stage of the disease. Further studies have identified
similar results, while also noting a decrease in ERBB4 concentrations in motor neurons of ALS mice
(Lasiene et al 2016). Treatment of SOD1 G93A ALS mice with neuregulin-1, the ligand for ERBB4, leads to
a partial cessation of symptoms characterized by an increase in collateral sprouting and re-innervation
(Mancuso et al 2016).

ALS20 (hnRNPA1):

In 2013, Kim et al identified mutations in hnRNPA1 as being causative of ALS. Via screening of 212
familial ALS patient exomes, identification of one autosomal dominant form of the disease with
mutations in known ALS proteins excluded resulted in the identification of a mutation in hnRNPA1 that
was also associated with the development of Paget bone disease in patients without VCP mutations
(VCP discussed above; see ALS14). The mutation replaces an aspartate that is highly conserved across
species boundaries, indicating functional importance of the residue (Kim et al 2013).

hnRNPA1 encodes the heterogeneous nuclear ribonuclear protein A1, which is involved in maintaining
stability of mRNA and likely in transport of synthesized mRNA to the cytoplasm for transport (Michael et
al 1995). Further work has shown that hnRNPA1 has functional activity as a splice site repressor, and can
likely cause disease via exon skipping in SMN2, BRCA1, and FBN1 related disorders, as depletion of
hnRNPA1 leads to restoration of transcription for SMN2, partial recovery for FBN1, and no recovery in
BRCA1, demonstrating the specificity of hnRNPA1 in repressing cryptic exons (Kashim et al 2007).

Proper splicing of SMN-2 is restored by depletion of hnRNPA1, leading to a functionally active and
correctly processed mRNA transcript (Kashima et al 2007). hnRNPA1 may also be involved in a complex
to dissociate proteins involved in telomere enhancement from single stranded telomeric DNA, allowing
for repair (Flynn et al 2011).

Mutations in hnRNPA1 have interesting, and in some cases unexpected effects for cells. Due to the fact
that hnRNPA1 contains a prion-like domain, formation of fibrils and polymerization of hnRNAP1 into
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insoluble plaques has been readily observed in disease causing mutants (Kim et al 2013, Shorter and
Taylor 2013). In addition, these mutations that lead to formation of fibrils and inclusions also lead to
increaseed localization of hnRNPA1 to stress granules, indicating an alteration in the balance of mRNA
transcripts being processed and transported from the nucleus (Shorter and Taylor 2013), as well as
providing a possible link between pathologies observed in ALS with mutations in other disease causing
proteins. One group attempted to model changes in hnRNPA1 using computer simulations to predict the
effects of various mutations along the length of the protein; predicted results of common mutations
matched visible pathologies, such as propensity to aggregate, increased stability, and changes in C-
terminal interactions, important for the RNA processing functions of hnRNPA1 (Krebs and De Mesquita
2016)

Interactions with other disease causing proteins have been demonstrated in hnRNPA1. For example,
mutations in hnRNPA1 or UBQLN2 decrease the ability of these two proteins to interact, which led to
increased turnover rates of hnRNPA1, indicating a role in stabilization for ubiquilin-2. In addition,
hnRNPA1 has been shown to interact with TDP-43 (Burratti et al 2005), and in patients with TDP-43
proteinopathy with skein-like inclusions, a reduction in the total amount of hnRNPA1 was seen in both
the nucleus and cytoplasm (Honda et al 2014).

Mouse models of homozygous and heterozygous deletions of hnRNPA1, as well as knockdown models of
hnRNPA1 were first generated in 2012 by Chang et al (2012; not published except as patent; US Patent
20130067605 A1l). These mice display embryonic lethality and decreased embryonic development, as
well as growth delays; heterozygotes for hnRNPA1 knockout display some expression of hnRNPA1, and
were not characterized further by the authors. Recently, another group has generated both homozygous
knockout and heterozygous knockout hnRNPA1 mice; homozygotes are embryonic lethal, and do not
display the presence of alternative splicing transcripts of proteins involved in muscle development.
Heterozygote hnRNPA1 +/- mice survive to birth, and display relatively normal phenotypes. Muscle
development and neuronal control defects are observed, as abnormal electrical activity in the heart is a
common phenotype. In addition, presence of alternative splicing variants of muscle structural proteins
were identified in this study, indicating the importance of hnRNPA1 in the development of muscle fibers,
and possibly in the correct innervation of these fibers (Liu et al 2017).

ALS21 (MATR3):

Matrin proteins, such as Matrin 3, were first identified in 1990 by the work of Stuurman et al as proteins
present in the nuclear matrix of multiple mammalian cells. These were differentiated into inner and
outer matrix proteins depending on solubility after reduction (Stuurman et al 1990). In addition, matrin
3 has DNA and RNA binding properties, appears in a granular pattern throughout nuclei of spinal motor
neurons, as well as in surrounding glial cells, and can interact with TARDBP (Johnson et al 2014).

Analysis of a large Caucasian family with familial ALS and no previously identified causative mutations
identified mutations in matrin 3 as causative of ALS. This variant appears to express autosomal
dominant inheritance pattern, and tends to display classical symptoms of ALS with a slow progression,
with an onset in the 6™ decade of life, and a progression to death within the following two decades
(Johnson et al 2014). Severe respiratory failure was noted as the cause of death in most cases. Upper
motor neuron lesions were established by the presence of brisk knee-jerk reflexes in some, and in
others weakness in the upper limbs was established. All affected patients displayed a “split hand”
pattern of muscle wasting in the hand, whereby the muscles of the thenar (lateral, associated with ulna
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and metacarpal/phalange 5 primarily) eminence are selectively wasted in comparison to those of the
phenar (medial, associated with the radius and phalange 1 primarily) eminence (Johnson et al 2014).

Matrin 3 is known to interact with TDP-43 (Ling et al 2010, Salton et al 2011), and has been
demonstrated to be capable of pulling down TDP-43 in co-IP experiments (Johnson et al 2014), providing
a link for possible pathologies associated with matrin 3 mutations, which include TDP-43 positive protein
inclusions and matrin 3 positive inclusions (Wang 2015; thesis from Boston University).

Transgenic mice have been developed in an attempt to model several disease associated with changes
in MATR3. Homozygous knockout of MATR3 results in embryonic lethality, while heterozygous deletion
results in the development of cardiac abnormalities (Quintero-Rivera et al 2015). Recently, groups have
expressed human matrin 3 protein on a background of mouse matrin 3 protein, and demonstrated
incomplete ALS phenotypes with associated hindlimb paresis and paralysis and muscle atrophy
(Moloney et al 2016). This may implicate a toxic gain of function mutation in pathogenesis of the
disease, and definitively rules out loss of function as a cause of pathology. In addition, it was noted that
there is significant differences in matrin-3 expression levels within tissues and within the nervous
system, with lowest expression levels in the spinal cord; observation of expression levels demonstrated
a decline during neuronal development before stabilization of levels (Rayaprolu et al 2016).

ALS22 (TUBA4A):

Full exome sequencing was performed on over 350 patients from various locations with confirmed ALS
but no genetic variants in known disease causing genes, leading to the identification of TUBA4A
mutations as causative of ALS in these patients (Smith et al 2014).

Patients with TUBA4A mutations display classical spinal onset ALS with upper and lower motor neuron
signs; in at least one case, the presence of frontotemporal like dementia or frontotemporal lobar
degeneration were diagnosed.

TUBA4A encodes a tubulin subunit expected to be incorporated into microtubules. Based on the
pathology of other ALS variants, Smith et al 2014 examined the localization of TUBA4A, and found that
mutations identified as causative of ALS prevented incorporation of alpha-tubulin into microtubules,
instead finding them labelled in ubiquitinated cytoplasmic inclusions. Analysis was performed to
determine if dimerization was possible (indicative of the potential to polymerize in microtubules), and it
was determined that one mutation, TUBA4AY#97X was unable to form dimers, while other mutations led
to dimerization at significantly lower levels than wild type alpha tubulin 4A.

It has been proposed that mutations in TUBA4A confer a dominant-negative (toxic gain of function)
action to these proteins, allowing them to interfere with generation of normal microtubule formation.

This is one of the first clear cases of ALS being caused by de-stabilization of microtubule dynamics,
opening up the possibility that treatments leading to microtubule stabilization may provide relief against
symptoms of this ALS variant, and the few others that experience microtubule dysfunction (Clark et al
2016).

TBK1:

In 2012, researchers studying OPTN mutations leading to the development of ALS discovered that TBK1
(TANK1 Binding Kinase 1) co-localized with optineurin in protein inclusions seen in a zebrafish model of
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ALS (Korac et al 2012). TBK1 is involved in regulation of optineurin and plays a role in the interaction
between optineurin and autophagy associated machinery.

Loss of function mutations in TBK1 were identified as causative of ALS in 2015 by two independent
groups (Chase 2015, Freischmidt et al 2015). TBK1 was first identified in mice as a kinase with the ability
to control NF-kB signaling (Tojima et al 2000), but more recently it was determined that this protein
primarily plays a role in activation of interferon regulatory factor (IRF) (Chau et al 2008). TBK1 also has
important roles in the process of autophagy via interactions with optineurin, and is necessary for
maturation of autophagosomes into autophagolysosomes for degradation of protein components such
as ubiquitinated proteins and p62, a common component of protein inclusions in ALS (Ahmad et al
2016). When mitochondria in cells become damaged, the process of mitophagy to remove and destroy
damaged mitochondria necessitates the interaction of TBK1 and optineurin; mutations in either of these
proteins alter binding to the other (Freishmidt et al 2015). Taken together, these findings implicate a
likely role for defective autophagy and mitochondrial dysfunction as mechanisms underlying the
pathogenesis of ALS in these cases.

P62/SQSTM1:

Mutations in p62/SQSTM1 have been implicated in the pathogenesis of ALS, and are potentially
causative. Two patients were identified with sporadic ALS and mutations in p62 (Teyssou et al 2013).
Patients had increased presence of p62 containing and TDP-43 containing protein inclusions in motor
neurons, and increased levels of TDP-43 in the spinal cord. In all identified patients, ALS is concomitant
with Paget disease of bones (Tessyou et al 2013, Kwok et al 2013).

Researchers have been unable to determine if mutations in p62 are causative of ALS or rather act to
increase the likelihood of development of the disease. P62 has important roles in autophagy, and
appears to act at the center of the cells protein degradation and autophagy pathway, possibly helping
shuttle proteins to their correct locations for degradation via the proteasome or autophagy (Bjorkoy et
al 2006, Pankiv et al 2007). In addition, p62 has been shown to interact with both TDP-43 and FUS, and is
localized to cytoplasmic inclusions containing these proteins in disease samples and models (Mizuno et
al 2006, Hiji et al 2008, Deng et al 2010).

Important associated protein- RBM-45:

RNA Binding Motif 45kD is a protein expressed in the nervous system implicated in neuronal
development (Tamada et al 2002) that has been discovered to be incorporated into insoluble protein
plaques visible in ALS, and is elevated in CSF of sporadic ALS patients (Collins et al 2012). It has also been
demonstrated that RBM-45 is capable of interacting with TDP-43 C-terminal fragments in yeast,
indicating linkage to another ALS-causative protein (Hans et al 2014). Importantly, interactions with TDP-
43 require oligomerization of RBM-45 via a conserved linker domain between two DNA/RNA binding
domains.

RBM-45 is predominantly a nuclear protein, and can be seen to localize to the nucleus via fluorescent
tagging and immunohistochemical analysis (Li et al 2015). Co-IP of RBM-45 pulled down TDP-43 and FUS;
at endogenous levels, only TDP-43 was pulled down, indicating an interaction between these two
proteins. In the presence of oxidative stress, similarly to TDP-43 and FUS, nuclear localization of RBM-45
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decreases with increased appearance in stress granules; RBM-45 was commonly seen in stress granules
with TDP-43 but not FUS.

No causative mutations of ALS have been discovered in RBM-45, but its role as an interacting protein
with TDP-43, ability to be incorporated into stress granules, and presence in TDP-43 positive inclusions
may indicate an important role for this protein in the pathogenesis of the disease. Conversely, since
mutations in TDP-43 tend to confer toxic gain of function/dominant negative properties to the protein,
this could be a by-product of the mislocalization of TDP-43 into cytoplasmic inclusions, or RBM-45 may
be physically dragged into cytoplasmic inclusions by TDP-43 plaque formation since they interact and
are capable of pulling each other down at endogenous levels.

ALS-FTD associated with C90rf72 hexanucleotide-repeat expansions:

In 2011, two groups independently identified expanded repeats of a GGGGCC sequence in chromosomal
region 9p21 in a non-coding region of the gene C9orf72 (Delesus-Hernandez et al 2011, Renton et al
2011), based on previously reported data demonstrating linkage between an affected ALS family and
alterations in chromosome 9p21 (Boxer et al 2011). Boxer et al was not able to demonstrate the
presence of any causative mutations in the region demonstrating linkage to the disease phenotype,
leading to attempts by Delesus-Hernandez et al and Renton et al to sequence this chromosomal region
and look for non-coding variants that may be involved in the pathogenesis and progression of this ALS
variant. The families studied had confirmed frontotemporal lobar degeneration (FTLD) with TDP positive
inclusions (FTLD-TDP), and had a family history of FTD, ALS, or the mixed phenotype disease affecting
motor and non-motor neurons amyotrophic lateral sclerosis with frontotemporal dementia (ALS-FTD);
the genomic sequencing demonstrated that almost two thirds of families in this proband demonstrating
FTLD-TDP exhibit expanded repeat numbers within the non-coding region of C9orf72 between exons 1a
and 1b. To demonstrate the frequency of C9orf72 repeat expansion associated pathologies in FTLD, ALS,
and FTD, a group of 696 patients had genetic material analyzed for repeat expansions. 59 patients were
identified in this screen as containing repeat expansions, including 22 with suspected sporadic FTLD. The
authors admit that ALS was not the central focus of this study, leading to a slightly reduced cohort of ALS
patients compared to FTLD. That being said, repeat expansions were noted as having significant
association to ALS; 4.1% of sporadic ALS cases and 23.5% of familial ALS cases analyzed in this study
demonstrated repeat expansion variants in C9orf72, clinically demonstrating C9orf72 as one of the most
common causative genes associated with ALS, ALS-FTD, and FTLD-TDP. It was proposed that repeat
expansions interfered with production of C9orf72 variants via defective alternative splicing, which would
match the clinical data indicating a reduction in the levels of one full-length variant. The structure of the
C9orf72 gene can be seen in Figure 13. RNA foci formed from aggregation of repeat expanded mRNA
were detected via FISH, and demonstrated the presence of RNA foci in approximately 25% of neuronal
cells from affected patients, indicating a possible role in disease pathogenesis.

Analysis of 402 ALS cases compared to 478 controls from a Finnish population demonstrated that in
28.1% (113) of affected patients exhibited significant repeat expansion as compared to 0.4% (2) of the
control cases (Renton et al 2011). Using FISH to determine repeat expansions length, it was concluded
that the maximum demonstrated number of repeats seen in patient tissues was approximately 250.
C9orf72 transcripts were detected in multiple CNS tissues with highest expression in the cerebellum. No
changes in mRNA levels for C9orf72 were detected in patients compared to non-patients. To confirm
results from the first population, a mixed German, Italian, and North American cohort was used which
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demonstrated repeat expansion in 38.1% of affected cases as compared to 0 in control tissue. In
addition, comorbidity of ALS and FTD was observed in multiple patients with repeat expansion in
C9orf72.

Neuronal protein inclusions containing TDP-43 are considered one of the hallmarks of most ALS,
FTD/MND (ALS-FTD) and FTLD, and have been demonstrated consistently for many years (Leigh et al
1988, Lowe et al 1988). In addition, protein inclusions have been commonly demonstrated to contain
p62, an important regulatory molecule in many pathways including autophagy, and ubiquitin. To
determine whether patients harboring C9orf72 repeat expansions had neuronal tissue with TDP-43
positive inclusions, 14 FTLD or FTD/MND patients with confirmed C90rf72 hexanucleotide-repeat
expansions were compared to 22 patients with confirmed lack of expansions, and 4 controls with no
expansions (Al-Sarraj and King et al 2011). Analysis of neuronal tissues taken from the cerebellum and
hippocampus revealed the presence of p62 positive protein inclusions that were predominantly TDP-43
negative in the neuronal cytoplasm and within the nuclei of neuronal tissue. In the spinal cord, p62 and
TDP-43 positive inclusions were demonstrated. Ubiquitin was not stained for in this study, but a
previous study performed before the identification of repeat expansions in C9orf72 were observed used
FTLD patients and demonstrated the presence of ubiquitin containing inclusions (Pikkarainen et al 2008).
Notably, location dependent differences in the pattern of staining and inclusion were seen in ALS patient
tissue used in the Al-Sarraj and King et al study. In the hippocampal layer, p62 positive inclusions were
common, forming large star-shaped bodies, with rare instances of TDP-43 containing inclusions. In upper
layers of the frontal and temporal lobes, semi-lunar and dot-like inclusions positive for p62 and TDP-43
were seen in addition to presence of large, p62 positive star-shaped inclusions, which were more
common in lower layers of these regions. Within the spinal cord, p62 positive and TDP-43 positive skein-
like inclusions were commonly seen.

Demonstrating the presence of TDP-43 positive, p62 positive, and ubiquitin positive inclusions in cases
harboring C9orf72 repeat expansions was one of the first steps in identifying a common pathologic
mechanism, and essentially confirmed the concept that ALS exists as a part of a spectrum of disease
including FTD and FTLD. This also led researchers to consider whether C9orf72 interacted with other
implicated proteins in ALS. Analysis of neuronal tissue samples from another group of 75 patients with
clinically confirmed ALS and identified 23 patients with either ALS (14) or FTD/FTLD-TDP (9) with repeat
expansion in C9orf72 (Brettschneider et al 2012). IHC labelling for C9orf72 demonstrated similar
patterns to those seen by Delesus-Hernandez et al (2011), identifying coarse, but point-like staining of
C90rf72 primarily in hippocampal synaptic terminals. IHC staining for ubiquilin-2 demonstrated
pathological lesions in the hippocampal molecular layer. Dystrophic neurons with focal swelling and dot-
like inclusions were seen. In non-C9orf72 expansions patients, limited involvement of the hippocampal
molecular layer was observed. In the cerebellum, round, Lewy-body like inclusions were stained with
antibodies for ubiquilin-2 and seen commonly in the granular layer, and in neocortical regions showed
dystrophic neurites and presence of inclusions throughout as compared to non-expansion cases limited
to superficial neocortical layers. Based on the unique pattern of protein inclusions seen, researchers
were able to predict whether samples contained a C9orf72 repeat expansion or not. This interesting
study provides insight into the central pathway that may be dysregulated in ALS, as it would be
unexpected to find ubiquilin-containing inclusions without mutations in ubiquilin-2. Their findings
suggest C9orf72 likely encodes a protein involved in pathways associated with both ubiquilin-2 and p62,
and that these interactions contribute to disease pathology.
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Building upon this work, further groups analyzed the presence of other proteins whose genes harbor
mutations causative of ALS. Keller et al (2012) demonstrated the presence of multiple ALS-associated
proteins in neuronal inclusions from patients with a mutation in only one ALS-associated genes
(mutations can be homozygous or heterozygous depending on the variant and inheritance pattern). In
motor neurons from patients with C9orf72 repeat expansion, the presence of TDP-43 in cytoplasmic
inclusions was demonstrated, and the presence of FUS in both cytoplasmic inclusions and nuclear
cytoplasmic inclusions was observed (Keller et al 2012). In patients with C9orf72 repeat expansions,
C90rf72 cellular distribution was normal; however in patients with SOD1 mutations, C9orf72 positive
inclusions were commonly seen in motor neurons. Ubiquilin and p62 containing inclusions were
demonstrated to be a clinical feature of C9orf72 related pathologies. Large diameter round inclusions
and skein-like inclusions positive for the neurofilament subunit H were seen in C9orf72 related
pathologies, implicating a possible destabilization of neuronal structure in the pathogenesis of the
disease, and providing for overlap between other disease where neurofibrillary tangles and inclusions
are commonly seen. Optineurin containing inclusions were also observed for patients with C9orf72
repeat expansions. This work provides more insight into the clinical overlap between genes associated
with ALS, and demonstrates that formation of protein inclusions is a relatively common feature of ALS.

Location in Brain TDP-43 Positive | p62 Positive

Inclusions Inclusions Size and Shape
Cerebellum No Yes Large, round, or irregular (star-shaped)
Hippocampus No Yes
Fronto-temporal Semi-lunar or dot-like; Large round, or
lobes Yes Yes irregular as well
Spinal Cord Yes Yes Skein-like

Table 2: A generalization of the locations and types of protein inclusions seen in C9orf72 hexanucleotide
repeat expansion associated ALS-FTD. While the picture is not this clear clinically, and many other
proteins have been observed in inclusions, these are the most commonly observed results from the
studies presented above.

Clinical Features:

Patients presenting with C9orf72 repeat expansions demonstrate a wide variety of neuronal and glial
involvement, age of onset, progression rate, and involvement of frontotemporal dementia symptoms.
Commonly, initial symptoms of C90rf72 associated ALS is the presence of bulbar symptoms, such as
dysarthria or dysphagia, trouble speaking and trouble eating respectively (Stewart et al 2012). Patients
presenting with C9orf72 repeat expansions and the clinical symptoms of ALS displayed expected TDP-43
pathologies with limited extrapyramidal involvement (Murray et al 2011). Atrophy of the frontal and
temporal cortexes in the brains of ALS patients was not noted, but was highly prominent in patients
displaying with frontotemporal dementia and frontotemporal dementia with associated motor neuron
degeneration. All patients displayed nucleocytoplasmic inclusions containing ubiquitin in the cerebellar
internal granular cell layer, which were less numerous in ALS cases than other associated pathologies.
Gliosis was a prominent feature detected in ALS cases as compared to FTD cases, and sever hypoglossal
neuronal loss was observed in all cases, indicating bulbar pathologies. No significant cortical neuron loss
was observed in ALS patients as compared to FTD/FTLD cases. Glial cell inclusions are more commonly
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seen in ALS than FTD/FTLD, and were concentrated in hypoglossal regions and the medullary pyramid. In
a study by Byrne et al (2012), it was noted that cognitive decline was significantly greater in patients
with C9orf72 repeat expansions than patients lacking this, and that over time gain of dementia like
symptoms was commonly seen. In addition, shorter survival times for patients with repeat expansions
and comorbid ALS-FTD were observed (Byrne et al 2012). Along with this, it was noted degeneration of
the corticospinal tract and a loss of lower motor neurons from both the cortex and spinal cord (Stewart
et al 2012). Small, round, ubiquitin and p62 containing inclusions were another common feature of
C9orf72 associated ALS. In FTD patients, the presence of ubiquitin and p62 positive cytoplasmic
inclusions that do not stain for TDP-43 are commonly seen in the cerebellar cortex (Hsiung et al 2012),
and these appear to be specific to C9orf72 repeat expansion associated pathologies (Bigio et al 2013). In
addition, this study noted the wide range in age of onsets (in 30 patients, age of onset ranges from 34-
74). In further studies, it has been noted that the association of ALS and FTD is commonly seen in
patients with C9orf72 repeat expansions, and an older average age of onset has been demonstrated
(Millecamps et al 2012), though in other studies, a younger average age of onset has been seen (van
Blitterswijk et al 2012, Irwin et al 2013). In addition to a younger age of onset, a shorter disease time-
course has been established (Irwin et al 2012), with the time-course before progression to death being
approximately 1 year shorter in C9orf72 repeat expansion cases.

