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RNA is involved in virtually all biological processes, it is perhaps not surprising that

several RNA binding proteins are associated with aging and with different age related disorders.
Other chapters in this volume will discuss some specific examples of diseases where RNA plays a
role that are also associated with aging, such as cancer and inflammation, so here I will discuss
some general aspects of how RNA changes with the aging process. | will also discuss some
specific examples of RNA binding proteins that are associated with age-dependent neurological
diseases as these provide an interesting framework to examine how lifetime mutations might lead
to a late onset disease, although the answers to these questions are still not well understood.
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Age related changes in RNA

After maturation, most organisms continue to undergo a number of changes in biology that
are collectively termed senescence. The proposed mechanisms involved in aging, and their
underlying biology, are far outside of the scope of this article, but it is important to
recognize that both genetic or programmed factors and environmental and/or stochastic
events contribute to overall aging. Possibly related to this, aging consists of both generalized
changes in an organ or tissue across time and a number of variable events such as age-
related diseases.

As for many macromolecules in the cell, MRNA is subject to age related changes of various
types. The overall gene expression profile of an aged tissue is different from that of its
young, but still mature, equivalent. To name a few examples, studies in different tissues
including heart 1, kidney 2, muscle 3 and brain # ° have identified genes that vary along
lifespan. Systematic analyses in mice suggest that there are some genes that show consistent
changes with aging in all tissues although different tissues can ‘age’ at different rates 6.
Between species there are also common signatures of aging, particularly in mitochondrial
electron transport chain genes 8, which might reflect the role that oxidative stress plays in
damaging events associated with aging.
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Whether RNA expression profiles are a cause or consequence of aging is difficult to
determine (see below for more discussion), but what is perhaps more interesting is that most
of the changes reported in these studies above are quite modest. Re-analysis of one of these
datasets suggests that there are significant numbers of changes in the relative expression of
genes from being tightly correlated in younger tissues to being less highly co-expressed in
aged tissues /. Additionally, survey of gene expression in the aging heart suggests that there
is an increase in variance in gene expression with aging, especially increased variability
from cell to cell 1. The mechanism(s) underlying such changes are not known, but one
obvious candidate is that normally repressive mechanisms change with aging, leading to an
altered control of gene expression.

Possibly related to this, a few recent studies have examined expression of non-coding RNAs
with aging. As discussed elsewhere in this volume, several novel types of RNA species have
been found in recent years including structural RNA species and regulatory small RNAs
such as small interfering RNA (siRNA) and microRNAs (miRNA). As an example of a
critically important class of such molecules, recent surveys of miRNA expression with aging
show an interesting pattern of increasing with age & °. Upregulated miRNAs cluster in
functional categories, oxidative defense, DNA repair, intermediate metabolism, cytoskeletal
organization, cell cycle control, and apoptosis. As these are functional categories that one
might suspect are important in aging, and overlap with the observation above that
mitochondrial/oxidative metabolism mRNASs are a consistent target for age-related
processes. Age-related changes in miRNA are seen in many organisms, including
Caenorhabditis elegans, were one miRNA (lin4) has been shown to impact longevity 0.

Whether age-related changes in miRNA and mRNA expression profiles are related to each
other is not directly known. Because miRNA generally either destabilize mRNA transcripts
or block translation (although there are exceptions), we might expect mRNAS to generally
be decreased for translation from those mRNA species with age. As discussed above, there
is less evidence of a generalized loss of MRNA but more evidence of a relaxed control of
levels. How much of this is due to miRNA is unclear, but it is a potentially tractable
question. One experiment that should be performed is to examine known mRNA; miRNA
target pairs with aging. One would predict that in the simplest scenario, miRNA increases
should be associated with correlated changes in mMRNA targets (but not other targets) that,
for groups of genes, may therefore change in co-expression.

