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Abstract

Gene expression is regulated at many levels, including after generation of the primary RNA
transcript from DNA but before translation into protein. Such post-translational gene regulation
occurs via the action of a multitude of RNA binding proteins and include varied actions from
splicing to regulation of association with the translational machinery. Primary evidence that such
processes might contribute to disease mechanisms in neurodegenerative disorders comes from the
observation of mutations in RNA binding proteins, particularly in diseases in the amyotrophic
lateral sclerosis-frontotemporal dementia spectrum and in some forms of ataxia and tremor. The
bulk of evidence from recent surveys of the types of RNA species that are affected in these
disorders suggests a global deregulation of control rather than a very small number of RNA
species, although why some groups of neurons are sensitive to these changes is not well
understood. Overall, these data suggest that neurodegeneration can be initiated by mutations in
RNA binding proteins and, as a corollary, that neurons are particularly sensitive to loss of control
of gene expression at the post-transcriptional level. Such observations have implications not only
for understanding the nature of neurodegenerative disorders but also how we might intervene

therapeutically in these diseases.
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Introduction

Genetic mechanisms have been shown to influence the lifetime risk of several
neurodegenerative diseases. In general terms, there are both variants that are inherited in
families [1] and more subtle risk factor variants that act at a population level [2].
Furthermore, there are examples where the same gene is relevant for both inherited and
sporadic disease, suggesting that mechanisms in both cases are likely shared [3]. In many
cases, common variation around genes that affects risk of sporadic disease is not associated
with amino acid changes, but rather variants that change gene regulation, by expression or
splicing [4]. This observation suggests that some forms of gene regulation might be relevant
to the pathogenesis of several neurodegenerative diseases.

Post-transcriptional gene regulation occurs at the level of RNA, and includes a variety of
modifications to the nucleic acid that can be accomplished by RNA binding proteins [5] or
by the interactions of non-coding RNAs with mRNAS [6] (Fig. 1). As might therefore be
expected, post-transcriptional gene regulation has been considered to influence processes
that are relevant to neurodegeneration. One causal way in which this might occur is by
mutations in RNA-binding proteins, of which there are several that cause neurodegenerative
diseases. However, there are also other, less direct but still critical, mechanisms by which
post-transcriptional regulation might contribute to pathways relevant for the development of
neuropathology.

In this chapter, | will discuss some of the potential ways in which post-translational gene
regulation might contribute to neurodegeneration. While this discussion will not be
comprehensive, | will give examples of known mechanisms in specific neurodegenerative
diseases and indicate where these might generalize to other disorders. This review will focus
on the best studied examples of RNA-binding proteins that have been shown to play causal
roles in neurodegeneration. | will use those situations where mutations in the genes encoding
for RNA-binding proteins, as causality can be reasonably inferred in those cases. However, it
should be noted that similar mechanisms are likely to play roles in other neurological
conditions, including sporadic diseases, especially where there is evidence of some
misregulation of RNA binding proteins.

Gene mutations in RNA binding proteins in Amyotrophic Lateral Sclerosis and
frontotemporal dementia

Amyotrophic Lateral Sclerosis (ALS; also known a motor neurone disease or Lou Gehrig’s
disease) is a notably unpleasant disease, mainly because from diagnosis to demise often
occurs over a relatively rapid time course, with a range of intervals between 1.5-2 years [7]
(see sidebar for description of the disease process). As for many of the diseases discussed
here, FTD-ALS has age-dependent prevalence and is generally rare before the age of 50 but
much more common in the subsequent two decades of life, with an overall lifetime
prevalence of about 4 cases per 100,000 population.

There are no effective treatments to modify neurodegeneration in FTD-ALS and, given this
acute need, there is a substantial literature on trying to understand the causal basis for
disease risk in individuals, with the hope that this would then lead to identified pathways
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that could be tractable for treatment. Although most cases are sporadic in nature, that is to
say there is no easily discernible single causes, one successful approach to understanding
causality has been to interrogate the genetic basis of ALS [8]. Although frank mutations
account for only a minority of the overall cases of ALS, some of the more common variants
occur in relatively high percentages of cases. Importantly, it has been observed that even
within single families with the same mutation, the actual presentation of disease can be quite
variable. Specifically, a relatively common hexanucleotide expansion in the first intron of the
c9orf72 gene [9,10], is associated with both ALS and frontotemporal degeneration (FTD,
sometimes also called frontotemporal lobar neurodegeneration or FTLD), a condition where
dementia is the typical presentation of the disease due to extensive atrophy of the frontal and
temporal lobes of the cerebral cortex. These observations have led to the recognition that
ALS-FTD represent a clinicopathologcial spectrum of disease [11], perhaps additionally
explaining why looking for cause of diseases such as ALS was difficult as families with such
mixed phenotypes may not have been considered to have the same underlying disease.