Dipeptide Repeat Proteins

In large, repeated regions of DNA, translation of the repeated region will lead to a repeat protein, so
long as a multiple of 3 nucleotides is repeated. In C9orf72 hexanucleotide repeat expansions, improper
processing of the RNA and translation of the intronic repeated sequence can lead to the production of
dipeptide repeat proteins, which are proteins consisting of two amino acids repeated. Because of the
sequence that is repeated GGGGCC, and depending on the reading frame used, at least 6 possible
repeat proteins can be generated, each containing a repeat of two amino acids. The various dipeptide
repeat proteins generated will be described below, as well as how they are generated from intronic
sequences in this disease.

Initiation of translation is a highly regulated process, and the presence of an RNA transcript containing
an AUG codon has largely been considered crucial to the process. However, alternative forms of
translation exist, including one that has the potential to impact C9orf72 hexanucleotide-repeat
expansion patients. Repeat associated non-ATG translation (RAN translation) was first identified in 2011,
when it was identified as a possible pathogenic mechanism in the disease progression of spinocerebellar
ataxia type 8 (Zu et al 2011; Pearson 2011). In C9orf72 hexanucleotide-repeat expansion, both the sense
and anti-sense strands undergo transcription, resulting in GGGGCC and GGCCCC repeat mRNAs which
are both translated to form dipeptide repeat proteins, with the exact composition of the repeats varying
based on the reading frame (Gendron et al 2013a, Gendron et al 2013b, Mori et al 2013). These two
RNA strands form unique secondary structures, with the GGGGCC repeat mRNA forming G-quadruplexes
with hairpin turns, and the GGCCCC repeat mRNA likely forming a double helix (Fratta et al 2012, Reddy
et al 2013). These unique secondary structures may be involved in the initiation of RAN translation,
though the mechanism remains unclear. Ash et al 2013 was able to demonstrate the presence of
dipeptide repeat proteins, most notably a poly (glycine-proline) dipeptide repeat protein based on
immunohistochemical staining for 3 different possible dipeptide repeat proteins that could be formed
from GGGGCC hexanucleotide repeat expansions (Ash et al 2013). These products were specifically
detected in gray matter and within neurons, but not within white matter or support cells, indicating
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inclusion bodies in the soma and dendrites of neuronal tissue. Neuronal cytoplasmic inclusions
possessed the characteristic star shaped appearance. Indeed, translation of the antisense GGGGCC
transcripts also resulted in dipeptide repeat proteins in all three reading frames (Mori et al 2013).
Further work has demonstrated translation of both positive and negative sense mRNA transcripts, as the
presence of both poly (alanine-proline) and poly (proline-arginine) dipeptide repeat proteins was
detected in p62 positive, TDP-43 negative cytoplasmic inclusions in neuronal tissue taken from the
cerebellum and hippocampus of affected patients. In addition, cells transfected with a vector leading to
the expression of dipeptide repeat proteins associated with RAN translation of C9orf72 repeats,
aggregates of poly (glycine-alanine) dipeptide proteins were significantly more prone to aggregation,
forming large aggregates as compared to the other dipeptide repeat proteins, which remained diffuse or
formed small aggregates (Zhang et al 2014). These inclusions differ from those commonly seen in TDP-
43 pathology, which form Lewy like bodies or skein-like inclusions, and also different from previous
results of dipeptide repeat protein aggregation into star-shaped inclusions. Through the use of a
transfected cell line, researchers were able to avoid any RNA foci mediated toxicity, while examining the
effects of dipeptide repeat protein accumulation on cellular dynamics. Using caspase-3 activity as a
measurement of cellular stress, researchers identified that expression of poly-GA dipeptide repeat
proteins increased apoptotic activity by a factor of approximately 8, indicating conditions of stress in
these cells. In primary mouse neurons transfected to express poly-GA proteins, proteasome degradation
of proteins was significantly reduced, indicating a likely role for ER-stress in the apoptotic response
leading to cell death. Further research has demonstrated that in cultured cells transfected to express
polyGA dipeptide repeat proteins, the formation of poly-GA containing, p62 containing, ubiquitinated
inclusions were routinely seen in neuronal bodies (Yamakawa et al 2015). Expression of these proteins
has been shown to alter the ubiquitin-proteasome system’s ability to function (possibly by increasing
the degradation burden of the system), including the ability to degrade TDP-43, and sensitivity to
proteasomal inhibitors, both of which were increased in the presence of dipeptide repeat proteins
formed from C9orf72 hexanucleotide repeat expansion. Dipeptide repeat protein inclusions have since
been demonstrated to include other nuclear proteins and DNA/RNA binding proteins, such as the
presence of Drosha in dipeptide repeat aggregates containing p62 and ubiquilin (Porta et al 2015).

In one study looking at the effect of dipeptide repeat proteins on cell survival dynamics, it was noted
that none of the dipeptide repeat proteins were aggregation prone, did not form insoluble protein
plaques, and did not induce proteasomal stress or ER-stress (Tao et al 2015). Formation of aggregate like
inclusions in the nucleus was seen for the arginine containing repeat proteins, which induced nucleolar
stress and impaired formation of stress granules. These results are significantly different from previously
observed results, and appear to be contradictory in nature to what has been previously observed. The
propensity of these dipeptide repeat proteins to aggregate has been repeatedly established, and the
development of ER—stress has been observed to be an implicated pathogenic mechanism in many
different variants of ALS including C9orf72-associated ALS. Therefore, these results are very surprising,
and in many ways detract from what was previously observed. This discrepancy from previously
reported results may be due to differences in cell lines used, though it is not clear that this result is
representative of the body of research as a whole, and has not been confirmed by the work of any other
research groups.

Recently, it was observed in spinal motor neurons of ALS patients with confirmed C9orf72 repeat
expansion that dipeptide repeat proteins are almost completely absent (Gomez-Deza et al 2015). Due to
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the fact that these inclusions have been seen in the cerebellum and hippocampus, with expression in
essentially all cortical regions, it is unexpected that these inclusions were not also found in spinal motor
neurons. However, this might explain how C9orf72 repeat expansion can lead to the symptoms of both
FTD and ALS. Gain of function in the form of dipeptide repeat formation may be involved in
neurotoxicity associated with FTD/FTLD, while loss of function in protein activity or gain of function in
the formation of RNA foci may be implicated in neurotoxicity associated with ALS.

In a yeast screen, dipeptide repeat proteins were shown to affect RAN-mediated nucleocytoplasmic
transport, indicating a potential role for aggregation of dipeptide repeat proteins in affecting cellular
transport dynamics which are commonly altered in other ALS variants (Jovicic et al 2015). This result was
confirmed in mice expressing transgenic poly-GA proteinopathy, whereby expression of poly-GA
proteins led to the sequestration of proteins involved in nucleocytoplasmic transport, such as nuclear
pore proteins (Zhang et al 2016). In rats, expression of dipeptide repeat proteins in neurons
demonstrated that poly-GA proteins lead to inclusions that resemble the poly-GA/p62/ubiquitin positive
aggregates seen in C9orf72 ALS patients. As previously reported, arginine containing dipeptide repeat
proteins largely localized to the nucleolus; these proteins co-localized with a transcriptional repressor,
indicating a potential role for gene transcription defects in the pathogenesis of the disease. As
previously reported, these inclusions were predominantly in the cortical neurons of the cerebellum,
hippocampus, thalamus, and neocortex, with limited appearance in the brain stem or spinal neurons.
Poly (proline-arginine) repeat protein inclusions were more commonly seen in FTLD patients, despite
being rare in all cases, indicating a potential role for transcriptional control in neurodegeneration
causative of FTLD symptoms. Levels of poly (glycine-proline) dipeptide repeat proteins have also been
shown to be lower in patients with predominantly ALS phenotypes as compared to predominantly
FTD/FTLD phenotypes, particularly in the cerebellar regions. In fact researchers were able to
demonstrate a quantitative relationship between poly (GP) protein levels and cognitive score in
FTLD/FTD patients (Gendron et al 2015). In addition, levels of poly (glycine-alanine) dipeptide repeat
proteins were decreased in ALS patients as compared to FTLD/FTD patients when comparing levels in
the cerebellum. These phenotypic differences between the levels of dipeptide repeat proteins, presence
or absence of inclusions, and expression of distinct dipeptide repeat proteins in various regions of the
brain may provide some insight into the pathogenesis of the disease, but currently, these mechanism
remain to be elucidated.

Previous associations had demonstrated arginine dipeptide repeats proteins localized to the nucleolus.
Further research has demonstrated that these dipeptide repeat proteins bind and sequester mRNA
transcripts, bind and sequester translation initiation proteins, and block access of translation initiation
proteins via the formation of insoluble protein plaques co-localized with mRNA and translation initiation
factors (Kanekura et al 2016). This may explain the large scale dysfunction seen in many cells with ALS
mutations, where alterations in one protein lead to widespread dysfunction in terms of cellular
autophagy, mitochondrial dysfunction, and intracellular transport dynamics. In addition, this may
explain why in some variants of ALS, mutations in proteins that have no effect on RNA processing,
transcription, or translation result in down-regulation of large numbers of RNA targets.

Very recently, it has been demonstrated that the poly-GA dipeptide repeat protein forms protein
plaques that have cell to cell transmissible properties, while confirming that poly-GA dipeptide repeat
proteins form amyloid like fibrils. By adding poly-GA peptides, containing 15 GA repeats, to cell culture
media, researchers were able to demonstrate the presence of poly-GA containing plaques in N2a cells
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that did not express the transgene for poly-GA proteins (Chang et al 2016). Further research performed
in neurons created with directed differentiation from C9orf72 ALS patient stem cell lines demonstrated
evidence that dipeptide repeat proteins are able to be propagated between cells in a prion-like manner
(Westergard et al 2016). In addition, poly (Glycine-Arginine) dipeptide repeat proteins can result in
increased DNA damage as evidenced by activation of p53 in neuronal stem cells derived from C9orf72
patients (Lopez-Gonzalez et al 2016). Expression of dipeptide repeat proteins in normal neuronal
derived stem cells also led to increased DNA damage with age dependency as measurable by increased
activation of p53. When measuring the level of reactive oxygen species in stem cells with C9orf72
hexanucleotide repeat expansions, ROS levels were not increased at 4 weeks, but at 8 weeks ROS levels
began to increase and continued to increase at 12 weeks. This observation adds credence to the
observed age dependent DNA damage in these cells. When expressing poly-GR dipeptide repeat
proteins in wild type neuronal tissues,
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(Khosravi et al 2016). In addition, presence of poly
(Proline-Arginine) dipeptide repeat proteins were demonstrated to bind to domains in nuclear pore
forming proteins leading to defects in nuclear import and export (Shi et al 2017), which could possibly
explain the presence of DNA/RNA foci commonly seen in this disorder (Freibaum and Taylor 2017).

Based on these studies, we can conclude that there is a significant role for dipeptide repeat proteins in
the development of the disease. While protein inclusions are directly toxic to cells, these may or may
not be causative of the associated neuronal cell death, and indeed are likely antecedent to neuronal
death. The presence of dipeptide repeat proteins leads to major alterations in cellular phenotypes,
including RNA processing and translational initiation, which may explain the multiple associated changes
to neuronal cell physiology associated with the disease. The previously elucidated roles of dipeptide
repeat proteins in clogging proteasomal degradation pathways, clogging and interfering with autophagy
degradation, and sequestration of RNA may explain why large scale disruption of cellular processes
leading to cellular death is observed.
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G-Quadraplexes

RNA is a molecule capable of forming multiple, three dimensional structures and assuming a multitude
of different conformations. One such structure is a G-quadruplex, which is a highly stable structure
formed in guanine rich regions of DNA or RNA. The structure of these can be seen in figure 13. Using
NMR, Fratta et al 2012 demonstrated the formation of G-quadruplex structures in DNA from patients
with GGGGCC hexanucleotide expansions in C9orf72. In melting point tests, G-quadruplex DNA of
C9orf72 was found to be highly stable, retaining the same structure at 95° C, and when testing the effect
of cation levels on stability, the role of potassium in maintaining G-quadruplex stability was noted
(Fratta et al 2012). Formation of G-quadruplexes results in changes in the transcription of C9orf72, with
increased repeat number leading to shorter transcripts, possibly due to stability of the G-quadruplex
structure blocking RNA polymerase progress (Haeusler et al 2014). In addition, the formation of
DNA/RNA hybrid structures was noticed, as treatment of cells with RNaseH led to decreases in the
number of abortive transcripts, and an increase in the number of full length transcripts, indicating that
the formation of DNA/RNA hybrids occurs and is one of the causes of abortive, short length C9orf72
transcript formation. In this study, it was also noted that RNA foci forming in nucleoli of cells contain
GGGGCC repeat mRNA, and that these foci induce stress in the nucleolus. One final important
observation from this study is that the number of P bodies (stress granules) observed in cells containing
C9orf72 hexanucleotide-repeat expansions is significantly increased compared to controls, indicating
that alterations in both RNA processing and translation result from C9orf72 hexanucleotide repeat
expansion. Via NMR techniques and the use of 8-deoxybromoguanosine substitution, a modified
guanine derivative for detection in DNA, led to the resolution of the G-quadruplex structure for C9orf72
mMRNA specfically (Brcic and Plavec 2015), and was also resolved via NMR by a second group (Zhou et al
2015). The structures have all four strands in an antiparallel conformation, with linkages of cysteines,
which allow for the formation of a very condensed structure. G quadruplexes have been demonstrated
to sequester ribonuclear proteins leading to alterations in RNA processing, including splicing variants
(Conlon et al 2016). Recently, it has been confirmed that C9orf72 mutations impair the formation and
maintenance of membrane-less organelles, such as the nucleolus, via interactions with RNA binding
proteins and proteins containing low complexity sequence domains which are involved in formation of
these structures (Lee et al 2016).

In addition, G-quadruplex structures formed from hexanucleotide repeat expansion in C9orf72 has been
demonstrated to confer a toxic property of increasing the intrinsic oxidation and peroxidation properties
of heme, which could lead to alteration of DNA sequences or alter transcription, as increased levels of
reactive oxygen species in cells predispose DNA to damage via binding of ROS species to nucleotide
bases or the phosphate backbone of DNA (Grigg et al 2014).

The formation of G-quadruplexes by C9orf72 mRNA may be important in the pathogenesis of ALS, as
these formations have been shown to sequester other mRNA, which could lead to reduced
transcriptional levels of various proteins important to neuronal survival. The property of activating heme
and increasing oxidative properties of the cell could lead to increased levels of reactive oxygen species,
predisposing the cell to apoptosis. Lastly, due to the structure of these G-quadruplexes, which are
capable of forming highly condensed structures and RNA foci, making the RNA foci formed in these cells
much harder to clear.
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RNA Foci

RNA foci forming inclusions are often observed in cells from ALS patients, with both nuclear and
cytoplasmic RNA foci observed (Delesus-Hernandez et al 2011; Donnelly et al 2013). It has been
demonstrated that the use of anti-sense oligonucleotide therapies can reduce toxic phenotypes in
neurons with C9orf72 hexanucleotide repeat expansions. In a study looking at the effect of G-
guadruplex RNA foci, it was determined that larger repeat expansions increase the formation of RNA
foci, while reducing transport of large repeat RNA, indicating the possibility that RNA foci form soon
after transcription and preclude processing or export (Lee et al 2013). In addition, in cells expressing
longer repeat numbers, activation of apoptotic factors was increased as compared to wild-type,
indicating that RNA foci may be causing toxicity in neurons. Long repeats are suspected to lead to
nuclear retention of transcripts that form RNA foci that are RNase resistant and toxic to neurons. Due to
the formation of RNA foci, sequestration of RNA binding and processing proteins could be expected.
Indeed, RNA processing proteins such as hnRNP H are sequestered by C9orf72 RNA foci and likely
decrease the ability of RNA processing proteins to perform necessary functions such as the ability to
create splicing variants. Additionally, interaction and possible sequestration with nucleolin, an essential
nucleolar protein have been demonstrated, possibly providing a link for nucleolar stress and dysfunction
observed in C9orf72 associated ALS (Haeusler et al 2014). Accumulation of G-quadruplex containing RNA
foci has been shown to decrease global levels of mMRNA transport out of the nucleus, leading to
increased nuclear mRNA concentration and a decrease in levels of translation (Rossi et al 2015). In
patients with C9orf72 repeat expansion, alterations in levels of splicing variants for other proteins have
been observed (Cooper-Knock et al 2015). This may be explained by the sequestration of RNA
processing enzymes into RNA foci by G-quadruplex containing mRNA. Recent evidence has suggested
that C9orf72 RNA may be localized to neuritic transport granules that are delivered along the length of
the axon. (Burguete et al 2015). In addition, it was observed that expansion of C9orf72 repeats led to
branching defects in neuronal development, though this is unlikely to be the cause of degeneration
associated with ALS, as this change confers neurodevelopmental problems, and we do not see
significant neurodevelopmental defects in patients.

The presence of RNA foci is likely an important pathological feature, as this leads to multiple issues,
including sequestration of various other mRNA, sequestration of mRNA processing proteins, and likely to
stress responses in the cell that are involved in clearance of excess RNA. In addition, this sequestration
of mRNA into foci limits the supply of rNTP molecules, and could induce a stress response, possibly
increasing the propensity of these cells to undergo apoptosis due to changes in cellular energetics and a
lack of mMRNA degradation.

C9orf72: Loss of Function or (Toxic) Gain of Function

There is much controversy in the field of ALS as to how repeat expansion of C9orf72 confers toxic
properties to cells. Multiple groups have attempted to answer this question definitively, but conclusive
answers have remained elusive.

Evidence for Loss of Function

Near the promoter region for C9orf72 lies a CpG island, which can be hypermethylated (Xi et al 2014).
Hypermethylation of DNA generally leads decreased gene expression. Hypermethylation of the CpG
island has been associated with the presence of repeat expansions, is linked to a faster progression, and
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has been demonstrated to significantly associated with familial ALS caused by C9orf72 repeat expansion.
Further studies have demonstrated that hypermethylation of the CpG island leads to decreased levels of
C9orf72 transcripts and reduced formation of RNA foci (Liu et al 2014). In addition, removal of
methylation pre-disposed cells containing repeat expanded C9orf72 in culture to oxidative and
autophagic stress, implicating a role for C90orf72 in the regulation of these pathways. In Russ et al (2015),
similar results were confirmed, but it was noted that increased hypermethylation was associated with a
smaller repeat expansions (Russ et al 2015) This is contradictory to previously reported results that
demonstrated that increased repeat number was associated with increased hypermethylation, and of
the two is the less likely. It would make sense that in repeat expanded C9orf72 the promoter is
hypermethylated more frequently to provide protective effects to the cell against the formation of
dipeptide repeat proteins, and hopefully simultaneously reduce the presence of RNA foci, given the
general role of methylation in DNA sequestration. In addition, since hypermethylated genes are
transcribed and translated less frequently, they are more prone to experience mutations, and this could
possibly lead to continued repeat expansion during subsequent transcriptions, as genes that are not
transcribed commonly are also not repaired commonly. Given the role of hypermethylation in gene
suppression, and decreased expression of C9orf72 noted in patient tissue samples of ALS and FTD/FTLD
patients, this implicates haploinsufficiency/loss of function in the development of the disease. With the
use of imaging and neuropathologic analysis from patients, further confirmation of the neuroprotective
effects of promoter hypermethylation was demonstrated (McMillan et al 2015). In addition, it has been
observed that methylation of the CpG island in the C90orf72 promoter leads to a reduction in the number
of RNA foci formed while also decreasing the levels of toxic dipeptide repeat proteins associated with
RAN translation (Bauer 2016).

In a zebrafish model, knockdown of C9orf72 led to motor deficits (Ciura et al 2013). However, as
zebrafish C90rf72 is only expressed in development of the nervous system, these defects could be
related to neurodevelopmental rather than neurodegenerative changes. In C. elegans, deletion of
C90rf72 was associated with an ALS like phenotype including progressive, age related motor dysfunction
leading to paralysis, and an increased stress response to osmotic changes, indicative of an altered stress
response in the neuronal tissue of these organisms (Therrien et al 2013).

It has also been noted that depletion of C90rf72 in neuronal tissues leads to impaired autophagy and
increased sensitivity to ER-stress (Sellier et al 2016), indicative of a possible loss of function mechanism.

Lastly, the almost complete lack of dipeptide repeat protein containing inclusions seen in ALS patient
neuronal tissue samples makes loss of function more likely, as the toxic properties conveyed by these
dipeptide repeat proteins may not be involved in the pathogenesis of spinal motor neurodegeneration
(Gomez-Deza et al 2015).

Taken together, all of these studies suggest that a loss of function mechanism may be implicated in
C9orf72 ALS. However, the results of these studies are less than convincing in many cases, and
contradictory results have been observed in some cases. Due to the contradictory nature of many
results, but taking into account the wealth of data from animal models generated, this in my opinion, is
the less likely of the two possible options for what type of change is conferred to cells by the repeat
expansion.
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Evidence for Gain of Toxic Function:

The most prominent evidence for a gain of function mutation in C90rf72 comes from observations on
clinical phenotype of patients and observations from animal studies.

The formation of dipeptide repeat proteins has been discussed in great detail above. RAN translation of
hexanucleotide repeat sequences leads to the production of dipeptide repeat proteins which
accumulate into insoluble plaques, cause nucleolar and autophagy/ER stress and dysfunction, and have
been demonstrated to have prion like propagation patterns. These properties are definitively a toxic
gain of function type mutation.

Hypermethylation of the C9o0rf72 promoter has been associated with protection from the associated
symptoms of repeat expansion, indicating that loss of function is likely not the mechanism by which
C9orf72 repeat expansions lead to the development of pathology (Liu et al 2014). However, the results
of hypermethylation studies can argue for either gain or loss of function depending on interpretation.
Thus, these have little predictive value in determining the nature of the disease, but do need to be
discussed. Because of the contradictory nature of results, we cannot say for sure how hypermethylation
is affecting the gene or gene structure. It would make sense that, since hypermethylation leads to
sequestration of DNA, that hypermethylation of the C9orf72 promoter would protect the patient from
the effects of the repeat expanded gene, while simultaneously allowing the repeat expansions to
continue or worsen, and thus implicating the gain of function due to dipeptide repeat proteins or RNA
sequestration as a more likely mechanism.

Most notably, in animal models, abalation of C9orf72 does not lead to a phenotype similar to clinical ALS
(Koppers et al 2015). In a recent study, mice were transgenically engineered to express LacZ in the
coding region of C9orf72, resulting in a complete loss of C90orf72 expression and function (Atanasio et al
2016). These animals displayed slight differences in motor function compared to wild type, most
notably progressive hind limb weakness and associated changes in gait. Mice were also less able to sit
upright, behavior commonly seen in mice when eating, drinking, or grooming. Despite subtle motor
defects, in rotarod tests, mice did not display time differences. Major associated symptoms of deletion
of C9orf72 in these mice included lymphadenopathy (formation of masses in lymph nodes) and
splenomegaly. In addition, these mice display expansion of myeloid cells in lymphoid organs, mixed
inflammatory infiltrate in various tissues, and increased activation of T cells and plasma cell generation,
all indicative of immune hyperactivity. Resultantly, mice with C9orf72 ablation develop increased levels
of autoantibodies, and display glomerulonephritis, likely from autoantibody accumulation in glomeruli.
These mice better model the clinical features of Systemic Lupus Erythematosus than ALS.