Another important age related change in RNA is the acquisition of oxidative damage. Like
all macromolecules, reactive oxygen species can attack RNA leading to a number of stable
modifications that be measured in tissues. In fact, because RNA may be especially
susceptible to attack by oxidative stress compared to other macromolecules. For example,
RNA is relatively less protected than DNA as it is not bound to histone proteins and is also
single stranded compared to double stranded. Furthermore, although there probably are
RNA repair mechanisms, these are apparently less extensive than DNA repair. Supporting
this, there is strong evidence of oxidized RNA but less evidence of oxidized DNA in aged
muscle 11,

Aging of experimental animals results in the accumulation of 8-OHG modified RNA that
can be reversed by mitochondrial metabolites 12. If mMRNA is modified in this way, it is
likely to be a less than optimal template for the translational machinery. Although not
directly measured in these experiments, small RNA is likely to be as susceptible to oxidative
stress as messenger RNA and this will impair mRNA regulation.

As well as the above studies suggesting that RNA is a target of the aging process, aging can
also affect utilization of RNA. There is substantial evidence that the translational machinery
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is affected in aging, probably by multiple mechanisms. Oxidative stress is a trigger for the
phosphorylation of 4EBP which then binds to and sequesters eiF4E, an important
component of the translation initiation complex 13. This means that under conditions of
chronic oxidative stress, such as aging, translation of mMRNA to protein is generally less
efficient. Added to direct oxidative damage to RNA, overall translation is likely to be very
different in a senescent cell than in a younger cell. In fact, there is some evidence that
altered protein translation contributes to shortened lifespan in a number of species and that
rapamycin can extend lifespan 14. Rapamycin inhibits the kinase mTOR (mammalian target
of rapamycin) that, in combination with regulatory subunits, phosphorylates substrates
involved in protein translation, autophagy and telomere length 2. Therefore, manipulating
protein translation may be one way to limit senescenece.

The above data shows that the RNA component changes throughout ages in ways that are
relatively subtle but cumulatively impact the structure, regulation and function of mMRNA. In
turn, this impacts the output of RNA, namely translation into protein.

RNA in age-related disorders

Overlaid over the patterns of ‘normal’ aging are a number of disorders with a strong age-
related component that affect many individuals, particularly in humans. The number of age-
related disorders is too many to cover in this review, although other chapters in this series
will discuss some major diseases such as cancer and cardiovascular disease. Here, we will
discuss RNA changes in late onset neurodegenerative diseases where age is the major risk
factor for disease development.

One of the diseases often considered part of the spectrum of old age is Alzheimer’s disease
(AD). Patients with AD have impairment in several cognitive functions, most famously in
short term memaory formation and retrieval, that worsen over time. Several studies have
examined how mRNA expression differs between AD and similarly aged controls without
neurodegeneration 16: 17, even at the level of the single cell 18. Similar studies have been
reported for Parkinson’s disease (PD) 1920 and amyotrophic lateral sclerosis (ALS) 2123,
neurodegenerative diseases that affect neurons in the brainstem and in the spinal cord
respectively, and each have generated lists of differentially expressed genes. In some cases,
formal analyses of many different datsets have been performed 24, A smaller set of studies
have examined miRNA expression in neurodegeneration, but there is some evidence of
specific alterations in these regulatory species in neurodegeneration and under oxidative
conditions in cell culture 25,

As well as differences in steady state mMRNA expression levels, there is also evidence of
accumulation of damaged RNA in many of these diseases. For example, in AD 26-28 pp 29
and ALS 30, oxidized RNA accumulates even at early stages of the disease. For ALS, there
is some evidence that blocking oxidative stress and reversing accumulation of oxidized
RNA is partially protective, although it is difficult to be certain if oxidative RNA damage
alone is either necessary or sufficient for pathogenesis is age-related neurodegenerative
diseases 31.

These results suggest that RNA Is one target of the disease process in age-related
neurodegeneration, but interpretation is difficult for a number of reasons. First, there are
shared patterns of altered RNA expression and modification in both aging and
neurodegeneration but because aging is a risk factor for these diseases and thus aging and
disease are not independent factors. As an example of this, in one study of the aging
hippocampus, a brain area affected by AD, there was distinct upregulation of genes involved
in cholesterol trafficking including ApoE °. The cholesterol/ApoE pathway appears to have
a contributory genetic effect to lifetime risk of AD 3233 and so whether aging affects
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cholesterol metabolism which affects AD risk or the aging and cholesterol metabolism
effects are independent is unclear. Second, the diseased brain is very different from the
normal brain in that neurons are lost and glial cells react and proliferate in response to
neuronal damage and loss. There have been attempts to correct for these changes in
cellularity that occur in neurodegeneration 24 but fundamentally it is difficult to tell if the
cells that survive to the end of a neurodegenerative process are those that are inherently
resistant to the toxic events, have adapted to the detrimental environment of the diseased
brains or are those that will die eventually — or a mixture of all three.