Although there are a variety of genes involved in FTD-ALS, a prominent subset of them are
known or suspected RNA binding proteins. Specifically, mutations in fused in TAR-binding
protein (TARDBP) [12,13], fused in sarcoma (FUS) [14,15], and matrin-3 (MATR3) [16] all
cause ALS and all three protein products have domain structures consistent with RNA
binding activity. Interestingly, deposition of the protein product of TARDBR TDP-43 (also
known as Transactive response DNA-binding protein 43), in cases of both FTD and ALS
had been identified prior to mutations being reported [17], thus anticipating the genetic link
between these two diseases. While TDP-43 is normally a nuclear protein, in ALS-FTD cases
it is found to relocalize to the cytosol of vulnerable neuronal types. The accumulation of
cytosolic TDP-43 occurs in sporadic ALS-FTD, suggesting a further link between familial
and idiopathic forms of these diseases. Two questions are prominent in light of this
information; how do mutations affect RNA binding activity of these proteins and which
RNAs are misregulated leading to disease?

Mutations in FUS, TDP-43 and MATR3 directly implicate mRNA regulation in the
pathobiology of ALS

Each of FUS, TDP43 and MATR3 have one or more RNA recognition motifs (Fig. 2).
However, mutations are generally not in these domains but instead are clustered in relatively
less structured regions, particularly the glycine-rich regions that are at the C-terminus of
TDP-43 and in the center of the protein in FUS. There is an additional cluster of FUS
mutations at the C-terminal nuclear localization sequence. For MATR3, mutations are found
in regions of the protein that are outside of well-recognized domains. Therefore, it is not
immediately certain from examination of the effects of mutations on the primary protein
sequence, whether or not RNA binding is actually important for the pathogenic effects of
these mutant proteins. To address this question, we might first look at what RNAs are bound
to these three proteins, what the proposed effects of binding on RNA regulation are and how
mutations influence those functions.

RNA binding targets of TDP-43, FUS and MATR3—Both FUS and TDP43 have been
shown to bind directly to a series of RNA targets. TDP-43 has been proposed to bind to a
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large number of RNA targets in different cell and tissue types [18-22]. The binding of
TDP-43 to RNA is mediated by stretches of UG in the targets [23]. Poly-A sequences are
also found in the lists of TDP-43 targets [24], although whether TDP-43 binds directly to
these directly is unclear as TDP-43 can interact with a number of other proteins to access a
number of potential sequences [25]. Additionally, binding targets of TDP-43 include
microRNA (miRNA) species, again perhaps working together with other proteins,
specifically components of the Dicer and Drosha complexes [26]. As has been noted by
others [27], the overlap between different surveys of TDP-43 bound RNA or miRNA targets
is relatively small although a specific set of RNAs has been confirmed across studies,
including TDP-43 itself [28].

FUS was identified as a RNA binding protein many years before mutations were associated
with ALS as there is a translocation event in some forms of sarcoma [29]. As for TDP43,
there have been several genome-wide surveys of the types and sequences of RNA species
bound to FUS that do not overlap substantially [30-32]. Consistent with variation between
tissues, some studies have reported that FUS and TDP43 have different RNA binding
profiles[21], but other approaches have suggested some overlap in downstream targets in
neurons [33,34]. One consistent target is FUS itself, although the mechanisms by which
FUS controls its own expression are different from TDP43 [35] Similar to TDP43, FUS may
bind to miRNA via the Drosha complex [36].

Matrin-3 also binds to several other RNA binding proteins and high throughput sequencing
has identified a series of RNA targets that are bound to these protein complexes [37].
Conversely, Matrin-3 can be isolated from pulldowns of other RNA binding proteins [38]
and co-purifies with retina-expressed small RNAs [39]. Finally, like TDP-43, Matrin-3
interacts physically with PTB1, a polypyrimidine binding protein, with which it binds motifs
within RNA targets [40].