It is possible that loss of C90rf72 may increase the severity of other ALS mutation, but this does not
provide more evidence for loss of function (Sellier et al 2016, Ciura et al 2016).

In reality, ALS and FTD/FTLD caused by repeat expansion of C9orf72 may be the result of a “mixed bag”
of gain and loss of function. Defects in autophagy pathways have been implicated in the disease
progression, and likely stem from a loss of function. Alternatively, formation of RNA foci by C9orf72 RNA
lead to decreased levels of C90rf72 protein and could disrupt autophagy by sequestering proteins
necessary for this process or by overloading the cells autophagy systems, which would be an example of
a toxic gain of function. In addition, dipeptide repeats containing inclusions are commonly seen in the
cerebral regions of patients with FTD/FTLD, but not in the neuronal tissue of ALS patients, indicating a
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possible dual gain of function and loss of function mechanism in different tissues and mediating
different disease states. This could possibly be controlled by differential expression of this protein in
tissues, or by variations in splicing profile that are cell lineage specific.

C9orf72 Normal Function

When first identified as causative of ALS, groups researching C9orf72 mutations identified that the gene
and protein have sequence homology to a class of proteins known as Differentially Expressed in Normal
and Neoplasia (DENN) which is a protein encoding a GDP/GTP exchange factor (GEF) (Levine et al 2013).
A role for C9orf72 as a GEF was confirmed by demonstrating significant interactions with proteins
involved in endocytic transport (Farg et al 2014). Interactions with Rab1, Rab5, Rab7, and Rab11 were
established via fluorescent microscopy. A reduction in transport from the membrane to the Golgi
apparatus was observed upon knockdown of C90rf72 mRNA. In addition, C90orf72 co-localizes with
another ALS implicated protein ubiquilin-2 which is also involved with autophagy, co-localized with the
autophagosome marker LC3, and migrated with vessels labelled with lysosomal markers. In this study, it
was also demonstrated that C9orf72 interacts with hnRNPA1, a splicing regulatory protein which has
also been implicated in ALS. Based on these results, and the availability of sequence alignment data,
these results strongly suggest that C9orf72 is a GEF for multiple Rabs.

More evidence of the role of C9orf72 as a GEF has been established with the observation that in C9orf72
knockdown via CRISPR/Cas9 system resulted in a complete ablation of stress granule formation,
indicating an effect on the ability of cells to regulate transcription and maintain protein dynamics. This
result implicate the autophagy pathway in this process, as formation of stress granules involves
formation of membrane bound vesicle like bodies containing transcribed mRNA and translational
machinery (Maharjan et al 2016). This is in itself a form of autophagy, as the cell needs to “eat” these
mRNA and translational proteins to sequester them. In addition, expressing hexanucelotide repeat
expanded C9orf72 resulted in increased RNA foci formation and spontaneous formation of stress
granules. These results have been confirmed in patient derived induced pluripotent stem cells from ALS
patients with C9orf72 hexanucleotide-repeat expansions which presented with common stress granule
formation, increased endoplasmic reticulum calcium levels, which have been highly implicated in
mitochondrial dysfunction associated with ALS. All of these factors implicate C90orf72 as having a central
role in the process of intracellular transport, adding plausibility to the identification of C90rf72 as a GEF
for Rabs.

Further research has demonstrated interactions between C9orf72 and GEFs for Rab8a and Rab39b, both
of which have documented roles in the process of autophagy, specifically macroautophagy, the disposal
of large cellular structures such as membrane bound organelles (i.e. mitochondria, ER/Golgi domains
that become damaged) (Corbier and Sellier 2016). Knockdown of C9orf72 in primary mouse neuronal
cultures and neoplastic neuronal tissue demonstrated a reduction in autophagy characterized by
accumulations of p62.

This result was confirmed in a study using induced pleuripotent stem cells from C9orf72 hexanucleotide
repeat expansion ALS patients with directed differentiation, which demonstrated that induction of
autophagy was regulated by C9orf72. Interactions between C9orf72 and Rabla, with a preference for
GTP-bound Rabla were also observed, as well as interactions with C9orf72 and ULK1, which is involved
in initiation of autophagy (Webster et al 2016). Indeed, these results may implicate a loss of function of
C90rf72 as causative of these cellular changes, as we do see a reduction in autophagy in neurons from
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affected patients. This fits with the concept that C9orf72 repeat expansions may confer multiple
mechanisms of toxicity to the cell, with both loss of normal function interfering with the autophagy and
cellular protein/organelle disposal pathway, and gain of function inducing dipeptide repeat protein and
RNA foci mediated toxicity. In patients with ALS alone, if we were to see significant defects in autophagy
as compared to FTD patients who express high levels of dipeptide repeat proteins, then this would add
support for this hypothetical mechanism.

Altered mitochondrial morphology has been noted in cases of C9orf72 repeat expansion.
Morphologically, mitochondria in patients with C9orf72 repeat expansions display an increased
propensity for mitochondrial fragmentation. This is accompanied by downregulation of BCL-2, shifting
the cellular balance of pro-apoptotic versus anti-apoptotic proteins in favor of apoptosis, and
predisposing these neurons to undergo apoptosis under conditions of stress (Dafinca et al 2016).

In an analysis of C90rf72 and TDP-43 mutant containing patient derived fibroblasts demonstrated
altered mitochondrial morphology with fragmenting of the mitochondrial network (Onesto et al 2016).
In addition, increased oxygen consumption and mitochondrial hyperpolarization were observed in a
background of elevated ROS and ATP content. Thus, the mitochondria are more prone to breakdown
improperly, without having undergone mitophagy. In addition, these results suggest that in cells with
C90rf72 repeat expansions, there is either damage to the mitochondrial membrane or lack of a protein
involved in mitochondrial stability, such as BCL-2, which was previously demonstrated to be
downregulated in this disease. All of these factors provide evidence that mitochondrial dysfunction of
some sort is involved in the progression of the disease and damage to neuronal cells.

Interestingly, the involvement of C9orf72 on the development of the immune system has been
established in mice. In mice lacking the mouse analog of C90rf72, development of macrophages and
other myeloid lineage cells was significantly impaired, leading to accumulation of large macrophage-
precursor-like cells in the spleen and lymph nodes (O’Rourke et al 2015). This was further supported by
the work of Atanasio et al (2016) who generated a knockout mouse for C9orf72 and observed similar
results. Human ALS patients have not been reported to have immune system deficits.

It appears that C9orf72 may have some function involved in neuronal growth, as knockdown of C9orf72
in primary culture of mouse neuronal cells led to a decrease in axonal length, whereas over-expression
of C90rf72 led to an increase in the length of axons (Sivadasan et al 2016). A potentially novel
interaction between C90rf72 and actin binding proteins such as cofilin was established (Sivadasan et al
2016). With mutations in PFN1 as a known cause of ALS, the discovery of C9orf72 interactions with
cofilin may add a new layer to the understanding of ALS. It was observed that actin dynamics were
altered in motor neurons knocked down for C9orf72 expression or expressing hexanucleotide repeat
expanded C9orf72. This could be due to observed changes in phosphorylation state of cofilin. In
addition, it was demonstrated that actin filament assembly was significantly slower in cells with C90rf72
knockdown. This provides linkage to a previously poorly understood causative mutation in profilin-1,
which may implicate a role actin cytoskeletal structure in disease progression. The most likely
explanation for this would be that actin is necessary to maintain proper neuronal body structure, and
changes in cell shape can result in alterations in cell signaling processes, though this is purely conjecture.

As an interesting note, it has been demonstrated that TDP-43 is capable of transporting G-quadruplex
forming mRNA, thus providing a link between two of the most commonly seen causative changes
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associated with ALS (Ishiguro et al 2016). This could provide explanation for the observed TDP-43
proteinopathy characteristics observed in ALS patients that do not contain a TDP-43 mutation.

Animal Models:

As previously discussed, a knockout model of C9orf72 was generated by Atanasio et al (2016). Knockout
of C9orf72 led to severe phenotypes in mice, but not of motor neuron degeneration or a progressive ALS
phenotype. The mice generated displayed altered immunodynamics including increased activation of T
and plasma cells, generation of autoantibodies, and lymphadenopathy/splenomegaly, on a background
of slight motor dysfunction and muscle weakness.

In a zebrafish model, the importance of the poly (Glycine-Alanine) dipeptide repeat protein was
analyzed, and was a key contributor to neurotoxicity as compared to normal. This phenotype was able
to be rescued via morpholino mediated decay of C9orf72 polyGA mRNA transcripts (Ohki et al 2017).
This experiment was not neuronal specific, as morpholino injection occurred in the embryonic stage,
and knocked down global expression of C90rf72. Knockdown of the polyGA transcript leads to
knockdown of C90rf72 as a whole, as this intron is part of the original transcript. This result again
provides evidence that gain of function in the form of toxic dipeptide repeat proteins is implicated in the
progression of the disease. It is generally accepted that the overexpression of dipeptide repeat proteins
is toxic to the cell; overexpression of dipeptide repeat proteins in this disease overloads the proteasomal
degradation system, leading to increased cellular stress and a predisposition to apoptosis if the proteins
cannot be cleared.

Chew et al (2015) expressed a 66 repeat containing version of C9orf72 in the neural system of mice via
adeno-virus targeting, and demonstrated the presence of dipeptide repeat protein containing inclusions,
as well as TDP-43 positive inclusions. Cortical neuronal loss was observed to significantly alter the mass
of the brain. Astrogliosis was noted as well, which has been described as an associated feature of ALS
with more research determining if this is reactive to or causative of the disease. In addition, behavior
phenotypes of hyperactivity, anxiety, and anti-social behavior were noted via various tests such as open
field tests. While not necessarily relevant to ALS phenotypes, these are indicative of FTD/FTLD
phenotypes in the mice, and indicate that these animals could be useful for the modelling of ALS-FTD.

A second group has generated a bacterial artificial chromosome (BAC) mouse model of ALS (Peters et al
2015). By expressing human C9orf72 containing 500 GGGGCC repeat motifs, researchers were
successfully able to demonstrate several of the characteristics of ALS. Notably, the mice did not display
any phenotypic defects associated with ALS (no muscle weakness, wasting, or dementia-like symptoms).
However, histopathological analysis of these mice demonstrated the presence of protein containing
inclusions positive for dipeptide repeat proteins. At the same time as the Peters group was creating their
model, another group used similar techniques to develop multiple different lines of mice expressing
either normal human C9orf72, or C9orf72 with repeat expansions ranging between 100-1000 GGGGCC
repeats (O’Rourke et al 2015). These mice displayed typical RNA foci associated with expansions, and
also displayed RAN translation dipeptide repeat protein containing cytoplasmic inclusions, which were
able to be treated with antisense oligonucleotide administration. In addition, these mice displayed
defective localization patterns of the nuclear protein nucleolin, suggesting that mitochondrial
dysfunction seen in this disease is recapitulated in these mice. Shang et al (2017) also noticed altered
distribution of nuclear pore proteins in both C9orf72 repeat expansion transgenic mice, and in patient
tissue, further implicating a role for nuclear dysfunction in the disease progression. These results
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provide some further evidence for the toxicity of RNA foci in cells as well as partially implicating
nucleocytoplasmic transport in the disease process of ALS. A disturbance of nuclear pore dynamics could
lead to decreased RNA export from the cell and increase the propensity to form RNA foci.

Recently, a transgenic mouse model expressing C9orf72 hexanucleotide repeat expansions was
generated; however, due to an error in experimental design, an incorrect gene construct containing
90CGG repeats associated with Fragile-X system was introduced to the oocytes by mistake, and led to
the development of transgenic mice for fragile-X syndrome being mis-labelled as transgenic C9orf72
repeat expansion mice. The article has since been retracted; however, if performed correctly, this
experiment would provide significant insight into the development of ALS with C9orf72 pathologies, as
the inducible nature of the mouse allows for age dependent defects to be studies in a much simpler
manner (Hukema et al 2016; retracted). One of the major issues in the design of ALS animal models is
the concept of face validity. While many of these animals display the phenotypic features of ALS, they
often develop the disease in a condensed time-course. With an inducible model, researchers could “turn
on” the disease causing mutation after some period of time; since most of the models display an
accelerated disease progression, if researchers were to allow mice to develop normally for a while
before exerting the disease causing effects, we could gain much needed insight into the pathogenesis of
the disease.

Several other groups have simultaneously worked to create transgenic mouse lines expressing C9orf72
repeat expansions. Liu et al (2016) transfected mice with a BAC construct containing a C9orf72 repeat
expansion isolated from a patient containing approximately 1200 hexanucleotide repeats. As in humans,
both the sense and anti-sense strands of the gene are transcribed. Gait abnormalities are observed in
mice beginning at approximately 16 weeks. Some of the transfected female mice display an extremely
condensed disease progression, characterized by rapid progression of muscle weakness, difficulty
breathing, hindlimb paralysis, and decrease survival. In addition to the acute phenotype, other mice
show a progressive phenotype with reduced activity and intermittent seizures. In animals with acute
disease at end-stage, marked denervation of neuromuscular junctions was observed. These mice display
dipeptide repeat protein aggregates in neuronal cytoplasm and neuronal nucleolar cytoplasm, as well as
characteristic TDP-43 positive inclusions. C9orf72 expression levels appear to be normal, and many of
these observations would be expected to be attributable to pathologies caused by C9orf72 repeat
expansion, such as protein aggregates and RNA foci formation. Overall, this is likely the best currently
available model of neurodegeneration with regards to repeat expansion in C9orf72 (Liu et al 2016). This
model provides more support for gain of function mutations in C9orf72 hexanucleotide repeat
expansion ALS, as transfection with repeat expanded C90f72 led to the development of ALS-like
symptoms that are not seen in C9orf72 knockout mice.

Jiang et al (2016) in addition to creating a transgenic knockout mouse for comparison, used BAC to
transfect mice with C9orf72 repeat expansions. Length of the repeat led to differential incorporation
into RNA foci. In addition, they observed age dependent effects of dipeptide repeat protein
accumulation, which were also altered by repeat length. In mice expressing a 450 repeat variant of
C9orf72, age dependent cognitive impairment developed in the relative absence of motor symptoms,
with working memory deficits measured by maze trials, and was associated with neuronal loss in the
hippocampus. Treatment with antisense oligonucleotides was able to reduce dipeptide repeat inclusion
formation, while also reducing age dependent motor defects (Jiang et al 2016). This indicates that a
toxic gain of function mechanism is likely the underlying result of neuronal damage, as ablation of
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dipeptide repeat proteins in these animals was able to partially rescue the phenotype. However,
without full rescue of the phenotype, we cannot determine if other mechanisms are involved. Inability
to fully rescue the phenotype may be due to advanced neurodegeneration alone, or it may be indicative
that multiple functions are gained or lost by changes to C9orf72.

A likely reason for the difference in phenotype induced by expression of human C9orf72 containing
repeat expansions could be the presence of redundant gene functions, though this has not been
confirmed. Another possibility that could be speculated is the presence of multiple autophagy pathways
in mice, though this has not been confirmed by this author, and is purely conjecture.

Integration and Overview:

Within the diverse groups of proteins in which mutations causative of ALS lie, it is clear that there are
several common pathways within cells that are disrupted.

Mitochondrial Dysfunction

Multiple of the genes containing mutations implicated as causative of ALS appear to be involved in
maintaining the stability of mitochondria. The first protein within which mutations were identified as
causative of ALS, SOD1, is heavily associated with the mitochondria and with scavenging of free radical
species generated by the mitochondria. While in most cases, mutations do not seem to ablate the free
radical scavenging abilities of SOD1, if the mutations lead to sequestration of SOD1 into plaques, this
could alter the stability of the mitochondrial membrane, leading to increased oxidation of lipids and
damage to the mitochondrial membrane, predisposing these cells to apoptosis. TDP-43 with disease
causing mutations has been noted to localize to the mitochondria and increase mitochondrial
dysfunction. Mitochondrial localization of FUS has been observed in disease causing mutants, with
associated results of mitochondrial fragmentation. Mitochondrial fragmentation and clustering of
mitochondria containing vesicles has been noted in Alsin mutations. VAPB is involved in maintenance of
the mitochondrial associated membrane and may alter calcium dynamics in the ER and mitochondria,
leading to mitochondrial dysfunction. Angiogenin has been previously shown to be involved with the
cleavage of tRNA, and it has been demonstrated that these cleaved tRNA may bind and sequester
cytochrome c (Saikia et al 2014). Thus, if mutations in angiogenin ablate this ability, this could result in
mitochondrial dysfunction and pre-disposing the cell to apoptosis. The neuronal specific nature of this
apoptosis may be due to how neurons respond to stress, may be related to the lack of mitotic abilities of
neuronal versus many other tissues, or may be due to expression levels or expression variants seen
exclusively in neurons, as many proteins have tissue specific variants based on alternative splicing
profiles. Phosphoinositol signaling may be involved in mitochondrial function, and mutations in FIG4
that alter Pl signaling may lead to mitochondrial dysfunction. Optineurin has been demonstrated to be
involved in the cellular process of mitophagy of damaged mitochondria. VCP has many functions in
maintaining the stability of the mitochondrial associated membrane, and localization to the
mitochondria has been shown to impair mitophagy. Ubiquilin has previously been shown to be involved
in proper marking and trafficking of mitochondrial associated proteins for degradation. Sig-1R can
interact with proteins associated with the mitochondrial membrane, such as SOD1 and BCL-2, and also
has roles in ER calcium dynamics; therefore mutations could result in mitochondrial dysfunction by
altering the influence of the anti-apoptotic protein BCL-2. CHMP2B is involved in signaling processes that
control mitochondrial dynamics and initiation of the intrinsic apoptotic pathway. TBK1 interacts with
optineurin to initiate mitophagy, meaning mutations that interfere with this interaction could result in
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decreased autophagy and release of mitochondrial proteins and components such as cytochrome c.
Patient derived fibroblasts with C9orf72 mutations have mitochondria that display altered morphology,
increased ROS production, increased oxygen consumption, membrane hyperpolarization, and
mitochondrial fragmentation.

Many of the proteins involved in ALS have been directly linked to the mitochondria, or to a pathway
involved in degradation of the mitochondria. In addition, several of the proteins are transported to the
mitochondria when mutated. All of this is indicative of mitochondrial dysfunction playing a central role
in ALS. Because of these clear interactions and linkages to the function and dysfunction of the
mitochondria in many of these proteins, it seems that mitochondrial dysfunction is both a likely and
plausible etiology for the abnormal death of motor neurons.

Autophagy and Cellular Stress Responses

One of the most prominent areas of research into the pathogenesis of ALS currently is looking at the
role of altered cellular autophagy and ER stress response dynamics. Many of the proteins implicated in
ALS have well defined roles in the process of autophagy or in one of several cellular stress responses.
Both TDP-43 and FUS have been implicated in stress granule dynamics, and abnormal sequestration of
various mRNA may be involved in the pathogenesis of the disease. FIG4 has been implicated in the
process of autophagy, as expression of wild-type FIG4 on a knockout background, autophagy is rescued,
whereas in the knockout, autophagy is severely limited. Optineurin is absolutely necessary for
autophagy, and appears to be one of the central proteins involved in the process. Ataxin mutations have
been demonstrated to alter ubiquitin ligase activity, leading to increased ER stress. VCP has a purported
role in autophagy due to its role in targeting of proteins to the phagosome for degradation. Ubiquilin-2
has been seen to associate with proteins involved in the formation of autophagosomes. Sig-1R may play
a role upstream of autophagy via its interaction with SOD1 and BCL-2. TBK-1 and the interaction
between TBK-1 and optineurin are central to beginning the process of autophagy. P62 has a central role
in the process of autophagy, and appears to help shuttle proteins to the correct disposal pathway.
Depletion of C90rf72 has been shown to lead to altered autophagy responses and can induce ER stress;
mutations in C90rf72 appear to disrupt the ability to help initiate autophagy. Alterations in essentially
any of the proteins involved in autophagy leads to conditions of ER stress which can induce apoptosis.

Thus, an alteration of the autophagy pathway will lead to the development of ER stress. With the
autophagy pathway not working correctly, the proteasome degrading as many proteins as possible, and
the development of ER stress, the cell will be pre-disposed to undergo apoptosis, which could explain a
possible mechanism for the cell death seen in ALS.

This is one of the currently most likely options; and indeed, alterations in autophagy will also lead to
mitochondrial dysfunction, as an inability to initiate autophagy is likely accompanied by an inability to
initiate mitophagy, which would allow for the release of mitochondrial proteins and compounds such as
cytochrome c which would initiate the intrinsic apoptotic pathway and explain cell death. It is very likely
that if either of these mechanisms is found to be pathogenic to ALS, both will be implicated in the
progressions and development of the disease, as in the case of this disease, the dysfunction of the
mitochondria is likely related to improper disposal oy mitochondrial products.

Intracellular, Axonal, or Nucleocytoplasmic Transport
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In ALS, essentially every protein implicated as causative of the disease has been shown to be involved in
some form of intracellular transport, with the major exception being SOD1, though looking large scale,
alterations of ROS production could alter microtubule and cytoskeletal dynamics. TDP-43 and FUS are
both RNA binding proteins; each has been shown to bind RNA molecules and be transported either
within the neuronal cell body, from the nucleus to the cytoplasm, or via the length of the axon. Alsin
encodes a GEF for Rab5 which is involved in recruitment of vesicles to endosome. SPG11 is commonly
found localized to vesicles, indicating a significant role in protein transport, and likely in organelle
transport. VAPB has been seen to associate with vesicles and with the ER, indicating a likely role in
vesicular transport. FIG4 has been demonstrated to be involved in retrograde transport from the Golgi
body to the ER. Optineurin is involved in vesicle trafficking to the Golgi body, is commonly seen to
associate with Rab8, which is involved with transport from the trans-Golgi network to the basolateral
surface of the membrane (Huber et al 1993), and has been shown to interact with microtubule
associated proteins, indicating a very likely role in intracellular transport. Ataxin-2 binds to several
mMRNA that are also bound by TDP-43 in an RNA dependent manner (no interaction without RNA
present), indicating that these two proteins may be simultaneously involved in maintaining mRNA
stability during transport. VCP is seen to aid in the formation of lipid microdomains which are commonly
involved in endocytic pathways, and is also involved in the biosynthesis of the ER and Golgi network,
which involves membrane trafficking to establish. Ubiquilin-2 aids in cytoskeletal assembly, which is
necessary for axonal and multiple types of intracellular transport to occur. Sig-1R has been shown to be
capable of transporting lipids within the cell, and also demonstrates the ability to assemble lipid
microdomains, indicating a potential role in endocytic pathways. CHMP2B interacts with Rab8, involved
in transport from the Golgi network to the cell membrane; patients with CHMP2B mutations display
large intracellular vesicles, likely indicative of an error in intracellular transport. Profilin is involved in
maintenance of the actin cytoskeleton, which maintain the structure of the neuronal cell body, and thus
without a direct role in intracellular transport is still associated with maintaining proper transport
dynamics, as a failure of the actin cytoskeleton will result in deformation of the neuronal cell body and
lead to transport defects. ERBB4 and its ligand neuregulin-1 transiently appear in the boutons of
synapses, indicating that these proteins are either normally transported down the axon or are necessary
for the development and transport of materials to the bouton. hnRNPA1 is involved in maintaining the
stability of newly synthesized mRNA and is likely involved in transport from the nucleus, as it contains
both a nuclear export and import signal, and transiently appears on both sides of the membrane. Matrin
is involved in maintaining the structure of the nucleus and in maintaining proper nuclear pore complex
structures, which indicates a role in nucleocytoplasmic transport. TUBA4A is a tubulin subunit, necessary
for the formation of microtubules, which stabilize the axon and allow for much of the transport within
the cell to occur. P62 has a well-established role as a protein shuttle between the proteasome and
regions of the cell where autophagy is commonly taking place. RBM-45 can alter localization from the
nucleus to the cytoplasm in response to stress, though this may occur in a complex with TDP-43, which
is normally transported to the synapses of neurons. Lastly, C9orf72 has been demonstrated to be a GEF
for Rab1, Rab5, and Rab7, all of which are involved in intracellular transport. In addition, roles have been
established for transport of proteins to the Golgi, autophagosomes, and lysosomes.