The larger difficulty is that there is a classic difficulty of understanding if changes in RNA
in either aging or in age-related diseases are a cause or a consequence of aging. Put simply,
correlation does not imply causation and the long lists of RNA changes that occur do not, a
priori, mean that those changes mean anything. Because changes in expression of multiple
RNA molecules occur it is impractical to test whether each one makes a contribution to the
aging phenotype. One might be able to test whole pathways, but this is difficult if the
pathway itself is required for survival (eg mitochondrial electron transport chain identified
above). Likewise, the hypothesis that RNA oxidation is critical to senescence or to age-
related disease is very difficult to assess, as under circumstances where RNA is oxidized,
other molecules will be oxidized as well. For example, the work showing that Vitamin E can
block RNA oxidation in an ALS model does not disprove the counter hypotheses that DNA,
protein, lipids or any other cellular component are responsible for ALS.

One way to address whether RNA changes play a causal role in aging or in age-related
diseases in humans is to look for genetic conditions linked to RNA metabolism. Although it
is always difficult to be certain that a rare mendelian disorder is etiologically linked to a
common process such as aging, mutations are helpful in establishing sufficiency for a
process in that disease. In the remainder of this article, we will discuss causal mutations for,
first, accelerated aging and, second, age-related neurodegenerative diseases to try and
understand whether RNA can be have a causal role in the aging process.

Accelerated aging

There are a number of rare diseases that have features reminiscent of an accelerated type of
aging. These include Wiedemann-Rautenstrauch 34, Cockayne 3°, Werner 36, and other rare
syndromes. Several of these disorders have common deficiency in DNA repair enzymes,
particularly in base excision repair, that lead to genomic instability 37. Therefore, if there are
effects on RNA they are probably secondary to effects on DNA and it is very difficult to
distinguish which nucleic acid is necessary or sufficient to cause progeria.

Another accelerated aging phenoytpe, Hutchinson-Gilford progeria syndrome (HGPS), can
be caused by mutations in the Lamin A/C gene, LMNA 38, Because Lamins are a major
component of the nuclear envelope, patients with truncating, loss of function mutations in
LMNA are associated with deformation of the nuclear envelope 3°. Here, again, although
there are differences in the mRNA component of cells from HGPS compared to normal

cells 40- 41 many of these relate to altered transcription factors or other nuclear factors rather
than RNA metabolism per se. Therefore, as in several of the base excision repair enzymes,
the primary effect in HGPS is probably related to DNA (specifically in the maintenance of
heterochromatin) rather than on RNA itself.

Another condition linked to DNA response pathways is Seckel syndrome, which is
associated in some cases with mutations in the ATR (ataxia-telangiectasia and Rad3-related
protein) gene 42. In humans, the phenotype of this disorder is strongly developmental, with
dwarfism, microcephaly and mental retardation #2. Interestingly, mouse models of ATR
deficiency either with alleles found in human patients 43 or with a conditional knockout
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allele to avoid embryonic lethality seen in full knockouts 44 both show premature aging.
Although ATR is a kinase associated with DNA damage repair processes, the protein is also
implicated in RNA metabolism, specifically in splicing of TAF1, a subunit of RNA
polymerase 45-47. Therefore, it seems reasonable to infer that ATR mutations affect RNA
metabolism by a slightly indirect mechanism. However, it has not been proven that the RNA
metabolism changes make a causal contribution to aging in Seckel syndrome.

The data presented above shows that while RNA changes in the aging organism, evidence
that this is a primary causal change is uncertain. Furthermore, mutations that cause
premature aging as part of several human syndromic conditions are generally associated
with DNA stability and therefore, RNA involvement is potentially important but probably
secondary to the primary event. There, are however, a number of mutations that are more
directly relevant to RNA metabolism that are causal for age-related diseases, specifically the
neurodegenerative conditions ALS and PD.