Based on these data, we can infer that each of the three RNA binding proteins that are
mutated in familial FTD-ALS each work within a network of other ribonucleiprotein
complexes to bind a large series of both mMRNAS and small RNAs, the latter including
miRNAs. There is modest evidence of sharing of RNA targets between the different
proteins, but given that the lists of potential candidates are very long, this is perhaps to be
expected by chance alone. Therefore, the RNA targets are not especially informative as to
how mutations in these genes leads to ALS. It is important to therefore consider what the
function of RNA binding is and how mutations affect those functions.

Post-transcriptional functions of RNA binding proteins involved in ALS—Again
prior to nomination as an FTD-ALS gene, TDP-43 had been proposed to control the splicing
of exon 9 of the cystic fibrosis transmembrane receptor (CFTR) gene, an event that occurs in
the nucleus [41]. Along the same lines, the binding of TDP-43 to its own mRNA controls
splicing of the 3’-UTR region and affects its own hence mRNA stability in a post-
transcriptional manner [28,42,43]. This leads to the general concept that TDP-43 plays an
important role in RNA splicing. To address this hypothesis, several genome-wide surveys in
cells and genetically modified mice have been performed and have identified multiple
mMRNA species that show aberrant splicing in the absence of TDP-43 [19,20,22,44]. Whether
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all of these are direct targets of TDP-43 is unclear, although some studies have suggested
that the altered splicing events are surrounded by the same UG motifs as recovered in direct
binding assays [44].

FUS likewise is involved in pre-mRNA splicing via interactions with small nuclear
ribonucleoprotein (SNRNP) complexes [45,46] and potentially link these to translation via an
interaction with RNA-polymerase 11 [47]. The motif by which FUS binds to RNA is less
well defined that the TDP-43 motif and the protein may bind long introns generally [31].
Therefore, and consistent with the binding studies discussed above, the range of splicing
targets affected by FUS is broad and vary between studies perhaps due to differences in
expression levels between cells and tissues [21,30,31,33,34]. Matrin-3 has also been
proposed to play a broad role in the control of splicing [40].

These results might suggest that deregulated splicing might be a general mechanism by
which neurons become vulnerable to neurodegeneration in ALS, perhaps because the brain
has a relatively high level of alternate splicing events compared to other tissues [48].
However, all three proteins may also be involved in events other than splicing including
regulation of mMiRNA processing [36,49,50], expression of long non coding RNAs [51],
mMRNA transport in neurons [52-55] and mRNA translation[56,57]. The multiplicity of these
functions have been reviewed elsewhere [27,58], but because there are so many proposed
functions, it is not clear as to exactly what level these proteins act to cause disease. An
important next consideration, therefore, is how mutations affect protein function and,
specifically, whether post-translational regulation is important in disease pathogenesis.

Effects of mutations on post-translational gene regulation—As noted in figure 1,
mutations that are associated with FTD-ALS are found in several different domains of FUS,
TDP-43 and MATR3 but are generally away from the RNA binding regions. This
observation means that it is formally possible that the pathogenic effects of mutations are
unrelated to RNA binding potential and, therefore, to post-transcriptional regulation of gene
expression. Additionally, the accumulation of insoluble TDP-43 protein in FTD-ALS
generally is in the cytoplasm not in the nucleus where this protein normally resides [17].
Therefore, it would be important to distinguish between the possibilities that mutations have
a toxic function in the cytoplasm or that lack their normal function in the nucleus.

One way to potentially discriminate between these effects might be to compare knockout
and transgenic models for a given protein. Deletion of 7ardbp in adult motor neurons results
in loss of those cells specifically and ALS-like phenotypes [59], which might suggest that
loss of nuclear function is important in maintenance of adult motor neurons. However,
precise interpretation of these data is complicated as a generalized knockout in mice results
in embryonic lethality [60-62], suggesting that RNA binding of TDP-43 is important for the
survival of many cell types.