Functionally, we can find the most proteins implicated in the disease that fall into the category of
proteins involved in intracellular transport. In reality, these three mechanisms may not be distinct or
disparate, and could very well be linked. If intracellular transport is altered, and proteins are not being
shuffled to where they need to be, the cell will sense an excess of proteins in any of the ER, cytoplasm,
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or nucleus, or an excess of RNA within the nucleus or cytoplasm. This should lead to an activation of
cellular stress responses, such as the misfolded protein response, ERAD protein clearance response,
formation of stress granules, and an increase in autophagy. All of these will alter the dynamics of the ER,
which could lead to changes in calcium signaling or associated changes in the mitochondrial associated
membrane of the ER, which would in turn lead to mitochondrial dysfunction and the release of
cytochrome c leading to apoptosis. In my opinion, this is the most likely pathogenesis of the disease; the
mechanisms are not distinct, but are explained by a series of mishaps in the cell that all start with
impairment of proper protein or RNA transport, lead to induction of cellular stress responses, and the
failure of these stress responses to be cleared, or continuation of conditions suitable for the stress
response ultimately lead to mitochondrial dysfunction via altered ER dynamics or lead to direct damage
to the mitochondria and triggering of the intrinsic apoptotic pathway.

In addition, this author’s proposed domino hypothesis centering on a breakdown of intracellular
transport leading to alterations in mitochondrial function and ultimately an inability to clear misfolded
proteins and damaged organelles from the cell, likely explains the observed ability of mutated proteins
to be transferred to cells surrounding the damaged and dying cell. Since these neurons are dying via
apoptosis and not necrosis, the membrane bound fragments of the cell are taken up by the surrounding
cells, which will likely suffer from the same inability to clear the misfolded proteins, and lead to a
protracted progression in following neurons. This could also explain the long “healthy period” in
affected patients followed by a rapid disease course, as the disease does not typically onset until the 4t
or 5™ decade of life, in what | would refer to as a “domino hypothesis”- once one cell falls, the rest take
up what was released from the dead neuron, and ultimately trigger the same issues as were seen in the
cell that underwent apoptosis. While this has not been directly observed, based on everything that is
known about ALS and its progression, this hypothesis would seem to encompass many of the issues
commonly seen in ALS.

A table summarizing involved genes and implicated roles that map to the commonly seen pathological
defects in cells displaying an ALS phenotype is presented below.

ALS Gene Mitochondrial Dysfunction | Cellular Stress Intracellular, Axonal, or

Subtype Response Nucleocytoplasmic Transport

ALS1 SOD1 Superoxide dismutase Associated with BCL-2 | Altered cytoskeletal dynamics due to
properties ROS

ALS2 Alsin Mitochondrial GEF for Rab5- recruitment of vesicles
fragmentation to endosome

ALS3 Unknown

ALS4 SETX
ALS5 SPG11 Localizes to vesicles and
membranous organelles
ALS6 FUS Abnormal mitochondrial Stress granule RNA binding protein that maintains
localization formation RNA stability during axonal transport

ALS7 Unknown
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ALS8 VAPB Mitochondrial associated Protein inclusions Associated with ER and vesicles
membrane maintenance contain ER tubule
proteins, indicating ER
dysfunction
ALS9 ANG Cytochrome c
sequestration
ALS10 TARDBP | Abnormal mitochondrial Stress granule RNA binding protein that maintains
localization formation RNA stability during axonal tr
ALS11 FIG4 Pl signaling Decreased occurrence Retrograde Golgi to ER transport
of autophagy
ALS12 OPTN Central protein in Central protein in Vesicle trafficking to Golgi, associates
mitophagy autophagy, largescale with Rab8 (transport from trans-Golgi
dysfunction network to basolateral cell
membrane
ALS13 ATXN-2 Altered ER stress Associates with TDP-43 bound to
response MRNA
ALS14 VCP Mitochondrial associated Protein targeting to Formation of lipid microdomains
membrane maintenance phagsome which are common in endocytosis
ALS15 UBQLN2 | Trafficking of mitochondrial | Formation of Trafficking of proteins for
proteins for degradation autophagosome degradation; cytoskeletal assembly
ALS16 SIGMAR1 | Interactions with anti- Interaction with Lipid transport and formation of lipid
apoptotic proteins upstream components | microdomains commonly seen in
in apoptotic pathway endocytosis
ALS17 CHMP2B | Mitochondrial signaling, Altered ER stress Interactions with Rab8, transport
mitophagy response from Golgi network to cell membrane
ALS18 PFN1 Actin cytoskeleton dynamics;
maintain neuronal cell body structure
for proper transport
ALS19 ERBB4 Transiently transported to synapses
during disease progression
ALS20 hnRNPA1 Altered mRNA Maintaining stability of newly
dynamics of ER synthesized mRNA, transport from
proteins nucleus to cytoplasm
ALS21 MATR3 Altered nuclear stability | Maintain nuclear structure and pore
and mRNA structure for proper
accumulation nucleocytoplasmic transport
ALS22 TUBA4A Tubulin subunit necessary for
microtubule dynamics
TBK1 Mitophagy is important Central protein in
role autophagy, largescale
dysfunction
ALS- C9orf72 | Altered morphology and Initiator of autophagy, | Functions as a GEF for multiple Rab
FTD1 oxygen consumption involved in transport of | proteins associated with intracellular

dynamics; mitochondrial
fragmentation

proteins to
autophagosome

transport
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Table 3: The genetic and pathogenic heterogeneity of ALS. All functions listed are proposed normal
functions of these proteins based on the demonstrated interactions, phenotypes of knockdowns, and
rescue of knockdowns via wild type gene transfection. The majority of the proteins demonstrated to be
causative of ALS have functions in intracellular transport; many have functions in mitochondrial
regulation and control or autophagy and cellular stress responses.

Discussion and Future Directions:

Significant recent research has been focused on defining a link between the cellular autophagy pathway
and development of ALS. This has been established repeatedly with many of the implicated proteins,
sometimes via downstream consequences, such as altering proteasome degradation of proteins, by
binding of RNA into foci, via interference with alternative splicing, protein aggregation, and direct
disruption of autophagy machinery. In addition much work has gone into understanding altered cellular
energetics displayed in induced stem cell lines of ALS and in some animal models of ALS, both of which
display altered mitochondrial morphology or function. Autophagy is an important cellular function that
allows cells to dispose of damaged or dying organelles, and can also deal with misfolded or improperly
disposed of proteins to prevent induction of cellular stress. Taken together, the process of autophagy
appears to be central to proper maintenance of homeostasis for neuronal tissue. This is especially
important due to the non-mitotic nature of neuronal tissue; in many other tissues, if stress becomes too
great, cells can die and be replaced, but not neurons. Many tissues have a pool of stem cells which can
replace damaged tissue, which would likely be less affected by damage caused by this disease due to
their nature as stem cells and their capacity for repair and replacement. In addition, neurons necessarily
have a tightly controlled environment both intracellularly and extracellularly, and changes in this
environment can pre-dispose neuronal cells to death both in vitro and in vivo. Lastly, neurons perform
autophagic and pahgocytic functions commonly due to their need to scavenge neurotransmitters which
are released. Taken all together, the neuronal specific nature of the disease can likely be explained by
several of the factors which appear to be driving the disease. Because many of the observed
pathological issues in ALS can be explained by disruption of autophagy as well, this is a likely avenue to
continue researching.

Future directions should be focused on elucidating how a disruption of autophagy leads to neuronal cell
death, or demonstrating proposed hypotheses. It would make sense if disruption of autophagy
increased ER stress in the cell, altered ER dynamics, including calcium uptake, leading to mitochondrial
dysfunction, and eventually cellular apoptosis. However, little research has gone into observing if there
is a link between altered autophagy and altered mitochondrial function, and this should be an area of
upcoming research. In addition, further research needs to be performed to determine if protein
inclusions in neuronal cells are causative of ALS, or whether they are simply a result of the pathogenic
mechanism underlying the development of the disease.

In addition, the continued development of animal models of ALS is necessary. We now have several
models that recapitulate the disease in a very similar manner to humans, and these will absolutely be
necessary for demonstrating the underlying pathogenesis of the disease. If there is one common
pathogenesis for all involved causative mutations or different pathogenic mechanisms involved in each
of the subtypes, identifying functional or structural changes in involved proteins that allow for grouping
based on interactions and functions should allow researchers to continue to elucidate information about
the disease. As it currently stands, profilin-1 mutations are essentially the “odd man out” though groups
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have established interaction between other ALS associated proteins and other actin binding proteins
opening up the potential that even ALS caused by mutations in PFN1 may fit into the overall disease
picture. In addition, when developing animal models, | believe that we need to focus more on fully
recapitulating the disease state as seen in humans. Many of the currently available animal models
display an accelerated or condensed disease time course to help improve the timeframe for generation
of results. While the accelerated time course may be useful for research purposes, if all three of the
commonly proposed mechanisms are occurring either in series or simultaneously, in an accelerated
model we may only see one of the three mechanisms at play, which does not give researchers a true
model of the disease state.

If | could perform one experiment to determine the pathogenesis of ALS, | would first develop a
transgenic animal model that fully models the disease processes in human ALS. By this, | suggest that
the mouse should display symptoms beginning around two-thirds of the way throughout life, with
relatively normal life before, and a disease time-course equivalent to between 5 and 10 weeks This
might be difficult, as many of the currently generated animal models display an accelerated progression
of the disease, with death around 20 weeks at most. However, with the normal lifespan of a mouse
being approximately 2-4 years, a time course of half a year reflects at best one quarter of the mouse’s
life which is significantly less than the between half and two-thirds life-expectancy onset of most ALS
variants. If this could be achieved, and a mouse who developed the clinical features ALS beginning
around 80 weeks of life was successfully bred, then we could use these mice to examine the changes in
neurons leading up to onset of the disease. This would likely need to be performed using a BAC
construct that allowed an inducible nature of the disease such that researchers can induce the disease
shortly after birth and monitor the progression. In addition, if possible, we could design mice where the
disease state can be induced after normal development, as ALS does not appear to be a
neurodevelopmental disorder. This would currently provide some of the best insight into the disease
mechanism. We need to see what is going wrong with cells before outright symptoms of the disease are
observed, such that we can see what processes are fundamentally altered to allow for the death of
motor neurons. | would examine mitochondrial structure, ER dynamics, proteasomal degradation,
axonal, intracellular, and nucleocytoplasmic transport, and the ability of the cell to clear proteins and
organelles via autophagy. In addition, | would monitor these animals to determine if any clinical or
molecular biomarkers of the disease development can be seen in the symptom free stage, which would
further allow researchers to increase our understanding of the disease. If we could identify an early
marker for the development of ALS that does not require genetic testing, this would greatly improve our
diagnostic and research capabilities, as the ability to monitor suspected ALS patients before the onset of
the disease would allow us to further improve our understanding of how and why this condition
develops, how and why the specific subsets of neurons are affected, and how and why we don’t see
widespread cellular deficits if a central process in cell homeostasis is altered.

This author would like to see research move away from the prion-like hypothesis; while necessary
characteristics for this have been demonstrated and may be involved in the reactive astrocytosis and
gliosis seen in ALS patients, currently, the prion hypothesis does little to add to the knowledge of the
disease. With the growing amount of information available on the types of mutations undergone by
these proteins, and the growing realization that many of the autosomal dominantly inherited
phenotypes likely have mutations in causative proteins conferring a toxic gain of function mechanism,
altered binding to associated proteins and dominant negative mechanisms may explain most of the
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incorporations into protein inclusions that are seen. In addition, neurons in ALS die via apoptosis,
meaning that the products of the dead cell are absorbed by those around it, which could explain the
appearance of insoluble plaques in cells surrounding the dying neuron. As there are other simpler, and
in this author’s opinion, more likely hypotheses for the spread of proteins from cell to cell, now might be
as good a time as any to lay this hypothesis to rest. In addition, only 3 of the 25 proteins where
mutations have been associated as causative of ALS contain a prion-like domain despite all being able to
be transferred from dying cells to healthy surrounding cells.

This author would also like to see research focused on understanding the role of intracellular,
nucleocytoplasmic, and axonal transport on the pathogenesis of ALS, as many of the proteins involved
display common patterns of mis-localization, which would be explained by the presence of altered
intracellular transport mechanisms, a function which many of the implicated proteins have been
associated with. With the developments provided recently linking the functional role of TDP-43 in
C90rf72 localization in cells (by binding C90rf72 mRNA for axonal transport), this continues to provide
evidence for the involvement of the intracellular transport system in the pathogenesis of ALS (Ishiguro
et al 2016). At this current stage in research, we have not elucidated whether alteration in intracellular
transport are causative or a result of the pathology, and arguments for both sides can be made. In my
opinion, intracellular transport dynamics are likely altered first, leading to alterations in autophagy or
proteasomal dynamics because proteins are not being sent where they need to be, allowing them to
accumulate, and necessitating clearance by the cell. The stress on the ER and protein clearance
mechanisms likely also leads to changes in the mitochondria, as the mitochondria are associated with
the ER, and the dynamic exchange of ions and proteins between the two keeps the mitochondria
functioning correctly. This alteration of protein clearance dynamics and mitochondrial function could
ultimately lead to activation of the intrinsic apoptotic pathway as the mitochondria begins to break
down. With impaired autophagy, the damaged mitochondria cannot undergo mitophagy and be safely
cleared from the cell. All in all, it is likely that a combination of all three commonly researched
mechanisms contribute to the pathogenesis of ALS.

65



References:

1.

10.

11.

12.

13.

14.

15.

16.

17.

Abdolvahabi, A. et al. Kaplan-Meier Meets Chemical Kinetics: Intrinsic Rate of SOD1
Amyloidogenesis Decreased by Subset of ALS Mutations and Cannot Fully Explain Age of Disease
Onset. ACS Chem Neurosci (2017). doi:10.1021/acschemneuro.7b00029

Agosta, F. et al. The El Escorial criteria: strengths and weaknesses. Amyotroph Lateral Scler
Frontotemporal Degener 16, 1-7 (2015).

Ahmad, L., Zhang, S.-Y., Casanova, J.-L. & Sancho-Shimizu, V. Human TBK1: A Gatekeeper of
Neuroinflammation. Trends Mol Med 22, 511-527 (2016).

Akizuki, M. et al. Optineurin suppression causes neuronal cell death via NF-kB pathway. J.
Neurochem. 126, 699-704 (2013).

Aliaga, L. et al. Amyotrophic lateral sclerosis-related VAPB P56S mutation differentially affects
the function and survival of corticospinal and spinal motor neurons. Hum. Mol. Genet. 22, 4293—
4305 (2013).

ALS CNTF Treatment Study (ACTS) Phase I-ll Study Group. The Amyotrophic Lateral Sclerosis
Functional Rating Scale. Assessment of activities of daily living in patients with Amyotrophic
Lateral Sclerosis. Arch Neurol. 1996; 53: 141-147.

Al-Saif, A., Al-Mohanna, F. & Bohlega, S. A mutation in sigma-1 receptor causes juvenile
amyotrophic lateral sclerosis. Ann. Neurol. 70, 913-919 (2011).

Al-Sarraj, S. et al. p62 positive, TDP-43 negative, neuronal cytoplasmic and intranuclear
inclusions in the cerebellum and hippocampus define the pathology of C9orf72-linked FTLD and
MND/ALS. Acta Neuropathol. 122, 691-702 (2011).

Andersen, PM, et al. (1996). Autosomal recessive adult-onset amyotrophic lateral sclerosis
associated with homozygosity for Asp90Ala CuZn-superoxide dismutase mutation. A clinical and
genealogical study of 36 patients. Brain. 119:1153-1172

Antonella Caccamo, et al. (2015). Reduced protein turnover mediates functional deficits in
transgenic mice expressing the 25 kDa C-terminal fragment of TDP-43. Hum. Mol. Genets. 24
(16): 4625-4635 first published online May 22, 2015 doi:10.1093/hmg/ddv193

Ash, P. E. A. et al. Unconventional translation of C9ORF72 GGGGCC expansion generates
insoluble polypeptides specific to c9FTD/ALS. Neuron 77, 639-646 (2013).

Atanasio, A. et al. C90orf72 ablation causes immune dysregulation characterized by leukocyte
expansion, autoantibody production, and glomerulonephropathy in mice. Sci Rep 6, 23204
(2016).

Aydar, E., Palmer, C. P., Klyachko, V. A. & Jackson, M. B. The sigma receptor as a ligand-regulated
auxiliary potassium channel subunit. Neuron 34, 399-410 (2002).

Azzouz, M. et al. VEGF delivery with retrogradely transported lentivector prolongs survival in a
mouse ALS model. Nature 429, 413-417 (2004).

B. Oosthuyse, L. Moons, E. Storkebaum et al., “Deletion of the hypoxia-response element in the
vascular endothelial growth factor promoter causes motor neuron degeneration,” Nature
Genetics, vol. 28, no. 2, pp. 131-138, 2001

Baechtold H., et al. (1999) Human 75-kDa DNA-pairing protein is identical to the pro-
oncoprotein TLS/FUS and is able to promote D-loop formation. Journal of Biological

Chemistry 274: 34337-34342

Bauer, P. O. Methylation of C9orf72 expansion reduces RNA foci formation and dipeptide-repeat
proteins expression in cells. Neurosci. Lett. 612, 204—209 (2016).

66


http://dx.doi.org/10.1021/acschemneuro.7b00029

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bersano, A. et al. Inclusion body myopathy and frontotemporal dementia caused by a novel VCP
mutation. Neurobiol. Aging 30, 752—-758 (2009).

Bigio, E. H. et al. Frontotemporal lobar degeneration with TDP-43 proteinopathy and
chromosome 9p repeat expansion in C9ORF72: clinicopathologic correlation. Neuropathology
33,122-133 (2013).

Bjorkegy, G., Lamark, T. & Johansen, T. p62/SQSTM1: a missing link between protein aggregates
and the autophagy machinery. Autophagy 2, 138—139 (2006).

Blair, I. P. et al. A gene for autosomal dominant juvenile amyotrophic lateral sclerosis (ALS4)
localizes to a 500-kb interval on chromosome 9q34. Neurogenetics 3, 1-6 (2000).

Boxer, A. L. et al. Clinical, neuroimaging and neuropathological features of a new chromosome
9p-linked FTD-ALS family. J. Neurol. Neurosurg. Psychiatr. 82, 196-203 (2011).

Branchu, J. et al. Loss of spatacsin function alters lysosomal lipid clearance leading to upper and
lower motor neuron degeneration. Neurobiol. Dis. 102, 21-37 (2017).

Brci¢, J. & Plavec, J. Solution structure of a DNA quadruplex containing ALS and FTD related
GGGGCC repeat stabilized by 8-bromodeoxyguanosine substitution. Nucleic Acids Res. 43, 8590—
8600 (2015).

Brettschneider, J. et al. Microglial activation and TDP-43 pathology correlate with executive
dysfunction in amyotrophic lateral sclerosis. Acta Neuropathol. 123, 395-407 (2012).
Brettschneider, J. et al. Pattern of ubiquilin pathology in ALS and FTLD indicates presence of
C90RF72 hexanucleotide expansion. Acta Neuropathol. 123, 825-839 (2012).

Brooks, B. R. El Escorial World Federation of Neurology criteria for the diagnosis of amyotrophic
lateral sclerosis. Subcommittee on Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the
World Federation of Neurology Research Group on Neuromuscular Diseases and the El Escorial
‘Clinical limits of amyotrophic lateral sclerosis’ workshop contributors. J. Neurol. Sci. 124 Suppl,
96-107 (1994).

Brooks, B. R., Miller, R. G., Swash, M., Munsat, T. L. & World Federation of Neurology Research
Group on Motor Neuron Diseases. El Escorial revisited: revised criteria for the diagnosis of
amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Other Motor Neuron Disord. 1, 293-299
(2000).

Bruijn, LI., Houseweart MK., Cleveland DW., et al. (1998). Aggregation and motor neuron toxicity
of an ALS-linked SOD1 mutant independent from wild-type SOD1. Science, 281; 1851-1854
Buratti, E. & Baralle, F. E. Characterization and functional implications of the RNA binding
properties of nuclear factor TDP-43, a novel splicing regulator of CFTR exon 9. J. Biol. Chem. 276,
36337-36343 (2001).

Buratti, E. et al. TDP-43 binds heterogeneous nuclear ribonucleoprotein A/B through its C-
terminal tail: an important region for the inhibition of cystic fibrosis transmembrane
conductance regulator exon 9 splicing. J. Biol. Chem. 280, 37572-37584 (2005).

Burguete, A. S. et al. GGGGCC microsatellite RNA is neuritically localized, induces branching
defects, and perturbs transport granule function. Elife 4, e08881 (2015).

Burrati E., Baralle FE. (2001). Characterization and Functional Implications of the RNA Binding
Properties of Nuclear Factor TDP-43, a Novel Splicing Regulator of CFTR Exon 9. J. Biol.

Chem. 2001 276: 36337 d0i:10.1074/jbc.M104236200

67



34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Byrne, S. et al. Cognitive and clinical characteristics of patients with amyotrophic lateral sclerosis
carrying a C9orf72 repeat expansion: a population-based cohort study. Lancet Neurol 11, 232—-
240 (2012).

Caccamo, A. et al. Reduced protein turnover mediates functional deficits in transgenic mice
expressing the 25 kDa C-terminal fragment of TDP-43. Hum. Mol. Genet. 24, 4625-4635 (2015).
Cai, H. et al. ALS2/Alsin Knockout Mice and Motor Neuron Diseases. Neurodegener Dis 5, 359—
366 (2008).

Cai, H. et al. Loss of ALS2 function is insufficient to trigger motor neuron degeneration in knock-
out mice but predisposes neurons to oxidative stress. J. Neurosci. 25, 7567—7574 (2005).
Carlsson, L., Nystrom, L. E., Sundkvist, I., Markey, F. & Lindberg, U. Actin polymerizability is
influenced by profilin, a low molecular weight protein in non-muscle cells. J. Mol. Biol. 115, 465—
483 (1977).