RNA binding proteins and age-related neurodegeneration

As discussed above, it is reasonable to infer causality of a specific gene in a disease where
mutations are inherited in families. The simplest forms of this argument are for recessive
mutations as in those cases we can be certain that the normal function of the protein is lost
and therefore causes disease. For dominant mutations, the arguments are more complex as
mutations can either enhance normal function, cause a 50% (or more) loss of normal
function or generate a completely novel function for the mutant protein. Often, but certainly
not always, mutations in different genes in the same pathway can cause similar phenotypes
in humans and thus identify a general biological process that causes that disease.

One recent example of this logic has been the identification of mutations that cause ALS in
rare families. Because familial ALS (fALS), like many neurodegenerative diseases, shows
age-dependent penetrance, understanding the genes involved may provide some insight into
age related processes. The two recently identified genes are TARDBP/TDP-43 (43 kDa TAR
DNA-binding protein) and FUS (fused in sarcoma, also known as TLS or translocated in
liposarcoma) and multiple mutations in each are found in dominant fALS reviewed in 48.

The TDP43 protein was originally cloned by screening for protein interactors of a region of
DNA generated by integration of the human immunodeficiency virus (HIV1) RNA into the
host genome 4°. Subsequent work suggested that TDP43 is involved in the regulation of
exon-skipping of several genes including the cystic fibrosis transmembrane receptor
(CFTR) 50.51 Some of the effects on splicing are reported to be driven by RNA, not DNA,
interactions 50 52 Supporting the possibility that the protein may directly bind to RNA,
there are two RNA recognition motifs (RRM) in the TDP43 protein C-terminal to a nuclear
localization sequence. The structure of the more C-terminal RRM in complex with RNA has
been elucidated and shows an atypical fold associated with dimerization of the domain 53,
Recently published experiments have identified the RNA binding partners of TDP43 5456,

As well as the two RRMs, a glycine-rich domain is found at the C-terminus of TDP43.
Glycine-rich domains are found in a variety of protein contexts, but often with RNA binding
motifs ®7 and/or in proteins that interact with other ribonucleoproteins °8. TDP43 binds to
heterogeneous nuclear ribonucleoproteins (nnRNP) including hnRNP A2/B1 and hnRNP Al
that have splicing inhibitory activity 2. Additional interactors include proteins involved in
translation as well as splicing, and some of these interactions are RNA-dependent 0.
Overall, the primary structure of TDP43 supports an important role for the protein in RNA
metabolism. Furthermore, TDP43 can be recruited to cytoplasmic, RNA-rich stress granules
under conditions of oxidative stress 1, Therefore, TDP43 could play important roles in
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translation under oxidative conditions, which as we have established are also candidates for
aging.

Mutations in TDP43 were first identified in one family with dominant transmission of fALS
and two apparently sporadic ALS cases %2. Various additional surveys of gene mutations
throughout the world have identified a number of additional heterozygous mutations in the
same gene associated with fALS and occasionally with sporadic ALS 62-66, Most of the
pathogenic mutations reported to date are concentrated at the C-terminus of the protein,
specifically in the glycine-rich region 48,

Importantly, there is evidence that TDP-43 may play a role in sporadic ALS and a possibly
related disorder, frontotemporal dementia (FTD). FTD affects the cerebral cortex and is
associated with changes in personality and cognition and might therefore be thought to be
related more to AD, where neocortical areas are heavily involved, than ALS where the
motor system appears to be the primary target. However, several lines of evidence from
genetic, pathological and clinical studies suggest that ALS and FTD are part of the same
disease spectrum 6768,

Further supporting this idea, TDP43 is the major protein that is found in ubiquitinated
inclusions in both ALS and FTD 69, Protein inclusions are, along with cell death, one of the
primary defining pathologies found in many neurodegenerative diseases and are often
generated by proteins that are inappropriately modified or folded. In many cases, the
primary protein deposited can also cause genetic forms of the same disease when mutated.
In some cases, it may be enough that the protein is more abundant than normal to drive the
disease process 0. C-terminal truncation products for TDP43 have been shown to
accumulate in pathological inclusions in ALS/FTD and may be associated with a toxic gain
of function 7% 72,

A second gene for ALS/FTD that is also an RNA binding protein is FUS, which was
originally cloned as a potential oncogene in liposarcoma associated with chromosomal
rearrangements that fuse FUS to CHOP 73. 74, Like, TDP43, FUS mutations cause ALS in a
dominant manner 7> 76, The FUS protein has QGSY-rich and glycine-rich regions, followed
by a series of nucleic acid binding motifs (an RRM, two RGG rich domains and a zinc
finger). Pathogenic mutations again cluster at the C-terminus of FUS, somewhat away from
the identified domains.