Conversely, expression of mutant forms of TDP-43 in adult mice results in toxicity towards
motor neurons [63]. In general, the accumulation of cytoplasmic aggregates of TDP-43 is
not a required event for toxicity. Again, however, clear interpretation here is complicated by
the observation that the wild type protein is toxic in a manner that depends on the level of
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transgene over-expression [63]. Therefore, some of the mechanisms by which toxicity
occurs might be related to expression levels while others might relate to the effects of
mutations. At least one recent knock-in model has been reported where the expression
events may be avoided [64]. This model was reported to have damage to both upper
(cortical) and lower (spinal cord) motor neurons, suggesting that at least some effects of
TDP-43 mutations are independent of expression levels.

These data support the idea that normal function of TDP-43 is important for toxic effects of
mutations, although the possibility that mutations have a neomorphic toxic function is
difficult to fully rule out. However, experiments in Drosophila models suggest that deletion
of the RRM domain, which should abolish RNA binding, is sufficient to mitigate the toxicity
associated with expression of human wild type or mutant TDP-43 [65]. Additionally,
manipulation of expression of RNA binding proteins can also block TDP-43 toxicity
[66,67]. Finally, transgenic expression of mutant TDP-43 in mice results in altered splicing,
consistent with the normal function of wild type protein being altered by mutation [68].

Overall, the balance of evidence suggests that the normal functions of TDP-43 are relevant
to the toxicity caused by mutations associated with ALS-FTD. Because TDP-43 has a large
number of RNA targets, these observations suggest that mutations will result in a global and
generalized effect on post-translational gene regulation.

Along the same lines, mutations in FUS require RNA binding to exert toxic effects [69] and
cause a global deregulation of RNA metabolism that can be mitigated by expression of a
master regulator of nonsense-mediated decay [70]. Because FUS and TDP-43 may have
different effects on distinct sets of RNA targets [21,33] it is unlikely that there are a small
number of common downstream targets, although this possibility cannot completely be
discounted. Taken together, these data suggest global rather than highly specific events.

Overall, the available data suggests that post-transcriptional control of gene expression by
RNA binding proteins is a major mediator of pathogenesis in familial ALS-FTD. Why
specific groups of neurons are especially vulnerable to global deregulation of RNA
metabolism is unclear at this time and how one might use this information to intervene in
disease remains to be clarified.

Post-transcriptional gene regulation in other neurodegenerative diseases

The above discussion clearly identifies post-transcriptional gene regulation by RNA-binding
proteins as potentially causal in ALS-FTD. If some groups of neurons are specifically
vulnerable to global deregulation of RNA metabolism, a reasonable question is then whether
other age-related neurodegenerative disorders are similarly a consequence of altered gene
regulation. The following examples are mainly focussed on those diseases where causal
mutations in RNA binding proteins have been identified as these represent the strongest and
most direct evidence for post-transcriptional gene regulation in each disorder.

Fragile-X and Fragile-X tremor ataxia syndrome

Mutations in the FRM! (fragile X mental retardation 1) gene cause the developmental
disorder fragile X, a relatively common cause of intellectual disability with additional
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features including autistic-like behaviours [71]. The most common underlying mutation is a
triplet repeat expansion in the 5 untranslated region of a gene on Chromosome X that
encodes the FMRP protein [72]. The expanded triplet repeats are heavily methylated and this
epigenetic modification of the gene results, in males, in loss of FMRP function. Importantly
for the discussion here, FMRP has several recognizable RNA binding domains [73] and
binds a variety of mature RNA species to repress translation [74]. Thus, in fragile X
syndrome it is likely excessive translation of RNA to protein, an important post-
transcriptional gene expression process, that leads to a neurodevelopmental disorder. A point
mutation, 1304N (Fig. 2) is associated with a severe form of fragile-x syndrome [75] and the
mutant protein has diminished RNA binding [76], further supporting the concept that loss of
FMRP function is the proximate cause of this disorder. Also, as for TDP-43 and FUS,
FMRP may regulate its own mRNA in a post-transcriptional manner [77]