Ceballos-Diaz, C. et al. Viral expression of ALS-linked ubiquilin-2 mutants causes inclusion
pathology and behavioral deficits in mice. Mol Neurodegener 10, 25 (2015).

Cedarbaum JM, et al. The ALSFRS-R: a revised ALS functional rating scale that incorporates
assessments of respiratory function. J Neurological Sciences. 169, 13-21. (1999)

Cedarbaum JM, Stambler N. Performance of the Amyotrophic Lateral Sclerosis Functional Rating
Scale (ALSFRS) in multicenter clinical trials. ] Neurological Sciences. 1997; 152 (Suppl 1): S1 —S9.
Chance, P. F. et al. Linkage of the gene for an autosomal dominant form of juvenile amyotrophic
lateral sclerosis to chromosome 9g34. Am. J. Hum. Genet. 62, 633-640 (1998).

Chang, J., Lee, S. & Blackstone, C. Spastic paraplegia proteins spastizin and spatacsin mediate
autophagic lysosome reformation. J. Clin. Invest. 124, 5249-5262 (2014).

Chang, Y.-1., Jeng, U.-S., Chiang, Y.-L., Hwang, |.-S. & Chen, Y.-R. The Glycine-Alanine Dipeptide
Repeat from C9orf72 Hexanucleotide Expansions Forms Toxic Amyloids Possessing Cell-to-Cell
Transmission Properties. J. Biol. Chem. 291, 4903-4911 (2016).

Chase, A. Motor neuron disease: loss-of-function mutations in TBK1 can cause familial ALS. Nat
Rev Neurol 11, 246 (2015).

Chau, T.-L. et al. Are the IKKs and IKK-related kinases TBK1 and IKK-epsilon similarly activated?
Trends Biochem. Sci. 33, 171-180 (2008).

Chen, H.-J. et al. Characterization of the properties of a novel mutation in VAPB in familial
amyotrophic lateral sclerosis. J. Biol. Chem. 285, 40266—-40281 (2010).

Chen, Y. et al. PFN1 mutations are rare in Han Chinese populations with amyotrophic lateral
sclerosis. Neurobiol. Aging 34, 1922.e1-5 (2013).

Chen, Y.-Z. et al. DNA/RNA helicase gene mutations in a form of juvenile amyotrophic lateral
sclerosis (ALS4). Am. J. Hum. Genet. 74, 1128-1135 (2004).

Chen, Y.-Z. et al. Senataxin, the yeast Senlp orthologue: characterization of a unique protein in
which recessive mutations cause ataxia and dominant mutations cause motor neuron disease.
Neurobiol. Dis. 23, 97-108 (2006).

Chew, J. et al. Neurodegeneration. C9ORF72 repeat expansions in mice cause TDP-43 pathology,
neuronal loss, and behavioral deficits. Science 348, 1151-1154 (2015).

Chow, C. Y. et al. Deleterious variants of FIG4, a phosphoinositide phosphatase, in patients with
ALS. Am. J. Hum. Genet. 84, 85—-88 (2009).

Chow, C. Y. et al. Mutation of FIG4 causes neurodegeneration in the pale tremor mouse and
patients with CMT4J. Nature 448, 68—72 (2007).

68



54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ciura, S. et al. Loss of function of C90orf72 causes motor deficits in a zebrafish model of
amyotrophic lateral sclerosis. Ann. Neurol. 74, 180-187 (2013).

Ciura, S., Sellier, C., Campanari, M.-L., Charlet-Berguerand, N. & Kabashi, E. The most prevalent
genetic cause of ALS-FTD, C90orf72 synergizes the toxicity of ATXN2 intermediate polyglutamine
repeats through the autophagy pathway. Autophagy 12, 1406—1408 (2016).

Clark, J. A., Yeaman, E. J., Blizzard, C. A., Chuckowree, J. A. & Dickson, T. C. A Case for
Microtubule Vulnerability in Amyotrophic Lateral Sclerosis: Altered Dynamics During Disease.
Front Cell Neurosci 10, 204 (2016).

Clayton, E. L. et al. Early microgliosis precedes neuronal loss and behavioural impairment in mice
with a frontotemporal dementia-causing CHMP2B mutation. Hum. Mol. Genet. (2017).
doi:10.1093/hmg/ddx003

Clayton, E. L. et al. Frontotemporal dementia caused by CHMP2B mutation is characterised by
neuronal lysosomal storage pathology. Acta Neuropathol 130, 511-523 (2015).

Collins, M. et al. The RNA-binding motif 45 (RBM45) protein accumulates in inclusion bodies in
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration with TDP-43
inclusions (FTLD-TDP) patients. Acta Neuropathol. 124, 717-732 (2012).

Conforti, F. L. et al. Ataxin-1 and ataxin-2 intermediate-length PolyQ expansions in amyotrophic
lateral sclerosis. Neurology 79, 2315-2320 (2012).

Conlon, E. G. et al. The C90RF72 GGGGCC expansion forms RNA G-quadruplex inclusions and
sequesters hnRNP H to disrupt splicing in ALS brains. Elife 5, (2016).

Cooper-Knock, J. et al. C9ORF72 GGGGCC Expanded Repeats Produce Splicing Dysregulation
which Correlates with Disease Severity in Amyotrophic Lateral Sclerosis. PLoS ONE 10, e0127376
(2015).

Corbier, C. & Sellier, C. C90RF72 is a GDP/GTP exchange factor for Rab8 and Rab39 and
regulates autophagy. Small GTPases 1-6 (2016). doi:10.1080/21541248.2016.1212688

Cox, L. E. et al. Mutations in CHMP2B in lower motor neuron predominant amyotrophic lateral
sclerosis (ALS). PLoS ONE 5, e9872 (2010).

Crozat, A., et al. (1993). Fusion of CHOP to a novel RNA-binding protein in human myxoid
liposarcoma. Nature 363: 640-644

Cudkowicz ME, et al. (1997). Epidemiology of mutations in superoxide dismutase in amyotrophic
lateral sclerosis. Ann. Neurol. 41:210-221

D’Alton S, Altshuler M, Lewis J (2015) Studies of alternative isoforms provide insight into TDP-43
autoregulation and pathogenesis. RNA 21: 1419 — 1432

D’Alton, S., Altshuler, M. & Lewis, J. Studies of alternative isoforms provide insight into TDP-43
autoregulation and pathogenesis. RNA 21, 1419-1432 (2015).

Dafinca, R. et al. C9orf72 Hexanucleotide Expansions Are Associated with Altered Endoplasmic
Reticulum Calcium Homeostasis and Stress Granule Formation in Induced Pluripotent Stem Cell-

Derived Neurons from Patients with Amyotrophic Lateral Sclerosis and Frontotemporal
Dementia. Stem Cells 34, 2063-2078 (2016).

Dai, R. M. & Li, C. C. Valosin-containing protein is a multi-ubiquitin chain-targeting factor
required in ubiquitin-proteasome degradation. Nat. Cell Biol. 3, 740-744 (2001).

Daoud, H. et al. Exome sequencing reveals SPG11 mutations causing juvenile ALS. Neurobiol.
Aging 33, 839.e5-9 (2012).

69


http://dx.doi.org/10.1093/hmg/ddx003
http://dx.doi.org/10.1080/21541248.2016.1212688

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

David, C. J., Chen, M., Assanah, M., Canoll, P. & Manley, J. L. HhRNP proteins controlled by c-Myc
deregulate pyruvate kinase mRNA splicing in cancer. Nature 463, 364—368 (2010).

de Carvalho, M. et al. Electrodiagnostic criteria for diagnosis of ALS. Clin Neurophysiol 119, 497—
503 (2008).

De Vos, K. J. et al. VAPB interacts with the mitochondrial protein PTPIP51 to regulate calcium
homeostasis. Hum. Mol. Genet. 21, 1299-1311 (2012).

Deikin, A. V. et al. [A mice model of amyotrophic lateral sclerosis expressing mutant human FUS
protein]. Zh Nevrol Psikhiatr Im S S Korsakova 114, 62—69 (2014).

Delesus-Hernandez M., et al. (2011). Expanded GGGGCC hexanucleotide repeat in noncoding
region of C90ORF72 causes chromosome 9p-linked FTD and ALS. Neuron 72: 245-256.
Delesus-Hernandez, M. et al. Expanded GGGGCC hexanucleotide repeat in noncoding region of
C90RF72 causes chromosome 9p-linked FTD and ALS. Neuron 72, 245-256 (2011).

Deng, H.-X. et al. Distal axonopathy in an alsin-deficient mouse model. Hum. Mol. Genet. 16,
2911-2920 (2007).

Deng, H.-X. et al. FUS-immunoreactive inclusions are a common feature in sporadic and non-
SOD1 familial amyotrophic lateral sclerosis. Ann. Neurol. 67, 739—-748 (2010).

Deng, H.-X. et al. Mutations in UBQLN2 cause dominant X-linked juvenile and adult-onset ALS
and ALS/dementia. Nature 477, 211-215 (2011).

Deng, J. et al. FUS Interacts with HSP60 to Promote Mitochondrial Damage. PLoS

Genet. 11, 1005357 (2015).

Devon, R. S. et al. Als2-deficient mice exhibit disturbances in endosome trafficking associated
with motor behavioral abnormalities. Proc. Natl. Acad. Sci. U.S.A. 103, 9595-9600 (2006).

Dini Modigliani, S., Morlando, M., Errichelli, L., Sabatelli, M. & Bozzoni, |. An ALS-associated
mutation in the FUS 3’-UTR disrupts a microRNA-FUS regulatory circuitry. Nat Commun 5, 4335
(2014).

Dini Modigliani, S., Morlando, M., Errichelli, L., Sabatelli, M. and Bozzoni, I. (2014) An ALS-
associated mutation in the FUS 3'-UTR disrupts a microRNA-FUS regulatory circuitry. Nat
Commun, 5, 4335.

Doble, A. The pharmacology and mechanism of action of riluzole. Neurology 47, S233—-241
(1996).

Donnelly, C. J. et al. RNA toxicity from the ALS/FTD C90RF72 expansion is mitigated by antisense
intervention. Neuron 80, 415-428 (2013).

Elden, A. C. et al. Ataxin-2 intermediate-length polyglutamine expansions are associated with
increased risk for ALS. Nature 466, 1069-1075 (2010).

Farg MA,, et al. (2014). C90RF72, implicated in amytrophic lateral sclerosis and frontotemporal
dementia, regulates endosomal trafficking. Human Molecular Genetics, 23(13), 3579-3595.
http://doi.org/10.1093/hmg/ddu068

Farg, M. A. et al. Ataxin-2 interacts with FUS and intermediate-length polyglutamine expansions
enhance FUS-related pathology in amyotrophic lateral sclerosis. Hum. Mol. Genet. 22, 717-728
(2013).

Farg, M. A. et al. C90RF72, implicated in amytrophic lateral sclerosis and frontotemporal
dementia, regulates endosomal trafficking. Hum. Mol. Genet. 23, 3579-3595 (2014).

Feldman, E. L. et al. Intraspinal neural stem cell transplantation in amyotrophic lateral sclerosis:
phase 1 trial outcomes. Ann. Neurol. 75, 363—373 (2014).

70



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

Feldman, E. L. et al. Intraspinal neural stem cell transplantation in amyotrophic lateral
sclerosis: phase 1 trial outcomes. Ann. Neurol.75, 363—373 (2014).
Feldman, E. L. et al. Intraspinal neural stem cell transplantation in amyotrophic lateral
sclerosis: phase 1 trial outcomes. Ann. Neurol. 75, 363-373 (2014).
Ferguson, C. J., Lenk, G. M. & Meisler, M. H. Defective autophagy in neurons and astrocytes
from mice deficient in PI(3,5)P2. Hum. Mol. Genet. 18, 4868-4878 (2009).
Figley, M. D., Bieri, G., Kolaitis, R.-M., Taylor, J. P. & Gitler, A. D. Profilin 1 associates with stress
granules and ALS-linked mutations alter stress granule dynamics. J. Neurosci. 34, 8083—8097
(2014).
Filimonenko, M. et al. Functional multivesicular bodies are required for autophagic clearance of
protein aggregates associated with neurodegenerative disease. J. Cell Biol. 179, 485-500 (2007).
Fleisig, H., EI-Din El-Husseini, A. & Vincent, S. R. Regulation of ErbB4 phosphorylation and
cleavage by a novel histidine acid phosphatase. Neuroscience 127, 91-100 (2004).
Flores, B. N. et al. Distinct C9orf72-Associated Dipeptide Repeat Structures Correlate with
Neuronal Toxicity. PLoS ONE 11, e0165084 (2016).
Flynn, R. L. et al. TERRA and hnRNPA1 orchestrate an RPA-to-POT1 switch on telomeric single-
stranded DNA. Nature 471, 532-536 (2011).

Fogel, B. L. et al. Mutation of senataxin alters disease-specific transcriptional networks
in patients with ataxia with oculomotor apraxia type 2. Hum. Mol. Genet. 23, 4758-4769 (2014).
Fratta, P. et al. C90orf72 hexanucleotide repeat associated with amyotrophic lateral sclerosis and
frontotemporal dementia forms RNA G-quadruplexes. Sci Rep 2, 1016 (2012).
Freibaum, B. D. & Taylor, J. P. The Role of Dipeptide Repeats in C9ORF72-Related ALS-FTD. Front
Mol Neurosci 10, 35 (2017).
Freischmidt, A. et al. Haploinsufficiency of TBK1 causes familial ALS and fronto-temporal
dementia. Nat. Neurosci. 18, 631-636 (2015).
FTLD/ALS-associated behaviour via GIluA1 mRNA stabilization. Nat Commun, 6, 7098
FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. Nat Neurosci, 15, 1488-1497.
Gallart-Palau, X. et al. Neuregulin-1 is concentrated in the postsynaptic subsurface cistern of C-
bouton inputs to a-motoneurons and altered during motoneuron diseases. FASEB J. 28, 3618—
3632 (2014).
Gascon, E. & Gao, F.-B. The emerging roles of microRNAs in the pathogenesis of frontotemporal
dementia-amyotrophic lateral sclerosis (FTD-ALS) spectrum disorders. J. Neurogenet. 28, 30-40
(2014).
Gassmann, M. et al. Aberrant neural and cardiac development in mice lacking the ErbB4
neuregulin receptor. Nature 378, 390—-394 (1995).
Gautam, M. et al. Absence of alsin function leads to corticospinal motor neuron
vulnerability via novel disease mechanisms. Hum Mol Genet 25, 1074-1087 (2016).
Geevasinga, N. et al. Diagnostic criteria in amyotrophic lateral sclerosis: A multicenter
prospective study. Neurology 87, 684-690 (2016).
Gendron, T. F. et al. Antisense transcripts of the expanded C90RF72 hexanucleotide repeat form
nuclear RNA foci and undergo repeat-associated non-ATG translation in c9FTD/ALS. Acta
Neuropathol. 126, 829-844 (2013).
Gendron, T. F. et al. Cerebellar c9RAN proteins associate with clinical and neuropathological
characteristics of C9ORF72 repeat expansion carriers. Acta Neuropathol. 130, 559-573 (2015).

71



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Gendron, T. F., Cosio, D. M. & Petrucelli, L. c9RAN translation: a potential therapeutic target for
the treatment of amyotrophic lateral sclerosis and frontotemporal dementia. Expert Opin. Ther.
Targets 17, 991-995 (2013).

Ghazi-Noori, S. et al. Progressive neuronal inclusion formation and axonal degeneration in
CHMP2B mutant transgenic mice. Brain 135, 819-832 (2012).

Gilpin, K. M., Chang, L. & Monteiro, M. J. ALS-linked mutations in ubiquilin-2 or hnRNPA1 reduce
interaction between ubiquilin-2 and hnRNPA1. Hum. Mol. Genet. 24, 2565-2577 (2015).
Gispert, S. et al. The modulation of Amyotrophic Lateral Sclerosis risk by ataxin-2 intermediate
polyglutamine expansions is a specific effect. Neurobiol. Dis. 45, 356—361 (2012).

Glass, J. D. et al. Lumbar intraspinal injection of neural stem cells in patients with
amyotrophic lateral sclerosis: results of a phase | trial in 12 patients. Stem Cells 30, 1144—
1151 (2012).

Gomez-Deza, J. et al. Dipeptide repeat protein inclusions are rare in the spinal cord and almost
absent from motor neurons in C9ORF72 mutant amyotrophic lateral sclerosis and are unlikely to
cause their degeneration. Acta Neuropathol Commun 3, 38 (2015).

Gorrie, G. H. et al. Dendritic spinopathy in transgenic mice expressing ALS/dementia-linked
mutant UBQLN2. Proc. Natl. Acad. Sci. U.S.A. 111, 14524-14529 (2014).

Greenway, M. J. et al. A novel candidate region for ALS on chromosome 14q11.2. Neurology 63,
1936-1938 (2004).

Greenway, M. J. et al. ANG mutations segregate with familial and ‘sporadic’ amyotrophic lateral
sclerosis. Nat. Genet. 38, 411-413 (2006).

Grigg, J. C., Shumayrikh, N. & Sen, D. G-quadruplex structures formed by expanded
hexanucleotide repeat RNA and DNA from the neurodegenerative disease-linked C90orf72 gene
efficiently sequester and activate heme. PLoS ONE 9, e106449 (2014).

Guo, X. et al. VCP recruitment to mitochondria causes mitophagy impairment and
neurodegeneration in models of Huntington’s disease. Nat Commun 7, 12646 (2016).
Gurney M. E. (1997). The use of transgenic mouse models of amyotrophic lateral sclerosis in
preclinical drug studies. J. Neurol. Sci. 152(Suppl. 1) S67-573. 10.1016/50022-510X(97)00247-5
Hadano, S. et al. Mice deficient in the Rab5 guanine nucleotide exchange factor ALS2/alsin
exhibit age-dependent neurological deficits and altered endosome trafficking. Hum. Mol. Genet.
15, 233-250 (2006).

Haeusler, A. R., et al. (2014). C90rf72 nucleotide repeat structures initiate molecular cascades of
disease. Nature 507: 195-200.

Halbach, M. V. et al. Both ubiquitin ligases FBXW8 and PARK2 are sequestrated into insolubility
by ATXN2 PolyQ expansions, but only FBXW8 expression is dysregulated. PLoS ONE 10,
0121089 (2015).

Hand, C. K. et al. A novel locus for familial amyotrophic lateral sclerosis, on chromosome 18q.
Am. J. Hum. Genet. 70, 251-256 (2002).

Hans, F. et al. UBE2E ubiquitin-conjugating enzymes and ubiquitin isopeptidase Y regulate TDP-
43 protein ubiquitination. J. Biol. Chem. 289, 19164-19179 (2014).

Harms, M. B. et al. Lack of C9ORF72 coding mutations supports a gain of function for repeat
expansions in amyotrophic lateral sclerosis. Neurobiol. Aging 34, 2234.e13-19 (2013).

72



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

Hart, M. P. & Gitler, A. D. ALS-associated ataxin 2 polyQ expansions enhance stress-induced
caspase 3 activation and increase TDP-43 pathological modifications. J. Neurosci. 32, 9133-9142
(2012).

Hayashi K., et al. (2016). A Japanese familial ALS patient with autonomic failure and a
p.Cys146Arg mutation in the gene for SOD1 (SOD1). Neuropathology, doi: 10.1111/neup.12303.
Hayashi, T. & Su, T.-P. Intracellular dynamics of sigma-1 receptors (sigma(1) binding sites) in
NG108-15 cells. J. Pharmacol. Exp. Ther. 306, 726—733 (2003).

Hayashi, T. & Su, T.-P. Sigma-1 receptor chaperones at the ER-mitochondrion interface regulate
Ca(2+) signaling and cell survival. Cell 131, 596-610 (2007).

Hayashi, T. & Su, T.-P. Sigma-1 receptors (sigma(1) binding sites) form raft-like microdomains
and target lipid droplets on the endoplasmic reticulum: roles in endoplasmic reticulum lipid
compartmentalization and export. J. Pharmacol. Exp. Ther. 306, 718—725 (2003).

Hayashi, T. & Su, T.-P. Sigma-1 receptors at galactosylceramide-enriched lipid microdomains
regulate oligodendrocyte differentiation. Proc. Natl. Acad. Sci. U.S.A. 101, 14949-14954 (2004).
Hayes, L. R. & Rothstein, J. D. C9ORF72-ALS/FTD: Transgenic Mice Make a Come-BAC. Neuron
90, 427-431 (2016).

Hayward, C., Colville, S., Swingler, R. J. & Brock, D. J. Molecular genetic analysis of the APEX
nuclease gene in amyotrophic lateral sclerosis. Neurology 52, 1899-1901 (1999).

Hiji, M. et al. White matter lesions in the brain with frontotemporal lobar degeneration with
motor neuron disease: TDP-43-immunopositive inclusions co-localize with p62, but not
ubiquitin. Acta Neuropathol. 116, 183—191 (2008).

Hilton, J. B. et al. Cu(ll)(atsm) improves the neurological phenotype and survival of
SOD1(G93A) mice and selectively increases enzymatically active SOD1 in the spinal cord. Sci
Rep 7, 42292 (2017).

Honda, H. et al. Loss of hnRNPA1 in ALS spinal cord motor neurons with TDP-43-positive
inclusions. Neuropathology 35, 37-43 (2015).

Hsiung, G.-Y. R. et al. Clinical and pathological features of familial frontotemporal dementia
caused by C90RF72 mutation on chromosome 9p. Brain 135, 709-722 (2012).

Huang, Y. Z. et al. Regulation of neuregulin signaling by PSD-95 interacting with ErbB4 at CNS
synapses. Neuron 26, 443—-455 (2000).

Huber, L. A. et al. Rab8, a small GTPase involved in vesicular traffic between the TGN and
the basolateral plasma membrane. J. Cell Biol.123, 35-45 (1993).

Hugon J. Riluzole and ALS therapy. Wien Med Wochenschr. 146 (9-10), 185-7. (1996).

Hukema RK, et al. A new inducible transgenic mouse model for C9orf72-associated GGGGCC
repeat expansion supports a gain-of-function mechanism in C9orf72-associated ALS and

FTD. Acta Neuropathol Commun. 2014;2:166. doi: 10.1186/s40478-014-0166-y. RETRACTED
Hukema, R. K. et al. Retraction Note to: A new inducible transgenic mouse model for C9orf72-
associated GGGGCC repeat expansion supports a gain-of-function mechanism in C9orf72-
associated ALS and FTD. Acta Neuropathol Commun 4, 129 (2016).

interaction between RNAP Il and U1 snRNP. Proc Natl Acad Sci U S A, 112, 8608-8613

Irwin, D. J. et al. Cognitive decline and reduced survival in C9orf72 expansion frontotemporal
degeneration and amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatr. 84, 163-169
(2013).

73



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Ishiguro, A., et al. (2016), TDP-43 binds and transports G-quadruplex-containing mRNAs into
neurites for local translation. Genes to Cells. doi: 10.1111/gtc.12352

Ishiguro, A., Kimura, N., Watanabe, Y., Watanabe, S. & Ishihama, A. TDP-43 binds and transports
G-quadruplex-containing mRNAs into neurites for local translation. Genes Cells 21, 466—481
(2016).