FUS interacts both with the spliceosome 7~72 and with RNA polymerases €. Fus is
proposed to influence mRNA localization in neurons 8 to influence the density of dendritic
spines 82, FUS also interacts with non-coding RNAS to alter transcription from in response
to DNA damage signals 83, FUS can be regulated in a number of ways, including
phosphorylation by ATM, a kinase related to the Seckel syndrome kinase ATR 84 and by
neuronal activity 82, Although this is a wide range of potential interactors and therefore
functions, FUS links several of the themes that we have discussed as part of the aging
process including DNA damage and regulation of the transcriptional response.

This leads to two critical questions about both FUS and TDP43 in relation to RNA
metabolism in the context of age-related diseases. First, is RNA metabolism actually
important for the effects of mutations? Although both FUS and TDP43 are clearly involved
in RNA metabolism, because mutations are dominant is does not inevitably follow that the
normal function of the proteins is anything to do with disease. For example, it has been
proposed that C-terminal fragments of TDP43 can cause cell toxicity by mechanisms that
are unrelated to normal function, at least as measured by CFTR splicing assays /2. There are
caveats about this work as the toxic effects of truncations need to be confirmed in vivo and
the truncations are not natural pathogenic mutations. However, the results raise an
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interesting question of how, and indeed whether, to assign causality to RNA in aging or age-
related disorders simply because the protein happens to bind RNA. One can address this by
either genetic approaches, comparing overexpressed dominant mutations with knockouts
and crosses of the two, or by making hybrid molecules that contain mutations but cannot
bind RNA.

The second question is how aging and mutation interact to cause an age-related phenotype.
Because ALS and FTD are not developmental phenotypes and the effects of mutations are
not recognized until the fifth decade of life or later, it is reasonable to infer that aging plays
an important role. However, the exact relationship is hard to understand. As RNA
components change during the aging process as discussed above, the RNA species that FUS
or TDP43 can interact with will also change. Thus, the function of the RNA binding proteins
would be the same at different ages but dysfunction might be revealed as aging changes the
cellular landscape. It is also possible that there is a more stochastic component of aging that
makes TDP43 or FUS more important and oxidative and/or DNA damage accumulate.
Overlaid over this complex set of interactions is a second parameter, which is the tissue
specific nature of the phenotypes of TDP43/FUS mutations, expressed predominantly in
CNS tissues. There are no simple answers to these questions, which are raised to
demonstrate just how difficult it is to provide an integrative answer to understanding age-
related disorders.

ALS is generally an adult-onset disease where symptoms manifest in the 51 and 6™ decades
of life. There are, however, juvenile onset motor neuron diseases that also involve RNA
metabolism proteins. One well characterized example is spinal muscular atrophy (SMA), a
relatively common disorder where degeneration of lower motor neurons leads to paralysis
and death in affected infants. A known for SMA was cloned by Lefebvre et al and termed
SMN1 85, SMN1 has a homologue, SMNZ2, that is nearby on Chromosome 5 that is normally
expressed at low levels, and it has been suggested that increasing SMN2 protein levels might
rescue the effects of SMN1 deficiency 6. Interestingly in the consideration of RNA
metabolism and neurodegeneration, SMN1 acts together with partner proteins to regulate
splicing of other genes 87. The mechanisms by which loss of SMN1 lead to motor neuron
disease, and the distinctness from adult-onset ALS, are unclear. Another example of an
RNA metabolism is found in fetal motor neuron disese 88. GLE1, mutated in fetal MND,
encodes a protein component of the export complex for RNA from the nucleus to the
cytoplasm, which occurs after splicing and editing before translation. Taken together, the
observations that alteration in a splicing protein (SMN1) and a nuclear export protein
(GLEZ1) suggest that normal RNA metabolism is important in at least some forms of very
early onset (fetal or juvenile) neurodegenerative disease.