Additionally, carriers of a pre-mutation allele, with a repeat length intermediate between the
typical length in the population and the pathogenic expansion found in fragile X, develop a
tremor ataxia syndrome later in life [78]. The key distinction between the mechanisms
underlying fragile X and FXTAS (fragile X tremor ataxia syndrome) is that in the latter
situation, FMR1 is translated to produce RNA with expanded repeats. The mechanism by
which this aberrant species induces toxicity is not fully resolved, but one widely studied
hypothesis is that the mutant RNA is directly toxic to neurons, potentially by sequestering
RNA binding proteins in cytoplasmic foci and thus disrupting overall post-transcriptional
control in neurons [79]. Another potential contributor to toxicity comes from direct
translation of the repeats themselves to produce small toxic peptides or RAN translation
[80]. Which mode of toxicity is dominant in the human condition is still debated, although it
is important to note that both RAN translation and RNA toxicity are proposed to occur in a
variety of other triplet repeat disorders including a relatively common cause of familial
ALS-FTD, hexanucleotide expansions in the ¢9orf72 gene [81], again suggesting that
generalized dysregulation of post-transcriptional events can be toxic to motor neurons.

Complex phenotypes related to ATXN2 mutations

Another example of a triplet repeat expansion is found in the gene ATXN.2where the triplet
repeats are part of the gene coding sequence and therefore produce a protein with an
increased number of repeating glutamates or polyQ [82]. It is therefore possible that the
polyQ expansion in mutant ATXNZ2 alters its normal function, leading to spinocerebellar
ataxia, an adult onset neurological disorder with prominent loss of gait and balance.

As in many of the other examples here, ATXN2 is an RNA binding protein that has been
shown to play roles in post-transcriptional regulation of gene expression. Specifically,
ATXN2 interacts with a series of other RNA binding proteins and participates in several
aspects of post-transcriptional RNA metabolism including translation at polysomes [83] and
disruption of cytosolic structures containing RNA, stress granules or P-bodies [84] that may
result in protein translation changes as these structures are normally translationally silent.

ATXN2 may also contribute to other neurodegenerative conditions than ataxia. Some
ATXNZ2mutation carriers have symptoms of parkinsonism, suggesting loss of dopamine
neurons in the substantia nigra pars compacta, either alone or in combination with ataxia
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[85]. These data suggest that several types of neurons are sensitive to deregulation of
translational control, which can lead to multiple neuropathologies.

Additionally, the AT.XN2gene has been proposed to be a modifier of risk for ALS [86].
Specifically, intermediate polyQ repeat lengths are proposed to increase lifetime risk of ALS
by about 4-fold and ATXNZ2 acts as a modifier of TDP-43 toxicity in yeast and Drosophila
models. The initial genetic observations have been confirmed in multiple studies and
extended to show that both a similar effect is seen in both familial and sporadic ALS [87].
While the exact mechanism(s) by which ATXNZ2 repeats influence ALS risk are not fully
elucidated, given that multiple RNA metabolism genes are mutated in ALS and that ATXN2
plays a role in RNA metabolism, it is reasonable to suggest that these data further supports
the idea that ALS can be a consequence of deregulated post-transcriptional gene control.

Other common diseases

The above examples are deliberately focussed on situations where gene mutations exert a
strong effect on disease risk. However, there are likely to be other mechanisms at play,
perhaps most cogently in sporadic diseases. It is therefore appropriate to discuss potential
mechanisms in some of the more common neurodegenerative diseases.

Alzheimer’s disease—The principle driving pathogenic pathway, more certainly in
familial Alzheimer’s disease (AD) but also likely in sporadic cases, is the generation of
amyloid-beta fragments that aggregate to form amyloid plaques in the brain parenchyma.
Secondarily, plaques lead to the formation of tau-positive tangles within neurons [88]. While
this ‘amyloid cascade’ hypothesis has some limitations [89], particularly with respect to its
ability to predict useful drug interventions, it does nonetheless position AD as a post-
translational disease, being focussed on protein processing and deposition events.

Despite this overarching theme in AD research, there have been several attempts to
understand whether other mechanisms might be in play in the disease, including post-
transcriptional gene regulation. Particular attention has been paid to the possibility that
microRNAs (miRNA) might be deregulated in the AD brain and affect, particularly,
enzymes involved in amyloid processing [90]. Another possible post-transcriptional event
relevant to AD is that miRNAs may control cholesterol metabolism in the brain, which is
thought to represent an important pathway for control of amyloid production [91]. However,
different surveys of miRNA in the AD brain have nominated different candidates that do not
overlap between studies [92-95]. Therefore, at this stage it is not clear if there is a
particularly robust miRNA signal that differentiates AD from controls, although this is
certainly an area of investigation that merits further consideration perhaps with larger sample
series.