Itakura, E. et al. Ubiquilins Chaperone and Triage Mitochondrial Membrane Proteins for
Degradation. Mol. Cell 63, 21-33 (2016).

Ito, Y. et al. RIPK1 mediates axonal degeneration by promoting inflammation and necroptosis in
ALS. Science 353, 603—608 (2016).

Jiang, J. et al. (2016). Gain of Toxicity from ALS/FTD-Linked Repeat Expansions in C9ORF72 Is
Alleviated by Antisense Oligonucleotides Targeting GGGGCC-Containing RNAs. Neuron. Available
online 21 April 2016. http://dx.doi.org/10.1016/j.neuron.2016.04.006.

liang, J. et al. Gain of Toxicity from ALS/FTD-Linked Repeat Expansions in C9ORF72 Is Alleviated
by Antisense Oligonucleotides Targeting GGGGCC-Containing RNAs. Neuron 90, 535-550 (2016).
Jiang, J. et al. Gain of Toxicity from ALS/FTD-Linked Repeat Expansions in C9ORF72 Is
Alleviated by Antisense Oligonucleotides Targeting GGGGCC-Containing

RNAs. Neuron 90, 535-550 (2016).

Jin, K. L., Mao, X. O. & Greenberg, D. A. Vascular endothelial growth factor: direct
neuroprotective effect in in vitro ischemia. Proc. Natl. Acad. Sci. U.S.A. 97, 10242-10247 (2000).
Johnson, J. O. et al. Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron
68, 857-864 (2010).

Johnson, J. O. et al. Mutations in the Matrin 3 gene cause familial amyotrophic lateral sclerosis.
Nat. Neurosci. 17, 664—666 (2014).

Jovici¢, A. et al. Modifiers of C90rf72 dipeptide repeat toxicity connect nucleocytoplasmic
transport defects to FTD/ALS. Nat. Neurosci. 18, 1226—1229 (2015).

Ju, J.-S. et al. Valosin-containing protein (VCP) is required for autophagy and is disrupted in VCP
disease. J. Cell Biol. 187, 875—888 (2009).

K. L. Jin, X. 0. Mao, and D. A. Greenberg, “Vascular endothelial growth factor: direct
neuroprotective effect in in vitro ischemia,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 97, no. 18, pp. 10242-10247, 2000.

K. L. Jin, X. 0. Mao, T. Nagayama, P. C. Goldsmith, and D. A. Greenberg, “Induction of vascular
endothelial growth factor receptors and phosphatidylinositol 3'-kinase/Akt signaling by global
cerebral ischemia in the rat,” Neuroscience, vol. 100, no. 4, pp. 713-717, 2000

Kabashi, E. et al. Investigating the contribution of VAPB/ALSS loss of function in amyotrophic
lateral sclerosis. Hum. Mol. Genet. 22, 2350-2360 (2013).

Kamada, M. et al. Clinicopathologic features of autosomal recessive amyotrophic lateral
sclerosis associated with optineurin mutation. Neuropathology 34, 64—70 (2014).

Kanekura, K. et al. Poly-dipeptides encoded by the C9ORF72 repeats block global protein
translation. Hum. Mol. Genet. 25, 1803-1813 (2016).

Kanekura, K., Nishimoto, I., Aiso, S. & Matsuoka, M. Characterization of amyotrophic lateral
sclerosis-linked P56S mutation of vesicle-associated membrane protein-associated protein B
(VAPB/ALSS). J. Biol. Chem. 281, 30223-30233 (2006).

Kashima, T., Rao, N., David, C. J. & Manley, J. L. hnRNP A1 functions with specificity in repression
of SMIN2 exon 7 splicing. Hum. Mol. Genet. 16, 3149-3159 (2007).

74



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Kawano, M., Kumagai, K., Nishijima, M. & Hanada, K. Efficient trafficking of ceramide from the
endoplasmic reticulum to the Golgi apparatus requires a VAMP-associated protein-interacting
FFAT motif of CERT. J. Biol. Chem. 281, 30279-30288 (2006).

Kaye, F. ). & Shows, T. B. Assignment of ubiquilin2 (UBQLN2) to human chromosome xp11. 23--
>p11.1 by GeneBridge radiation hybrids. Cytogenet. Cell Genet. 89, 116—-117 (2000).

Kaye, F. J. et al. A family of ubiquitin-like proteins binds the ATPase domain of Hsp70-like Stch.
FEBS Lett. 467, 348-355 (2000).

Keller, B. A. et al. Co-aggregation of RNA binding proteins in ALS spinal motor neurons: evidence
of a common pathogenic mechanism. Acta Neuropathol. 124, 733-747 (2012).

Keskin, I. et al. Comprehensive analysis to explain reduced or increased SOD1 enzymatic activity
in ALS patients and their relatives. Amyotroph Lateral Scler Frontotemporal Degener 1-7 (2017).
doi:10.1080/21678421.2017.1301481

Khosravi, B. et al. Cytoplasmic poly-GA aggregates impair nuclear import of TDP-43 in C90orf72
ALS/FTLD. Hum. Mol. Genet. (2016). doi:10.1093/hmg/ddw432

Kim, H. J. et al. Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem
proteinopathy and ALS. Nature 495, 467—-473 (2013).

Kleijnen, M. F. et al. The hPLIC proteins may provide a link between the ubiquitination
machinery and the proteasome. Mol. Cell 6, 409—419 (2000).

Koppers, M. et al. C90rf72 ablation in mice does not cause motor neuron degeneration or motor
deficits. Ann. Neurol. 78, 426—438 (2015).

Korac, J. et al. Ubiquitin-independent function of optineurin in autophagic clearance of protein
aggregates. J. Cell. Sci. 126, 580-592 (2013).

Krebs, B. B. & De Mesquita, J. F. Amyotrophic Lateral Sclerosis Type 20 - In Silico Analysis and
Molecular Dynamics Simulation of hnRNPA1. PLoS ONE 11, e0158939 (2016).

Kullmann, J. A. et al. Profilinl is required for glial cell adhesion and radial migration of cerebellar
granule neurons. EMBO Rep. 13, 75-82 (2011).

Kwiatkowski, T. J., Jr., Bosco, D. A, Leclerc, A. L. et al. (2009) Mutations in the FUS/TLS gene on
chromosome 16 cause familial amyotrophic lateral sclerosis. Science, 323, 1205-1208

Kwok, C. T., Morris, A. & de Belleroche, J. S. Sequestosome-1 (SQSTM1) sequence variants in ALS
cases in the UK: prevalence and coexistence of SQSTM1 mutations in ALS kindred with PDB. Eur.
J. Hum. Genet. 22, 492-496 (2014).

Kwon, I., et al. (2014). Poly-dipeptides encoded by the C9orf72 repeats bind nucleoli, impede
RNA biogenesis, and kill cells. Science 345: 1139-1145.

Laferriere F., Polymenidou M. (2015). Advances and challenges in understanding the
multifaceted pathogenesis of amyotrophic lateral sclerosis. Swiss Med. Wkly. 145:w14054.
doi:10.4414/smw.2015.14054

Lagier-Tourenne, C., Polymenidou, M. & Cleveland, D. W. TDP-43 and FUS/TLS: emerging roles in
RNA processing and neurodegeneration. Hum. Mol. Genet. 19, R46—64 (2010).
Lagier-Tourenne, C., Polymenidou, M., Hutt, K. R. et al. (2012) Divergent roles of ALS-linked
proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. Nat Neurosci, 15, 1488-
1497.

Langa, F. et al. Generation and phenotypic analysis of sigma receptor type | (sigma 1) knockout
mice. Eur. J. Neurosci. 18, 2188-2196 (2003).

75


http://dx.doi.org/10.1080/21678421.2017.1301481
http://dx.doi.org/10.1093/hmg/ddw432

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Larroquette, F. et al. Vapb/Amyotrophic lateral sclerosis 8 knock-in mice display slowly
progressive motor behavior defects accompanying ER stress and autophagic response. Hum.
Mol. Genet. 24, 6515-6529 (2015).

Lasiene, J. et al. Neuregulin 1 confers neuroprotection in SOD1-linked amyotrophic lateral
sclerosis mice via restoration of C-boutons of spinal motor neurons. Acta Neuropathol Commun
4,15 (2016).

Lattante, S., Le Ber, |., Camuzat, A., Brice, A. & Kabashi, E. Mutations in the PFN1 gene are not a
common cause in patients with amyotrophic lateral sclerosis and frontotemporal lobar
degeneration in France. Neurobiol. Aging 34, 1709.e1-2 (2013).

Lee S & Kim HJ. (2015). Prion-like Mechanism in Amyotrophic Lateral Sclerosis: are Protein
Aggregates the Key? Experimental Neurobiology. 24(1):1-7

Lee, H. J. et al. Human motor neurons generated from neural stem cells delay clinical onset
and prolong life in ALS mouse model. PLoS ONE 9, e97518 (2014).

Lee, H. J., Kim, K. S., Ahn, J., Bae, H. M., Lim, |., & Kim, S. U. (2014). Human Motor Neurons
Generated from Neural Stem Cells Delay Clinical Onset and Prolong Life in ALS Mouse

Model. PLoS ONE, 9(5), €97518. http://doi.org/10.1371/journal.pone.0097518

Lee, J.-A,, Beigneux, A., Ahmad, S. T., Young, S. G. & Gao, F.-B. ESCRT-IIl dysfunction causes
autophagosome accumulation and neurodegeneration. Curr. Biol. 17, 1561-1567 (2007).

Lee, K.-H. et al. C90rf72 Dipeptide Repeats Impair the Assembly, Dynamics, and Function of
Membrane-Less Organelles. Cell 167, 774—-788.e17 (2016).

Lee, Y.-B. et al. Hexanucleotide repeats in ALS/FTD form length-dependent RNA foci, sequester
RNA binding proteins, and are neurotoxic. Cell Rep 5, 1178-1186 (2013).

Leitner M, Menzies S, Lutz C. (2009). Working with ALS Mice. Prize for Life and the Jackson
Laboratory.

Lenk, G. M. et al. Pathogenic mechanism of the FIG4 mutation responsible for Charcot-Marie-
Tooth disease CMT4J. PLoS Genet. 7, €1002104 (2011).

Levine, T. P., Daniels, R. D., Gatta, A. T., Wong, L. H. & Hayes, M. J. The product of C90rf72, a
gene strongly implicated in neurodegeneration, is structurally related to DENN Rab-GEFs.
Bioinformatics 29, 499-503 (2013).

Li, D.-W. et al. The Awaji criteria increases the diagnostic sensitivity of the revised El Escorial
criteria for amyotrophic lateral sclerosis diagnosis in a Chinese population. PLoS ONE 12,
e0171522 (2017).

Li, H.-F. & Wu, Z.-Y. Genotype-phenotype correlations of amyotrophic lateral sclerosis. Transl
Neurodegener 5, 3 (2016).

Li, Y. et al. RBM45 homo-oligomerization mediates association with ALS-linked proteins and
stress granules. Sci Rep 5, 14262 (2015).

Li, Y. et al. Trehalose decreases mutant SOD1 expression and alleviates motor deficiency in early
but not end-stage amyotrophic lateral sclerosis in a SOD1-G93A mouse

model. Neuroscience 298, 12—-25 (2015).

Lin, T. N., Wang, C. K., Cheung, W. M. & Hsu, C. Y. Induction of angiopoietin and Tie receptor
MRNA expression after cerebral ischemia-reperfusion. J. Cereb. Blood Flow Metab. 20, 387-395
(2000).

Ling, H. et al. TDP-43 pathology in a patient carrying G2019S LRRK2 mutation and a novel
p.Q124E MAPT. Neurobiol. Aging 34, 2889.e5-9 (2013).

76



206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Ling, J. P., Pletnikova, O., Troncoso, J. C. & Wong, P. C. TDP-43 repression of nonconserved
cryptic exons is compromised in ALS-FTD. Science 349, 650—655 (2015).

Ling, S.-C. et al. ALS-associated mutations in TDP-43 increase its stability and promote TDP-43
complexes with FUS/TLS. Proc. Natl. Acad. Sci. U.S.A. 107, 13318-13323 (2010).

Ling, S.-C., Polymenidou, M., & Cleveland, D. W. (2013). Converging mechanisms in ALS and FTD:
Disrupted RNA and protein homeostasis.Neuron, 79(3), 416—438.
http://doi.org/10.1016/j.neuron.2013.07.033

Liu, E. Y. et al. C90rf72 hypermethylation protects against repeat expansion-associated
pathology in ALS/FTD. Acta Neuropathol. 128, 525-541 (2014).

Liu, T.-Y. et al. Muscle developmental defects in heterogeneous nuclear Ribonucleoprotein Al
knockout mice. Open Biol 7, (2017).

Liu, Y. et al. C9orf72 BAC Mouse Model with Motor Deficits and Neurodegenerative Features of
ALS/FTD. Neuron 90, 521-534 (2016).

Lopez-Gonzalez, R. et al. Poly(GR) in COORF72-Related ALS/FTD Compromises Mitochondrial
Function and Increases Oxidative Stress and DNA Damage in iPSC-Derived Motor Neurons.
Neuron 92, 383-391 (2016).

Luty, A. A. et al. Sigma nonopioid intracellular receptor 1 mutations cause frontotemporal lobar
degeneration-motor neuron disease. Ann. Neurol. 68, 639—649 (2010).

M. Azzouz, G. S. Ralph, E. Storkebaum et al., “VEGF delivery with retrogradely transported
lentivector prolongs survival in a mouse ALS model,” Nature, vol. 429, no. 6990, pp. 413417,
2004.

Madji Hounoum, B. et al. Wildtype motoneurons, ALS-Linked SOD1 mutation and glutamate
profoundly modify astrocyte metabolism and lactate shuttling. Glia 65, 592-605 (2017).
Magistris, M. R., Rosler, K. M., Truffert, A., Landis, T. & Hess, C. W. A clinical study of motor
evoked potentials using a triple stimulation technique. Brain 122 ( Pt 2), 265-279 (1999).

Mah, A. L., Perry, G., Smith, M. A. & Monteiro, M. J. Identification of Ubiquilin, a Novel Presenilin
Interactor That Increases Presenilin Protein Accumulation. J Cell Biol 151, 847-862 (2000).
Maharjan, N., Klinzli, C., Buthey, K. & Saxena, S. C9ORF72 Regulates Stress Granule Formation
and Its Deficiency Impairs Stress Granule Assembly, Hypersensitizing Cells to Stress. Mol.
Neurobiol. 54, 3062-3077 (2017).

Mancuso, R. et al. Neuregulin-1 promotes functional improvement by enhancing collateral
sprouting in SOD1(G93A) ALS mice and after partial muscle denervation. Neurobiol. Dis. 95,
168-178 (2016).

Mancuso, R.; Navarro, X. (2015). Amyotrophic lateral sclerosis: Current perspectives from basic
research to the clinic. Prog. Neurobiol. 133, 1-26.

Maruyama, H. et al. Mutations of optineurin in amyotrophic lateral sclerosis. Nature 465, 223—
226 (2010).

Masuda, A. (2015). Position-specific binding of FUS to nascent RNA regulates mRNA length.
Genes Deyv, 29, 1045-1057.

Mathis, S., Couratier, P., Julian, A., Corcia, P. & Le Masson, G. Current view and
perspectives in amyotrophic lateral sclerosis. Neural Regen Res 12, 181-184 (2017).
Mavlyutov, T. A., Guo, L.-W., Epstein, M. L. & Ruoho, A. E. Role of the Sigma-1 receptor in
Amyotrophic Lateral Sclerosis (ALS). J. Pharmacol. Sci. 127, 10-16 (2015).

77



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

Mazzini, L. et al. Human neural stem cell transplantation in ALS: initial results from a phase
| trial. J Transl Med 13, 17 (2015).

McMillan, C. T. et al. C90rf72 promoter hypermethylation is neuroprotective: Neuroimaging and
neuropathologic evidence. Neurology 84, 1622-1630 (2015).

Meyer, H., Bug, M. & Bremer, S. Emerging functions of the VCP/p97 AAA-ATPase in the ubiquitin
system. Nat. Cell Biol. 14, 117-123 (2012).

Michael, W. M., Choi, M. & Dreyfuss, G. A nuclear export signal in hnRNP Al: a signal-mediated,
temperature-dependent nuclear protein export pathway. Cell 83, 415-422 (1995).

Millecamps, S. et al. Phenotype difference between ALS patients with expanded repeats in
C90RF72 and patients with mutations in other ALS-related genes. J. Med. Genet. 49, 258-263
(2012).

Mitchell, J. C. et al. Overexpression of human wild-type FUS causes progressive motor neuron
degeneration in an age- and dose-dependent fashion. Acta Neuropathol. 125, 273-288 (2013).
Mizuno, Y. et al. Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior
horn cells of patients with amyotrophic lateral sclerosis. J. Neurol. Sci. 249, 13—-18 (2006).
Moloney, C. et al. Transgenic mice overexpressing the ALS-linked protein Matrin 3 develop a
profound muscle phenotype. Acta Neuropathol Commun 4, 122 (2016).

Moon, J. Y. et al. o1 receptors activate astrocytes via p38 MAPK phosphorylation leading to the
development of mechanical allodynia in a mouse model of neuropathic pain. Br J Pharmacol
171, 5881-5897 (2014).

Moreira, M.-C. et al. Senataxin, the ortholog of a yeast RNA helicase, is mutant in ataxia-ocular
apraxia 2. Nat. Genet. 36, 225-227 (2004).

Mori, K. et al. Bidirectional transcripts of the expanded C90rf72 hexanucleotide repeat are
translated into aggregating dipeptide repeat proteins. Acta Neuropathol. 126, 881—-893 (2013).
Mori, K. et al. The C90rf72 GGGGCC repeat is translated into aggregating dipeptide-repeat
proteins in FTLD/ALS. Science 339, 1335-1338 (2013).

Munteanu, T., & Lynch, T. (2016). Commentary: The C9orf72 Repeat Expansion Disrupts
Nucleocytoplasmic Transport. Frontiers in Neurology, 7, 51.
http://doi.org/10.3389/fneur.2016.00051

Murmu, R. P. et al. Cellular distribution and subcellular localization of spatacsin and spastizin,
two proteins involved in hereditary spastic paraplegia. Mol. Cell. Neurosci. 47, 191-202 (2011).
Murray, M. E. et al. Clinical and neuropathologic heterogeneity of c9FTD/ALS associated with
hexanucleotide repeat expansion in C9ORF72. Acta Neuropathol. 122, 673—690 (2011).
N’Diaye, E.-N., Debnath, J. & Brown, E. J. Ubiquilins accelerate autophagosome maturation and
promote cell survival during nutrient starvation. Autophagy 5, 573-575 (2009).

Nagy M., et al. (2016). Extended survival of misfolded G85R SOD1-linked ALS mice by transgenic
expression of chaperone Hsp110. PNAS; published ahead of print April 25, 2016,
doi:10.1073/pnas.1604885113

Nakazawa, S. et al. Linear ubiquitination is involved in the pathogenesis of optineurin-associated
amyotrophic lateral sclerosis. Nat Commun 7, 12547 (2016).

Nalbandian, A. et al. A progressive translational mouse model of human valosin-containing
protein disease: the VCP(R155H/+) mouse. Muscle Nerve 47, 260-270 (2013).

Nalbandian, A. et al. The homozygote VCP(R155H/R155H) mouse model exhibits accelerated
human VCP-associated disease pathology. PLoS ONE 7, e46308 (2012).

78



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Neumann M, et al. (2006). Ubiquitinated TDP-43 in frontotemporal lobar degeneration and
amyotrophic lateral sclerosis. Science. 314:130-3

Nielsen, T. T. et al. Reversal of pathology in CHMP2B-mediated frontotemporal dementia patient
cells using RNA interference. J Gene Med 14, 521-529 (2012).

Nishimura, A. L. et al. A mutation in the vesicle-trafficking protein VAPB causes late-onset spinal
muscular atrophy and amyotrophic lateral sclerosis. Am. J. Hum. Genet. 75, 822—831 (2004).
Novoselov, S. S., et al. (2013). Molecular Chaperone Mediated Late-Stage Neuroprotection in
the SOD1G93A Mouse Model of Amyotrophic Lateral Sclerosis. PLoS ONE, 8(8), e73944.
http://doi.org/10.1371/journal.pone.0073944

O’Rourke, J. G. et al. C9orf72 BAC Transgenic Mice Display Typical Pathologic Features of
ALS/FTD. Neuron 88, 892-901 (2015).

O’Rourke, J. G. et al. C90rf72 is required for proper macrophage and microglial function in mice.
Science 351, 1324-1329 (2016).

Ofengeim, D. & Yuan, J. Regulation of RIP1 kinase signalling at the crossroads of inflammation
and cell death. Nat. Rev. Mol. Cell Biol. 14, 727-736 (2013).

Ohki, Y. et al. Glycine-alanine dipeptide repeat protein contributes to toxicity in a zebrafish
model of C9orf72 associated neurodegeneration. Mol Neurodegener 12, 6 (2017).

Onesto, E. et al. Gene-specific mitochondria dysfunctions in human TARDBP and C90ORF72
fibroblasts. Acta Neuropathol Commun 4, 47 (2016).

Oosthuyse, B. et al. Deletion of the hypoxia-response element in the vascular endothelial growth
factor promoter causes motor neuron degeneration. Nat. Genet. 28, 131-138 (2001).
Orlacchio, A. et al. SPATACSIN mutations cause autosomal recessive juvenile amyotrophic lateral
sclerosis. Brain 133, 591-598 (2010).

Osaka, M., Ito, D., Yagi, T., Nihei, Y. & Suzuki, N. Evidence of a link between ubiquilin 2 and
optineurin in amyotrophic lateral sclerosis. Hum. Mol. Genet. 24, 1617-1629 (2015).

Otomo, A. et al. ALS2, a novel guanine nucleotide exchange factor for the small GTPase Rab5, is
implicated in endosomal dynamics. Hum. Mol. Genet. 12, 1671-1687 (2003).

Ou, S. H,, et al. (1995). Cloning and characterization of a novel cellular protein, TDP-43, that
binds to human immunodeficiency virus type 1 TAR DNA sequence motifs. Journal of

Virology, 69(6), 3584—3596.

Pankiv, S. et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated
protein aggregates by autophagy. J. Biol. Chem. 282, 24131-24145 (2007).

Parkinson, N. et al. ALS phenotypes with mutations in CHMP2B (charged multivesicular body
protein 2B). Neurology 67, 1074-1077 (2006).

Pasinelli, P. et al. Amyotrophic lateral sclerosis-associated SOD1 mutant proteins bind and
aggregate with Bcl-2 in spinal cord mitochondria. Neuron 43, 19—-30 (2004).

Patel, A. et al. A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease
Mutation. Cell 162, 1066—-1077 (2015).

Paulus, J. D. & Link, B. A. Loss of optineurin in vivo results in elevated cell death and alters
axonal trafficking dynamics. PLoS ONE 9, e109922 (2014).

Pearson, J. P. et al. Familial frontotemporal dementia with amyotrophic lateral sclerosis and a
shared haplotype on chromosome 9p. J. Neurol. 258, 647-655 (2011).