The examples of early onset motor neuron diseases show how a neurodegenerative disease
can result from loss of function of the protein product of genes. There are some examples
where the RNA itself can be toxic to neurons in an age-related fashion. One form of
myotonic dystrophy is caused by an expansion in a (CTG) repeat sequence in the 3-prime
untranslated region of the DMPK gene 89, Current models suggest that the expanded RNA
binds to splice factors, sequestering them from their normal function of metabolism of other
RNA species, thus leading to a toxic gain of function effect 9. A similar mechanism may
occur in fragile X tremor ataxia syndrome, a neurological syndrome seen in persons carrying
expanded repeats in the untranslated region of the frataxin gene 91.

One final example of an age-related neurodegenerative disease that may be relevant to RNA
is DJ-1. Mutations in DJ-1 are associated with autosomal recessive parkinsonism 92 and
therefore the normal function of the DJ-1 protein is critical for understanding this disease.
Several lines of evidence show that DJ-1 responds to oxidative stress by the formation of a
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specific cysteine modification 93-%8 and this modification is critical for normal function in a
number of systems 94. 99,100 DJ-1 was originally cloned as a regulator of RNA-protein
interactors 101 and we have suggested that it may bind specific subsets of RNA species rich
in GG/CC motifs including components of the mitochondrial electron transport chain 102,
although this work has not yet been replicated. DJ-1 may therefore link RNA metabolism to
oxidative stress, which is again a potentially important contributor to the aging process.
However, whether RNA binding is really critical to DJ-1 function remains to be addressed.

These examples show that RNA binding proteins can be critical in at least some contexts
that are relevant to human aging, namely age-related neurodegenerative diseases. Exactly
how such mutations interact with aging to produce tissue and cell-specific changes remains
to be clarified.

Conclusion

As in many aspects of general biology, RNA is critically involved in the aging process and
in age-related diseases. Changes in the transcribed RNA profile of cells and tissues are seen
with aging and, like other macromolecules, RNA Is subject to cumulative oxidative stress.
General themes include alterations in oxidative stress handling and, specifically, the
mitochondrial electron transport chain. There is also evidence of altered utilization of RNA
via protein translation mediated at least in part by the mTOR pathway and making a causal
contribution to age-related phenotypes. Mutations associated with accelerated aging in
humans are associated more strongly with DNA repair pathways and thus affect RNA
probably through indirect mechanisms, although ATR, which causes Seckel syndrome in
humans and accelerated aging in mice, may provide a link between DNA damage and RNA
splicing. Finally, age-related neurodegenerative conditions provide a more direct link
between RNA and aging, as several mutations are directly in RNA binding proteins.

The key future direction for understanding the role of RNA in the aging process is to
disentangle primary causes from secondary and reactive events. When is RNA really driving
the aging process and when is a downstream mediator of other initiating events such as
DNA damage? Given that biological systems are dynamic and usually have layers of
redundancy to support homeostasis, these are difficult questions to answer. For
neurodegenerative diseases, as an example of age-related events thought of as distinct from
‘normal’ or healthy aging, it is important to determine whether RNA binding is actually the
critical function of mutant proteins, as well as to determine why these are expressed in a
tissue-specific manner.
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Figure 1.

RNA metabolism genes associated with age-related neurodegenerative conditions. Inherited
neurodegenerative diseases can be associated with mutations in genes encoding several
RNA binding proteins, including TDP43 and FUS (associated with adult onset amyotrophic
lateral sclerosis), SMN1 and GLE1 (associated with juvenile onset motor neuron diseases
and DJ-1 (also known as PARKY, associated with recessive parkinsonism). Domains and
individual regions of the proteins are indicated below the ideograms for each protein, which
are presented at the same scale. Selected examples of allelic variants found in each disease
are shown above each protein; in some cases there are also known duplication or insertion
alleles. NLS, nuclear localization sequence; RRM, RNA recognition motif; NES, nuclear
export sequence; NLR, nuclear localization region.
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