Parkinson’s disease—~Parkinson’s disease (PD) is also usually characterized by the
deposition of protein, prominently a-synuclein, in neurons in the form of Lewy bodies and
Lewy neurites in various brain regions [96]. Initial surveys of the miRNA complement of PD
brains versus controls nominated miR-133b as differential between groups and further
claimed that mir-133b and the transcription factor Pitx3 might have inter-dependent effects
on dopamine neuron development, setting the PD brain up for subsequent loss of these cells
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[97]. However, because PD pathology prominently includes loss of dopamine neurons
especially as the disease progresses, it is not clear whether the diminishment of mir-133b is a
cause or a consequence of neurodegeneration in this region. Subsequent surveys of miRNAs
in PD did not identify mir-133b, although other miRNA differences were noted [98].
Therefore, as for AD, whether miRNA-mediated post-transcriptional effects are important in
the sporadic PD brain remains ambiguous and larger surveys across multiple affected brain
regions in the human disease, ideally at different stages of progression, are warranted.

There are additional proposed events that might link post-transcriptional gene regulation to
familial PD. Several years ago, my lab proposed that DJ-1, a rare cause of familial
parkinsonism [99], might participate in RNA regulation, consistent with prior nomination of
the protein as part of an RNA binding complex [100]. Unfortunately, this result has not yet
been widely replicated and it is not clear if there is any direct binding of DJ-1 protein to
RNA. Along the same lines, there are claims that LRRK2 (Leucine-rich repeat kinase
2[101]) can bind to the proteins involved in miRNA production and thereby control miRNA
regulation [102]. However, again, the primary observations of direct protein interactions
have not been widely replicated and it remains to be seen if there is a direct, or perhaps
indirect, effect of these mutations on post-transcriptional control.

Conclusion

Overall, the examples given here allow us to confidently conclude that post-transcriptional
gene regulation is an important driving event in some forms of neurodegenerative disease.
Most convincingly, dominantly inherited forms of ALS-FTD are associated with mutations
in several RNA binding proteins, including TDP-43, TLS/FUS and Matrin-3. RNA binding
proteins can also be mutated in inherited SCA and the clinical phenotypes of ALS and SCA
may overlap, with at least one SCA protein, ATXN2 being a modifier of ALS risk. However,
the RNA targets and the functions performed by these RNA binding proteins varies,
suggesting a global deregulation of post-transcriptional control rather than a set of very
specific RNAs is likely to be detrimental for neurons function and survival in the human
brain In contrast, the evidence for post-transcriptional gene regulation in other common
neurodegenerative disorders is fragmentary and it is often difficult to discern whether the
direction of effect. That is to say whether deregulation of gene expression affects neuronal
survival in AD or PD or whether the disease process secondarily affects aspects of gene
expression is uncertain. However, given that neurons in general are sensitive to loss of
regulation of gene expression at the level of RNA binding proteins suggests that this is a
hypothesis worth pursuing, even to exclusion, in multiple neurodegenerative diseases.

Important future directions include resolving the very difficult question of whether specific
subsets of RNA species that are affected by loss of RNA binding proteins are responsible for
neurodegeneration or whether a more global deregulation of post-transcriptional processes is
important in triggering neuronal cell death. The balance of evidence probably supports the
latter, but this is an important question for developing therapeutics if there were a small
number of key mediators of cell death, then these could be targeted more effectively than a
large ensemble of dysregulated genes. Another fundamental remaining question is why, at
least in those diseases where there is strongest evidence that RNA binding proteins can drive
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pathogenesis, some groups of neurons are sensitive to alterations in their function. Perhaps
the complexity of post-transcriptional gene regulation is particularly high in neurons, which

have specific requirements for alternate splicing and translation at synapses. As for resolving

they key pathway targets, answering this fundamental question may be important in the

evi

entual development of novel therapeutics to reverse the course of these diseases.
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Brain regions affected in various neurodegenerative diseases

The central nervous system contains a startling variety of different cell types. For
neurons, the principal definitions of these cells were first morphological and anatomical
then, later, by the types of neurotransmitters produced and by molecular characterization.
Neurodegenerative diseases are characterized by the progressive loss of various subtypes
of neurons that then result in symptoms in patients that are related to loss of the normal
functions of those cells. Although patterns of neuronal loss in different diseases are not
absolutely restricted to a single set of cells or neurotransmitter type, the following
descriptions outline some of the major changes seen in these disease.