79



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Pedrini S, Sau D, Guareschi S, Bogush M, Brown RH, Naniche N, Kia A, Trotti D, Pasinelli P.
(2010). ALS-linked mutant SOD1 damages mitochondria by promoting conformational changes
in Bcl-2. Hum Mol Genet. 19(15):2974-86.

Perry, R. J. & Ridgway, N. D. Oxysterol-binding protein and vesicle-associated membrane
protein-associated protein are required for sterol-dependent activation of the ceramide
transport protein. Mol. Biol. Cell 17, 2604-2616 (2006).

Peters, O. M. et al. Human C90RF72 Hexanucleotide Expansion Reproduces RNA Foci and
Dipeptide Repeat Proteins but Not Neurodegeneration in BAC Transgenic Mice. Neuron 88, 902—
909 (2015).

Petrov, D., Mansfield, C., Moussy, A. & Hermine, O. ALS Clinical Trials Review: 20 Years of
Failure. Are We Any Closer to Registering a New Treatment? Front Aging Neurosci 9, 68
(2017).

Peviani, M. et al. Neuroprotective effects of the Sigma-1 receptor (S1R) agonist PRE-084, in a
mouse model of motor neuron disease not linked to SOD1 mutation. Neurobiol. Dis. 62, 218—
232 (2014).

Philips, T. & Rothstein, J. D. Rodent Models of Amyotrophic Lateral Sclerosis. Curr Protoc
Pharmacol 69, 5.67.1-5.67.21 (2015).

Picher-Martel, V., Dutta, K., Phaneuf, D., Sobue, G. & Julien, J.-P. Ubiquilin-2 drives NF-kB activity
and cytosolic TDP-43 aggregation in neuronal cells. Mol Brain 8, 71 (2015).

Pickles, S., et al. (2016). ALS-linked misfolded SOD1 species have divergent impacts on
mitochondria. Acta Neuropathologica Communications, 4, 43. http://doi.org/10.1186/s40478-
016-0313-8

Pikkarainen, M., Hartikainen, P. & Alafuzoff, |. Neuropathologic features of frontotemporal lobar
degeneration with ubiquitin-positive inclusions visualized with ubiquitin-binding protein p62
immunohistochemistry. J. Neuropathol. Exp. Neurol. 67, 280-298 (2008).

Pollard, A. J., Krainer, A. R., Robson, S. C. & Europe-Finner, G. N. Alternative splicing of the
adenylyl cyclase stimulatory G-protein G alpha(s) is regulated by SF2/ASF and heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) and involves the use of an unusual TG 3’-splice Site. J.
Biol. Chem. 277, 15241-15251 (2002).

Porta, S., Kwong, L. K., Trojanowski, J. Q. & Lee, V. M.-Y. Drosha inclusions are new components
of dipeptide-repeat protein aggregates in FTLD-TDP and ALS C90rf72 expansion cases. J.
Neuropathol. Exp. Neurol. 74, 380-387 (2015).

Prause, J. et al. Altered localization, abnormal modification and loss of function of Sigma
receptor-1 in amyotrophic lateral sclerosis. Hum. Mol. Genet. 22, 1581-1600 (2013).
Pronto-Laborinho, A. C., Pinto, S. & de Carvalho, M. Roles of vascular endothelial growth factor
in amyotrophic lateral sclerosis. Biomed Res Int 2014, 947513 (2014).

Quintero-Rivera, F. et al. MATR3 disruption in human and mouse associated with bicuspid aortic
valve, aortic coarctation and patent ductus arteriosus. Hum. Mol. Genet. 24, 2375-2389 (2015).
Rabbitts, T. H., et al. (1993). Fusion of the dominant negative transcription regulator CHOP with
a novel gene FUS by translocation t(12;16) in malignant liposarcoma. Nature Genet. 4: 175-180
Radzicki, D., Liu, E., Deng, H.-X., Siddique, T. & Martina, M. Early Impairment of Synaptic and
Intrinsic Excitability in Mice Expressing ALS/Dementia-Linked Mutant UBQLN2. Front Cell
Neurosci 10, 216 (2016).

80



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.
296.

297.

298.

299.

300.

Ratti A., Buratti E. (2016). Physiological Functions and Pathobiology of TDP-43 and FUS/TLS
proteins. J Neurochem. Available Online ahead of Pub.

Rayaprolu, S. et al. Heterogeneity of Matrin 3 in the developing and aging murine central
nervous system. J. Comp. Neurol. 524, 2740-2752 (2016).

Reddy, K., Zamiri, B., Stanley, S. Y. R., Macgregor, R. B. & Pearson, C. E. The disease-associated
r(GGGGCC)n repeat from the C90orf72 gene forms tract length-dependent uni- and
multimolecular RNA G-quadruplex structures. J. Biol. Chem. 288, 9860-9866 (2013).

Renton, A. E. et al. A hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome
9p21-linked ALS-FTD. Neuron 72, 257-268 (2011).

Riley, J. et al. Intraspinal stem cell transplantation in amyotrophic lateral sclerosis: a phase |
safety trial, technical note, and lumbar safety outcomes. Neurosurgery 71, 405-416;
discussion 416 (2012).

Riviere M., Meininger V., Zeisser P., Munsat T. (1998) An analysis of extended survival in patients
with amyotrophic lateral sclerosis treated with riluzole. Arch Neurol 55: 526-528

Roberts, B. R. et al. Oral treatment with Cu(ll)(atsm) increases mutant SOD1 in vivo but
protects motor neurons and improves the phenotype of a transgenic mouse model of
amyotrophic lateral sclerosis. J. Neurosci. 34, 8021-8031 (2014).

Robinson, H. K. et al. Early lethality and neuronal proteinopathy in mice expressing cytoplasm-
targeted FUS that lacks the RNA recognition motif. Amyotroph Lateral Scler Frontotemporal
Degener 16, 402—409 (2015).

Rosen D. R., Siddique T., Patterson D., et al. (1993). Mutations in Cu/Zn superoxide dismutase
gene are associated with familial amyotrophic lateral sclerosis. Nature. 362(6415):59-62.

Ross, O. A. et al. Ataxin-2 repeat-length variation and neurodegeneration. Hum. Mol. Genet. 20,
3207-3212 (2011).

Rossi, S. et al. Nuclear accumulation of mRNAs underlies G4C2-repeat-induced translational
repression in a cellular model of C9orf72 ALS. J. Cell. Sci. 128, 1787-1799 (2015).

Russ, J. et al. Hypermethylation of repeat expanded C90rf72 is a clinical and molecular disease
modifier. Acta Neuropathol. 129, 39-52 (2015).

Sahlender, D. A. et al. Optineurin links myosin VI to the Golgi complex and is involved in Golgi
organization and exocytosis. J Cell Biol 169, 285—-295 (2005).

Saikia, M. et al. Angiogenin-cleaved tRNA halves interact with cytochrome c, protecting
cells from apoptosis during osmotic stress. Mol. Cell. Biol. 34, 2450-2463 (2014).

Salton, M. et al. Matrin 3 binds and stabilizes mRNA. PLoS ONE 6, e23882 (2011).

Sama, R. R. K. et al. ALS-linked FUS exerts a gain of toxic function involving aberrant p38 MAPK
activation. Sci Rep 7, 115 (2017).

Sama, R. R. K., Ward, C. L. & Bosco, D. A. Functions of FUS/TLS From DNA Repair to Stress
Response: Implications for ALS. ASN Neuro 6, (2014).

Sapp, P. C. et al. Identification of two novel loci for dominantly inherited familial amyotrophic
lateral sclerosis. Am. J. Hum. Genet. 73, 397-403 (2003).

Scekic-Zahirovic, J. et al. Toxic gain of function from mutant FUS protein is crucial to trigger cell
autonomous motor neuron loss. EMBO J. 35, 1077-1097 (2016).

Sellier, C. et al. Loss of C9ORF72 impairs autophagy and synergizes with polyQ Ataxin-2 to induce
motor neuron dysfunction and cell death. EMBO J. 35, 1276-1297 (2016).

81



301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P, Herz J, Yu G. TDP-43 is a developmentally
regulated protein essential for early embryonic development. J Biol Chem. 2010 Feb
26;285(9):6826-34.

Shang Y, Huang E. (2016). Mechanisms of FUS mutations in familial amyotrophic lateral sclerosis.
Brain Research.

Shang, J. et al. Aberrant distributions of nuclear pore complex proteins in ALS mice and ALS
patients. Neuroscience 350, 158-168 (2017).

Shen, W.-C,, Li, H.-Y., Chen, G.-C., Chern, Y. & Tu, P.-H. Mutations in the ubiquitin-binding
domain of OPTN/optineurin interfere with autophagy-mediated degradation of misfolded
proteins by a dominant-negative mechanism. Autophagy 11, 685—-700 (2015).

Shi, K. Y. et al. Toxic PRn poly-dipeptides encoded by the C90rf72 repeat expansion block nuclear
import and export. Proc. Natl. Acad. Sci. U.S.A. 114, E1111-E1117 (2017).

Shioda, N. et al. Expression of a truncated form of the endoplasmic reticulum chaperone
protein, ol receptor, promotes mitochondrial energy depletion and apoptosis. J. Biol. Chem.
287, 23318-23331 (2012).

Shorter, J. & Taylor, J. P. Disease mutations in the prion-like domains of hnRNPA1 and
hnRNPA2/B1 introduce potent steric zippers that drive excess RNP granule assembly. Rare Dis 1,
€25200 (2013).

Sivadasan, R. et al. C90RF72 interaction with cofilin modulates actin dynamics in motor neurons.
Nat Neurosci 19, 1610-1618 (2016).

Skibinski, G. et al. Mutations in the endosomal ESCRTIlI-complex subunit CHMP2B in
frontotemporal dementia. Nat. Genet. 37, 806—-808 (2005).

Smith, B. N. et al. Exome-wide rare variant analysis identifies TUBA4A mutations associated with
familial ALS. Neuron 84, 324—331 (2014).

Soriani, M.-H. & Desnuelle, C. Care management in amyotrophic lateral sclerosis. Rev.
Neurol. (Paris) (2017). doi:10.1016/j.neurol.2017.03.031

Srinivasan, E. & Rajasekaran, R. Exploring the cause of aggregation and reduced Zn binding
affinity by G85R mutation in SOD1 rendering amyotrophic lateral sclerosis. Proteins (2017).
doi:10.1002/prot.25288

Srinivasan, E., Sethumadhavan, R. & Rajasekaran, R. A theoretical study on Zn binding loop
mutants instigating destabilization and metal binding loss in human SOD1 protein. J Mol Model
23,103 (2017).

Stewart, H. et al. Clinical and pathological features of amyotrophic lateral sclerosis caused by
mutation in the C9ORF72 gene on chromosome 9p. Acta Neuropathol. 123, 409-417 (2012).
Stuurman, N. et al. The nuclear matrix from cells of different origin. Evidence for a common set
of matrix proteins. J. Biol. Chem. 265, 5460-5465 (1990).

Sun, S., et al. (2015). ALS-causative mutations in FUS/TLS confer gain- and loss-of-function by
altered association with SMN and U1-snRNP. Nature Communications, 6, 6171.
http://doi.org/10.1038/ncomms7171

Suraweera, A. et al. Functional role for senataxin, defective in ataxia oculomotor apraxia type 2,
in transcriptional regulation. Hum. Mol. Genet. 18, 3384—-3396 (2009).

Swarup, V. et al. Deregulation of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor
kB-mediated pathogenic pathways. J. Exp. Med. 208, 2429-2447 (2011).

82


http://dx.doi.org/10.1016/j.neurol.2017.03.031
http://dx.doi.org/10.1002/prot.25288

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.
336.

Swarup, V. et al. Pathological hallmarks of amyotrophic lateral sclerosis/frontotemporal lobar
degeneration in transgenic mice produced with TDP-43 genomic fragments. Brain 134, 2610—
2626 (2011).

Swinnen, B. & Robberecht, W. The phenotypic variability of amyotrophic lateral sclerosis. Nat
Rev Neurol 10, 661-670 (2014).

Sykova, E. et al. Transplantation of Mesenchymal Stromal Cells in Patients With
Amyotrophic Lateral Sclerosis: Results of Phase I/Ila Clinical Trial. Cell Transplant 26, 647—
658 (2017).

Syriani, E. et al. PFN1 mutations are also rare in the Catalan population with amyotrophic lateral
sclerosis. J. Neurol. 261, 2387-2392 (2014).

Tagashira, H., Shinoda, Y., Shioda, N. & Fukunaga, K. Methyl pyruvate rescues mitochondrial
damage caused by SIGMAR1 mutation related to amyotrophic lateral sclerosis. Biochim.
Biophys. Acta 1840, 3320-3334 (2014).

Takahama K., et al. (2009) Identification of DNA binding specificity for TLS.Nucleic Acids
Symposium Series (Oxford) 53: 247-248

Takahashi, Y. et al. ERBB4 mutations that disrupt the neuregulin-ErbB4 pathway cause
amyotrophic lateral sclerosis type 19. Am. J. Hum. Genet. 93, 900-905 (2013).

Tamada, H. et al. cDNA cloning and characterization of Drb1, a new member of RRM-type neural
RNA-binding protein. Biochem. Biophys. Res. Commun. 297, 96—-104 (2002).

Tanaka M., Sakata T., Palumbo J., Akimoto M. (2016a). A 24-week, phase Ill, double-blind,
parallel-group study of edaravone (MCI-186) for treatment of amyotrophic lateral sclerosis (ALS)
(P3.189). Neurology 86(Suppl. P3.189)

Tanaka, Y. & Hasegawa, M. Profilin 1 mutants form aggregates that induce accumulation of
prion-like TDP-43. Prion 10, 283-289 (2016).

Tanaka, Y., Nonaka, T., Suzuki, G., Kametani, F. & Hasegawa, M. Gain-of-function profilin 1
mutations linked to familial amyotrophic lateral sclerosis cause seed-dependent intracellular
TDP-43 aggregation. Hum. Mol. Genet. 25, 1420-1433 (2016).

Tao, Z. et al. Nucleolar stress and impaired stress granule formation contribute to C9orf72 RAN
translation-induced cytotoxicity. Hum. Mol. Genet. 24, 2426-2441 (2015).

Tao, Z. et al. Nucleolar stress and impaired stress granule formation contribute to C9orf72 RAN
translation-induced cytotoxicity. Hum. Mol. Genet. 24, 2426-2441 (2015).

Teuling, E. et al. Motor neuron disease-associated mutant vesicle-associated membrane protein-
associated protein (VAP) B recruits wild-type VAPs into endoplasmic reticulum-derived tubular
aggregates. J. Neurosci. 27, 9801-9815 (2007).

Teyssou, E. et al. Mutations in SQSTM1 encoding p62 in amyotrophic lateral sclerosis: genetics
and neuropathology. Acta Neuropathol. 125, 511-522 (2013).

Therrien, M., Rouleau, G. A., Dion, P. A. & Parker, J. A. Deletion of C90ORF72 results in motor
neuron degeneration and stress sensitivity in C. elegans. PLoS ONE 8, e83450 (2013).

Tojima, Y. et al. NAK is an lkappaB kinase-activating kinase. Nature 404, 778-782 (2000).

Trias E., Ibarburu S., Barreto-Nufiez R., Babdor J., Maciel T. T., Guillo M., et al. (2016). Post-
paralysis tyrosine kinase inhibition with masitinib abrogates neuroinflammation and slows
disease progression in inherited amyotrophic lateral sclerosis. J. Neuroinflammation 13:177

83



337.

338.

339.

340.

341.

342.

343.
344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Trias, E. et al. Post-paralysis tyrosine kinase inhibition with masitinib abrogates
neuroinflammation and slows disease progression in inherited amyotrophic lateral
sclerosis. J Neuroinflammation 13, (2016).

Trottier, Y. et al. Polyglutamine expansion as a pathological epitope in Huntington’s disease and
four dominant cerebellar ataxias. Nature 378, 403—-406 (1995).

Tsang, H. T. H. et al. A systematic analysis of human CHMP protein interactions: additional MIT
domain-containing proteins bind to multiple components of the human ESCRT Il complex.
Genomics 88, 333—346 (2006).

Tudor, E. L. et al. Amyotrophic lateral sclerosis mutant vesicle-associated membrane protein-
associated protein-B transgenic mice develop TAR-DNA-binding protein-43 pathology.
Neuroscience 167, 774—785 (2010).

Uchiyama, K. & Kondo, H. p97/p47-Mediated biogenesis of Golgi and ER. J. Biochem. 137, 115—
119 (2005).

Udagawa, T. et al. FUS regulates AMPA receptor function and FTLD/ALS-associated behaviour via
GluA1l mRNA stabilization. Nat Commun 6, 7098 (2015).

Udagawa, T., Fujioka, Y., Tanaka, M. et al. (2015) FUS regulates AMPA receptor function and
Udagawa, T., Fujioka, Y., Tanaka, M. et al. (2015) FUS regulates AMPA receptor function and
FTLD/ALS-associated behaviour via GIluA1 mRNA stabilization. Nat Commun, 6, 7098

Valentine J. S., Doucette P. A., Zittin Potter S. (2005). Copper-zinc superoxide dismutase and
amyotrophic lateral sclerosis. Annu. Rev. Biochem. 74, 563-593

van Blitterswijk, M. et al. Profilin-1 mutations are rare in patients with amyotrophic lateral
sclerosis and frontotemporal dementia. Amyotroph Lateral Scler Frontotemporal Degener 14,
463-469 (2013).

van Blitterswijk, M., Delesus-Hernandez, M. & Rademakers, R. How do C90RF72 repeat
expansions cause amyotrophic lateral sclerosis and frontotemporal dementia: can we learn from
other noncoding repeat expansion disorders? Curr. Opin. Neurol. 25, 689-700 (2012).

van Es, M. A. et al. A case of ALS-FTD in a large FALS pedigree with a K171 ANG mutation.
Neurology 72, 287-288 (2009).

Verbeeck, C. et al. Expression of Fused in sarcoma mutations in mice recapitulates the
neuropathology of FUS proteinopathies and provides insight into disease pathogenesis. Mol
Neurodegener 7, 53 (2012).

Vernay, A. et al. A transgenic mouse expressing CHMP2Bintron5 mutant in neurons develops
histological and behavioural features of amyotrophic lateral sclerosis and frontotemporal
dementia. Hum. Mol. Genet. 25, 3341-3360 (2016).

Volpicelli-Daley, L. & De Camilli, P. Phosphoinositides’ link to neurodegeneration. Nat. Med. 13,
784-786 (2007).

Wang, H.-Y., et al. (2004). Structural diversity and functional implications of the eukaryotic TDP
gene family. Genomics 83: 130-139.

Wang, W. et al. The Inhibition of TDP-43 Mitochondrial Localization Blocks Its Neuronal
Toxicity. Nat Med 22, 869—878 (2016).

Watanabe, S. et al. Mitochondria-associated membrane collapse is a common pathomechanism
in SIGMAR1- and SOD1-linked ALS. EMBO Mol Med 8, 1421-1437 (2016).

Webster, C. P. et al. The C90rf72 protein interacts with Rabla and the ULK1 complex to regulate
initiation of autophagy. EMBO J. 35, 1656—-1676 (2016).

84



356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

Webster, C. P., Smith, E. F., Grierson, A. J. & De Vos, K. J. C90rf72 plays a central role in Rab
GTPase-dependent regulation of autophagy. Small GTPases 1-10 (2016).
doi:10.1080/21541248.2016.1240495

Wegorzewska, 1., et al. (2009). TDP-43 mutant transgenic mice develop features of ALS and
frontotemporal lobar degeneration. Proceedings of the National Academy of Sciences of the
United States of America, 106(44), 18809-18814. http://doi.org/10.1073/pnas.0908767106
Westergard, T. et al. Cell-to-Cell Transmission of Dipeptide Repeat Proteins Linked to C9orf72-
ALS/FTD. Cell Rep 17, 645-652 (2016).

Wild, P. et al. Phosphorylation of the Autophagy Receptor Optineurin Restricts Salmonella
Growth. Science 333, 228-233 (2011).

Wolpowitz, D. et al. Cysteine-rich domain isoforms of the neuregulin-1 gene are required for
maintenance of peripheral synapses. Neuron 25, 79-91 (2000).

Wong, Y. C. & Holzbaur, E. L. F. Optineurin is an autophagy receptor for damaged
mitochondria in parkin-mediated mitophagy that is disrupted by an ALS-linked

mutation. Proc. Natl. Acad. Sci. U.S.A.111, E4439-4448 (2014).

Wu, A. L., Wang, J., Zheleznyak, A. & Brown, E. J. Ubiquitin-related proteins regulate interaction
of vimentin intermediate filaments with the plasma membrane. Mol. Cell 4, 619-625 (1999).
Wu, C.-H. et al. Mutations in the profilin 1 gene cause familial amyotrophic lateral sclerosis.
Nature 488, 499-503 (2012).

Wou, D. et al. Angiogenin loss-of-function mutations in amyotrophic lateral sclerosis. Ann. Neurol.
62, 609-617 (2007).

Xi, Z. et al. Hypermethylation of the CpG-island near the C90orf72 G,C,-repeat expansion in FTLD
patients. Hum. Mol. Genet. 23, 5630-5637 (2014).

Xu, S., Peng, G., Wang, Y., Fang, S. & Karbowski, M. The AAA-ATPase p97 is essential for outer
mitochondrial membrane protein turnover. Mol Biol Cell 22, 291-300 (2011).

Yamakawa, M. et al. Characterization of the dipeptide repeat protein in the molecular
pathogenesis of cQFTD/ALS. Hum. Mol. Genet. 24, 1630-1645 (2015).

Yamakawa, M. et al. Characterization of the dipeptide repeat protein in the molecular
pathogenesis of cQFTD/ALS. Hum. Mol. Genet. 24, 1630-1645 (2015).

Yamanaka, K. et al. Unstable mutants in the peripheral endosomal membrane component ALS2
cause early-onset motor neuron disease. Proc. Natl. Acad. Sci. U.S.A. 100, 16041-16046 (2003).
Yamashita S., Ando Y. (2015). Genotype-phenotype relationship in hereditary amyotrophic
lateral sclerosis. Translational Neurodegeneration. 4:13.

Yang L., et al (2014). Self-assembled FUS binds active chromatin and regulates gene
transcription. PNAS 111;(50) 17809-17814; published ahead of print December 1, 2014,
doi:10.1073/pnas.1414004111

Yang, C. et al. Mutant PFN1 causes ALS phenotypes and progressive motor neuron degeneration
in mice by a gain of toxicity. Proc. Natl. Acad. Sci. U.S.A. 113, E6209-E6218 (2016).

Yang, J.-M. et al. Development of GABA circuitry of fast-spiking basket interneurons in the
medial prefrontal cortex of erbb4-mutant mice. J. Neurosci. 33, 19724-19733 (2013).

Yang, X. et al. Patterning of muscle acetylcholine receptor gene expression in the absence of
motor innervation. Neuron 30, 399-410 (2001).

Yarmola, E. G. & Bubb, M. R. How depolymerization can promote polymerization: the case of
actin and profilin. Bioessays 31, 1150-1160 (2009).