Alzheimer’s disease (AD) is predominantly a diseases of the neocortex, where protein
deposits occur in the entorhinal cortex then are found in progressively more brain
regions, including for example the hippocampus. Two types of protein deposits are found;
extracellular plaques composed of aggregated fragments of the amyloid precursor protein
(APP) and intracellular tangles, composed largely of the neuronal microtubule protein,
Tau. The progression of AD pathology is mirrored by memory loss and other mood and
personality changes. By the end of the disease, the number of neurons that have died is
sufficient that there is volumetric loss of the cerebral cortex.

In Amyotrophic lateral sclerosis, a progressive disease course and eventually fatal events
arises from death of neurons in the upper motor tracts linking the motor regions of the
cerebral cortex to the spinal cord, and lower motor neurons in the ventral horn of the
spinal cord that project to the musculature. As these neurons become dysfunctional and
drop out, control of the muscles that they innervate is lost, leading to weakness, paralysis
and eventually loss of control of breathing when the neurons that innervate the diaphragm
are damaged. Genetically, ALS is related to an apparently quite different condition,
frontotemporal dementia (FTD) where forebrain neurons are damaged, resulting in
variable changes in cognition and personality. Both ALS and FTD are often associated
with the cytoplasmic accumulation.

Parkinson’s disease (PD) is a movement disorder characterized clinically by slowed
movement, tremor, an unstable posture and gait problems. Many, but not all, of the motor
signs of PD relate to the loss of dopamine producing neurons that project from the
substantia nigra pars compacta in the midbrain to the caudate and putamen, two parts of
the human striatum. There is evidence that the loss of neurons in PD is established very
early in the disease course but continues over time to have more and more impact on
movement, leading to a need to treat patients usually by replacing dopamine directly or
by surgical approaches that restore function of the basal ganglia motor circuit. The main
pathology of PD is the deposit of a-synuclein, a small protein that is normally found at
synapses but becomes aggregated and deposited in surviving neurons as Lewy bodies and
Lewy neurites. Using Lewy bodies as a sensitive marker reveals that there are actually
many brain regions affected in PD, resulting in a range of non-motor complications
including cognitive changes that are currently difficult to treat.

Spinocerebellar ataxias are a heterogeneous set of conditions where loss of Purkinje cells
in the cerebellum, a part of the brain responsible for motor learning and co-ordination,
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are lost. Damage to Purkinje cells therefore results in uncoordinated movements and
speech problems and, like the other diseases discussed here, usually get progressively
WOrse over time.
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Figure 1. Post-transcriptional generegulation
Key aspects of post-transcriptional gene regulation. Although the central dogma of

molecular biology, that DNA makes RNA makes protein (biomolecules are shown in black),
is generally true and is useful, there are a variety processing steps (red) that control the flow
of information between the key events. Additionally, the control of biological information is
compartmentalized within the cell, and here subcellular structures are identified in blue. It
should be noted that microRNA (miRNA) species interact with mRNA and can either
promote degradation or inhibit translation to protein.
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Figure 2. Mutationsin RNA binding proteins associated with neurodegener ation
A variety of proteins associated with adult onset neurodegenerative disease contain RNA

binding domains. The putative domain structures of proteins that are mutated in
neurodegenerative diseases are shown, in alphabetical order. For each protein, RNA binding
domains are in green, nuclear localization (L) or exclusion (E) sequences are in blue, Zinc
finger domains are in black and amino acid repeats or amino-acid enriched domains are in
shades of red and orange. Above each ideogram are examples of specific mutations found in
each gene. Additional abbreviations; KH, heterogeneous nuclear ribonucleoprotein K
homology; Lsm, Like Sm; Lsm-AD, Lsm associated domain; PAM2, PABP [poly(A)-
binding protein] interacting motif; pQ, poly Q (glutamine); RRM, RNA recognition motif;
ZNF, zinc finger. It is worth noting that mutations are only rarely found in the RNA binding
motifs themselves but rather in the structural domains that surround them.
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