85


http://dx.doi.org/10.1080/21541248.2016.1240495

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

Yin, H. Z. et al. Slow development of ALS-like spinal cord pathology in mutant valosin-containing
protein gene knock-in mice. Cell Death Dis 3, e374 (2012).

Ying, H. & Yue, B. Y. J. T. Optineurin: The autophagy connection. Exp. Eye Res. 144, 73—-80 (2016).
Yu, Y. and Reed, R. (2015) FUS functions in coupling transcription to splicing by mediating an
Yu, Y. and Reed, R. (2015). FUS functions in coupling transcription to splicing by mediating an
interaction between RNAP Il and U1 snRNP. Proc Natl Acad Sci U S A, 112, 8608-8613

Zhang, KE et al (2016). Nucleocytoplasmic transport in C9orf72-mediated ALS/FTD. Nucleus. 26
April 2016.

Zhang, M. et al. C90rf72 and ATXN2 repeat expansions coexist in a family with ataxia, dementia,
and parkinsonism. Mov. Disord. 32, 158-162 (2017).

Zhang, Y.-J. et al. Aggregation-prone c9FTD/ALS poly(GA) RAN-translated proteins cause
neurotoxicity by inducing ER stress. Acta Neuropathol. 128, 505-524 (2014).

Zhang, Y.-J. et al. C9ORF72 poly(GA) aggregates sequester and impair HR23 and
nucleocytoplasmic transport proteins. Nat. Neurosci. 19, 668—-677 (2016).

Zhou, B., Liu, C., Geng, Y. & Zhu, G. Topology of a G-quadruplex DNA formed by C90orf72
hexanucleotide repeats associated with ALS and FTD. Sci Rep 5, 16673 (2015).

Zou, Z.-Y., Sun, Q., Liu, M.-S,, Li, X.-G. & Cui, L.-Y. Mutations in the profilin 1 gene are not
common in amyotrophic lateral sclerosis of Chinese origin. Neurobiol. Aging 34, 1713.e5-6
(2013).

Zu, T. et al. Non-ATG-initiated translation directed by microsatellite expansions. Proc. Natl. Acad.
Sci. U.S.A. 108, 260-265 (2011).

86



Appendix:

Figures 1 and 3 in Thesis

NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS

Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You") and Nature Publishing Group ("Nature
Publishing Group") consists of your license details and the terms and conditions provided by
Nature Publishing Group and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis / dissertation

Expected completion date
Estimated size (number of pages)

Requestor Location

4134931161824

Jun 23, 2017

Nature Publishing Group
Nature Reviews Neurology

The phenotypic variability of amyotrophic lateral sclerosis
Bart Swinnen, Wim Robberecht
Oct 14, 2014

10

11

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

2

no
Figure 1, Figure 4

no

Familial Amyotrophic Lateral Sclerosis with a focus on
C9orf72 Hexanucleotide GGGGCC repeat expansion
associated ALS with Frontotemporal dementia

Jun 2017
82

Mr. Paul Workinger
4550 E. Dartmouth St

87



MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

Terms and Conditions for Permissions

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1.

NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited
in the published version). If the credit line on any part of the material you have
requested indicates that it was reprinted or adapted by NPG with permission from
another source, then you should also seek permission from that source to reuse the
material.

Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.Where print permission has been granted for a fee, separate permission
must be obtained for any additional, electronic re-use (unless, as in the case of a full
paper, this has already been accounted for during your initial request in the calculation
of a print run).NB: In all cases, web-based use of full-text articles must be authorized
separately through the 'Use on a Web Site' option when requesting permission.

Permission granted for a first edition does not apply to second and subsequent editions
and for editions in other languages (except for signatories to the STM Permissions
Guidelines, or where the first edition permission was granted for free).

Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same
time as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

The credit line should read:

Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)

For AOP papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)For AOP
papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME], advance online publication, day month year (doi:
10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Adaptations of single figures do not require NPG approval. However, the adaptation
should be credited as follows:

88



Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit
line applies.

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

7. Translations of 401 words up to a whole article require NPG approval. Please
visit http://www.macmillanmedicalcommunications.com for more
information.Translations of up to a 400 words do not require NPG approval. The
translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit
line applies.

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.

Figure 2 in Thesis:

Attributed to Laferriere and Polymenidou 2015. Swiss Medical Weekly; part of the EMH Publishing
Group. Unable to find license request; article is open access.

Figure 4 in Thesis:

Attributed to Valentine et al 2005. COPPER-ZINC SUPEROXIDE DISMUTASE AND AMYOTROPHIC
LATERAL SCLEROSIS. Annual Review of Biochemistry. Publisher: Annual Reviews

Copyright € <
] L Account
."‘e Clearance m m

Center

RIS Title: COPPER-ZINC SUPEROXIDE Logged in as:

DISMUTASE AND AMYOTROPHIC Paul Werkinger

St

Author: Joan Selverstone Valentine, Peter
A, Doucette, Sgshanna Zittin
Potter

Publication: Annual Review of Biochemistry
Publisher: Annual Reviews

Date: Jun 1, 2005
Copyright & 2005, Annual Reviews

Permission Not Required

Material may be republished in a thesis / dissertation without cbtaining additional permission from Annual Reviews,
providing that the author and the original scurce of publication are fully acknowledged.

89


http://www.macmillanmedicalcommunications.com/

Figures 5 and 7 in Thesis:

ELSEVIER LICENSE

TERMS AND CONDITIONS

Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance

Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume
Licensed Content Issue
Licensed Content Pages

Start Page

End Page

Type of Use

Intended publisher of new work
Portion

Number of
figures/tables/illustrations

Format

Are you the author of this Elsevier
article?

Will you be translating?
Order reference number

Original figure numbers

4134941065144
Jun 23, 2017
Elsevier

Neuron

Converging Mechanisms in ALS and FTD: Disrupted RNA
and Protein Homeostasis

Shuo-Chien Ling,Magdalini Polymenidou,Don W.
Cleveland

Aug 7, 2013

79

3

23

416

438

reuse in a thesis/dissertation
other
figures/tables/illustrations

2

both print and electronic

No

No

Fig 2, Fig 3

90



Title of your thesis/dissertation Familial Amyotrophic Lateral Sclerosis with a focus on
C9o0rf72 Hexanucleotide GGGGCC repeat expansion
associated ALS with Frontotemporal dementia

Expected completion date Jun 2017
Estimated size (number of pages) 82
Elsevier VAT number GB 494 6272 12

Requestor Location Mr. Paul Workinger
4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time
at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this

91


http://myaccount.copyright.com/
mailto:permissions@elsevier.com

licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.
9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights

92



you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing

at http://wwwe.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for
books at http://www.elsevier.com; Central Storage: This license does not include
permission for a scanned version of the material to be stored in a central repository such
as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o viatheir research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use

93


http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/

o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be shared
in alignment with our hosting policy not be added to or enhanced in any way to appear
more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the

above: Authors are permitted to place a brief summary of their work online only. You
are not allowed to download and post the published electronic version of your chapter, nor
may you scan the printed edition to create an electronic version. Posting to a

repository: Authors are permitted to post a summary of their chapter only in their
institution’s repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on

%94


http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy

demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user
gives appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available

at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open
Access articles published with a CC BY NC SA or CC BY NC ND license requires
permission from Elsevier and will be subject to a fee.

95


http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0

Commercial reuse includes:

e Associating advertising with the full text of the Article
e Charging fees for document delivery or access

e Article aggregation

e Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

For Figure 6 in Thesis:

OXFORD UNIVERSITY PRESS LICENSE
TERMS AND CONDITIONS

Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You") and Oxford University Press
("Oxford University Press") consists of your license details and the terms and conditions
provided by Oxford University Press and Copyright Clearance Center.

License Number 4134950255541
License date Jun 23, 2017
Licensed content publisher Oxford University Press

Licensed content publication Human Molecular Genetics

Licensed content title TDP-43 and FUS/TLS: emerging roles in RNA processing and
neurodegeneration

Licensed content author Lagier-Tourenne, Clotilde; Polymenidou, Magdalini

Licensed content date Apr 15, 2010

Type of Use Thesis/Dissertation

Institution name

Title of your work Familial Amyotrophic Lateral Sclerosis with a focus on C9orf72
Hexanucleotide GGGGCC repeat expansion associated ALS with
Frontotemporal dementia

Publisher of your work n/a
Expected publication date Jun 2017

Requestor Location Mr. Paul Workinger
4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

96



STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL
FROM AN OXFORD UNIVERSITY PRESS JOURNAL
1. Use of the material is restricted to the type of use specified in your order details.
2. This permission covers the use of the material in the English language in the following
territory: world. If you have requested additional permission to translate this material, the
terms and conditions of this reuse will be set out in clause 12.
3. This permission is limited to the particular use authorized in (1) above and does not
allow you to sanction its use elsewhere in any other format other than specified above, nor
does it apply to quotations, images, artistic works etc that have been reproduced from other
sources which may be part of the material to be used.
4. No alteration, omission or addition is made to the material without our written consent.
Permission must be re-cleared with Oxford University Press if/when you decide to reprint.
5. The following credit line appears wherever the material is used: author, title, journal,
year, volume, issue number, pagination, by permission of Oxford University Press or the
sponsoring society if the journal is a society journal. Where a journal is being published on
behalf of a learned society, the details of that society must be included in the credit line.
6. For the reproduction of a full article from an Oxford University Press journal for
whatever purpose, the corresponding author of the material concerned should be informed
of the proposed use. Contact details for the corresponding authors of all Oxford University
Press journal contact can be found alongside either the abstract or full text of the article
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing
these rights, please contact journals.permissions@oup.com
7. If the credit line or acknowledgement in our publication indicates that any of the figures,
images or photos was reproduced, drawn or modified from an earlier source it will be
necessary for you to clear this permission with the original publisher as well. If this
permission has not been obtained, please note that this material cannot be included in your
publication/photocopies.
8. While you may exercise the rights licensed immediately upon issuance of the license at
the end of the licensing process for the transaction, provided that you have disclosed
complete and accurate details of your proposed use, no license is finally effective unless
and until full payment is received from you (either by Oxford University Press or by
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license preliminarily
granted shall be deemed automatically revoked and shall be void as if never granted.
Further, in the event that you breach any of these terms and conditions or any of CCC's
Billing and Payment terms and conditions, the license is automatically revoked and shall be
void as if never granted. Use of materials as described in a revoked license, as well as any
use of the materials beyond the scope of an unrevoked license, may constitute copyright
infringement and Oxford University Press reserves the right to take any and all action to
protect its copyright in the materials.
9. This license is personal to you and may not be sublicensed, assigned or transferred by
you to any other person without Oxford University Press’s written permission.
10. Oxford University Press reserves all rights not specifically granted in the combination
of (i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii)) CCC’s Billing and Payment terms and
conditions.

97



11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC,
and their respective officers, directors, employs and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

12. Other Terms and Conditions:

vl4

For Figure 8 in Thesis:

Mechanisms of FUS mutations in familial amyotrophic lateral sclerosis

Yulei Shang, Eric J. Huang

Brain Research Volume 1647; pg 65-78

For Figure 9 in Thesis:

Unable to obtain license for use from online database despite following necessary steps.
Teuling et al 2007. Journal of Neuroscience. Figure 2 pg 9805 re-used in Thesis.

Publisher: Society for Neuroscience

For Figure 10A in Thesis:

NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS
Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You") and Nature Publishing Group ("Nature
Publishing Group") consists of your license details and the terms and conditions provided by
Nature Publishing Group and Copyright Clearance Center.

License Number 4134960066867

License date Jun 23, 2017

Licensed Content Publisher Nature Publishing Group

Licensed Content Publication Nature

Licensed Content Title Mutation of FIG4 causes neurodegeneration in the pale
tremor mouse and patients with CMT4]

Licensed Content Author Clement Y. Chow,Yanling Zhang,James J. Dowling,Natsuko
Jin,Maja Adamska et al.

Licensed Content Date Jul' 5, 2007

Licensed Content Volume 448

98



Licensed Content Issue 7149

Type of Use reuse in a dissertation / thesis
Requestor type academic/educational

Format print and electronic

Portion figures/tables/illustrations
Number of 1

figures/tables/illustrations

High-res required no
Figures Figure 1
Author of this NPG article no

Your reference number

Title of your thesis / dissertation Familial Amyotrophic Lateral Sclerosis with a focus on

C90rf72 Hexanucleotide GGGGCC repeat expansion
associated ALS with Frontotemporal dementia

Expected completion date Jun 2017

Estimated size (number of pages) 82

Requestor Location Mr. Paul Workinger

Nature

4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

Terms and Conditions for Permissions
Publishing Group hereby grants you a non-exclusive license to reproduce this

material for this purpose, and for no other use,subject to the conditions below:

1.

NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited
in the published version). If the credit line on any part of the material you have
requested indicates that it was reprinted or adapted by NPG with permission from
another source, then you should also seek permission from that source to reuse the
material.

Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.Where print permission has been granted for a fee, separate permission
must be obtained for any additional, electronic re-use (unless, as in the case of a full
paper, this has already been accounted for during your initial request in the calculation
of a print run).NB: In all cases, web-based use of full-text articles must be authorized
separately through the 'Use on a Web Site' option when requesting permission.

Permission granted for a first edition does not apply to second and subsequent editions

and for editions in other languages (except for signatories to the STM Permissions
Guidelines, or where the first edition permission was granted for free).

99



4. Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same
time as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)For AOP
papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME], advance online publication, day month year (doi:
10.1038/sj.[JOURNAL ACRONYM].XXXXX)

6. Adaptations of single figures do not require NPG approval. However, the adaptation
should be credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit
line applies.

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

7. Translations of 401 words up to a whole article require NPG approval. Please
visit http://www.macmillanmedicalcommunications.com for more
information.Translations of up to a 400 words do not require NPG approval. The
translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit
line applies.

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.

For Figure 10B in Thesis:

Lenk, G. M. et al. Pathogenic mechanism of the FIG4 mutation responsible for Charcot-Marie-Tooth
disease CMT4J. PLoS Genet. 7, e1002104 (2011).

Figure 6 in original article

100


http://www.macmillanmedicalcommunications.com/

For Figure 10C in Thesis:

OXFORD UNIVERSITY PRESS LICENSE

TERMS AND CONDITIONS
Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You™) and Oxford University Press
("Oxford University Press") consists of your license details and the terms and conditions
provided by Oxford University Press and Copyright Clearance Center.

License Number
License date

Licensed content publisher

Licensed content publication

Licensed content title

Licensed content author
Licensed content date
Type of Use

Institution name

Title of your work

Publisher of your work
Expected publication date
Permissions cost

Value added tax

Total

Requestor Location

4134960529789

Jun 23, 2017

Oxford University Press
Human Molecular Genetics

Defective autophagy in neurons and astrocytes from mice
deficient in PI(3,5)P;

Ferguson, Cole J.; Lenk, Guy M.
Sep 29, 2009

Thesis/Dissertation

Familial Amyotrophic Lateral Sclerosis with a focus on C9orf72
Hexanucleotide GGGGCC repeat expansion associated ALS with
Frontotemporal dementia

n/a

Jun 2017
0.00 USD
0.00 USD
0.00 USD

Mr. Paul Workinger
4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL
FROM AN OXFORD UNIVERSITY PRESS JOURNAL

1. Use of the material is restricted to the type of use specified in your order details.

2. This permission covers the use of the material in the English language in the following

territory: world. If you have requested additional permission to translate this material, the

terms and conditions of this reuse will be set out in clause 12.

101



3. This permission is limited to the particular use authorized in (1) above and does not
allow you to sanction its use elsewhere in any other format other than specified above, nor
does it apply to quotations, images, artistic works etc that have been reproduced from other
sources which may be part of the material to be used.

4. No alteration, omission or addition is made to the material without our written consent.
Permission must be re-cleared with Oxford University Press if/when you decide to reprint.
5. The following credit line appears wherever the material is used: author, title, journal,
year, volume, issue number, pagination, by permission of Oxford University Press or the
sponsoring society if the journal is a society journal. Where a journal is being published on
behalf of a learned society, the details of that society must be included in the credit line.

6. For the reproduction of a full article from an Oxford University Press journal for
whatever purpose, the corresponding author of the material concerned should be informed
of the proposed use. Contact details for the corresponding authors of all Oxford University
Press journal contact can be found alongside either the abstract or full text of the article
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing
these rights, please contact journals.permissions@oup.com

7. If the credit line or acknowledgement in our publication indicates that any of the figures,
images or photos was reproduced, drawn or modified from an earlier source it will be
necessary for you to clear this permission with the original publisher as well. If this
permission has not been obtained, please note that this material cannot be included in your
publication/photocopies.

8. While you may exercise the rights licensed immediately upon issuance of the license at
the end of the licensing process for the transaction, provided that you have disclosed
complete and accurate details of your proposed use, no license is finally effective unless
and until full payment is received from you (either by Oxford University Press or by
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license preliminarily
granted shall be deemed automatically revoked and shall be void as if never granted.
Further, in the event that you breach any of these terms and conditions or any of CCC's
Billing and Payment terms and conditions, the license is automatically revoked and shall be
void as if never granted. Use of materials as described in a revoked license, as well as any
use of the materials beyond the scope of an unrevoked license, may constitute copyright
infringement and Oxford University Press reserves the right to take any and all action to
protect its copyright in the materials.

9. This license is personal to you and may not be sublicensed, assigned or transferred by
you to any other person without Oxford University Press’s written permission.

10. Oxford University Press reserves all rights not specifically granted in the combination
of (i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and
conditions.

11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC,
and their respective officers, directors, employs and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

12. Other Terms and Conditions:

vl4

102



For Figure 11 in Thesis:

This Agreement between Mr. Paul Workinger ("You") and Springer ("Springer") consists of your
license details and the terms and conditions provided by Springer and Copyright Clearance Center.

License Number 4134960841842

License date Jun 23, 2017

Licensed Content Publisher Springer

Licensed Content Publication Acta Neuropathologica

Licensed Content Title Co-aggregation of RNA binding proteins in ALS spinal
motor neurons: evidence of a common pathogenic
mechanism

Licensed Content Author Brian A. Keller

Licensed Content Date Jan 1, 2012

Licensed Content Volume 124

Licensed Content Issue 5

Type of Use Thesis/Dissertation

Portion Figures/tables/illustrations

Number of figures/tables/illustrations 1
Author of this Springer article No
Order reference number

Original figure numbers Figure 1

Title of your thesis / dissertation Familial Amyotrophic Lateral Sclerosis with a focus on
C9orf72 Hexanucleotide GGGGCC repeat expansion
associated ALS with Frontotemporal dementia

Expected completion date Jun 2017
Estimated size(pages) 82
Requestor Location Mr. Paul Workinger

4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

For Figure 12 in Thesis:

This Agreement between Mr. Paul Workinger ("You") and Nature Publishing Group ("Nature
Publishing Group") consists of your license details and the terms and conditions provided by
Nature Publishing Group and Copyright Clearance Center.

License Number 4134960978478

103



License date
Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures
Author of this NPG article

Your reference number

Title of your thesis / dissertation

Expected completion date

Estimated size (number of pages)

Requestor Location

Jun 23, 2017
Nature Publishing Group
Nature

Ataxin-2 intermediate-length polyglutamine expansions are
associated with increased risk for ALS

Andrew C. Elden, Hyung-Jun Kim, Michael P. Hart, Alice S.
Chen-Plotkin, Brian S. Johnson, Xiaodong Fang

Aug 26, 2010

466

7310

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 3

no

Familial Amyotrophic Lateral Sclerosis with a focus on
C90rf72 Hexanucleotide GGGGCC repeat expansion
associated ALS with Frontotemporal dementia

Jun 2017
82

Mr. Paul Workinger
4550 E. Dartmouth St

MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

Terms and Conditions for Permissions
Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited
in the published version). If the credit line on any part of the material you have
requested indicates that it was reprinted or adapted by NPG with permission from
another source, then you should also seek permission from that source to reuse the

material.

104



Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.Where print permission has been granted for a fee, separate permission
must be obtained for any additional, electronic re-use (unless, as in the case of a full
paper, this has already been accounted for during your initial request in the calculation
of a print run).NB: In all cases, web-based use of full-text articles must be authorized
separately through the 'Use on a Web Site' option when requesting permission.

Permission granted for a first edition does not apply to second and subsequent editions
and for editions in other languages (except for signatories to the STM Permissions
Guidelines, or where the first edition permission was granted for free).

Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same
time as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

The credit line should read:

Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)

For AOP papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)For AOP
papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME], advance online publication, day month year (doi:
10.1038/sj.[JOURNAL ACRONYMT].XXXXX)

Adaptations of single figures do not require NPG approval. However, the adaptation
should be credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit
line applies.

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

Translations of 401 words up to a whole article require NPG approval. Please
visit http://www.macmillanmedicalcommunications.com for more
information.Translations of up to a 400 words do not require NPG approval. The
translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit
line applies.

105


http://www.macmillanmedicalcommunications.com/

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.

For Figure 13 (top) in Thesis:

This Agreement between Mr. Paul Workinger ("You") and Nature Publishing Group
("Nature Publishing Group™) consists of your license details and the terms and
conditions provided by Nature Publishing Group and Copyright Clearance Center.

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

Format

Portion

Number of
figures/tables/illustrations

High-res required
Figures

Author of this NPG article
Your reference number

Title of your thesis /
dissertation

Expected completion date

Estimated size (number of
pages)

Requestor Location

4134961142673
Jun 23, 2017
Nature Publishing Group

Nature

C9o0rf72 nucleotide repeat structures initiate molecular cascades
of disease

Aaron R. Haeusler, Christopher J. Donnelly, Goran Periz, Eric A.
J. Simko, Patrick G. Shaw, Min-Sik Kim

Mar 5, 2014

507

7491

reuse in a dissertation / thesis
academic/educational

print and electronic
figures/tables/illustrations

1

no
Figure 1

no

Familial Amyotrophic Lateral Sclerosis with a focus on C9orf72
Hexanucleotide GGGGCC repeat expansion associated ALS with
Frontotemporal dementia

Jun 2017
82

Mr. Paul Workinger
4550 E. Dartmouth St

106



MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

For Figure 13 (bottom) in Thesis:

SPRINGER LICENSE
TERMS AND CONDITIONS

Jun 23, 2017

This Agreement between Mr. Paul Workinger ("You") and Springer ("Springer")
consists of your license details and the terms and conditions provided by Springer and
Copyright Clearance Center.

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Portion

Number of
figures/tables/illustrations

Author of this Springer
article

Order reference number
Original figure numbers

Title of your thesis /
dissertation

Expected completion date
Estimated size(pages)

Requestor Location

4134961490499
Jun 23, 2017
Springer

Acta Neuropathologica

Bidirectional transcripts of the expanded C9orf72
hexanucleotide repeat are translated into aggregating dipeptide
repeat proteins

Kohji Mori

Jan 1, 2013

126

6

Thesis/Dissertation
Figures/tables/illustrations

1

No

Figure 1

Familial Amyotrophic Lateral Sclerosis with a focus on C9orf72
Hexanucleotide GGGGCC repeat expansion associated ALS with
Frontotemporal dementia

Jun 2017
82

Mr. Paul Workinger
4550 E. Dartmouth St

107



MESA, AZ 85205
United States
Attn: Mr. Paul Workinger

108



