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Abstract

Tandem microsatellite repeats are common throughout the human genome and intrinsically
unstable, exhibiting expansions and contractions both somatically and across generations.
Instability in a small subset of these repeats are currently linked to human disease, although recent
findings suggest more disease-causing repeats await discovery. These nucleotide repeat expansion
disorders (NREDSs) primarily affect the nervous system and commonly lead to neurodegeneration
through toxic protein gain-of-function, protein loss-of-function, and toxic RNA gain-of-function
mechanisms. However, the lines between these categories have blurred with recent findings of
unconventional Repeat Associated Non-AUG (RAN) translation from putatively non-coding
regions of the genome. Here we review two emerging topics in NREDs: 1) The mechanisms by
which RAN translation occurs and its role in disease pathogenesis and 2) How nucleotide repeats
as RNA and translated proteins influence liquid-liquid phase separation, membraneless organelle
dynamics, and nucleocytoplasmic transport. We examine these topics with a particular eye on two
repeats: the CGG repeat expansion responsible for Fragile X syndrome and Fragile X-associated
Tremor Ataxia Syndrome (FXTAS) and the intronic GGGGCC repeat expansion in C9orf72, the
most common inherited cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD). Our thesis is that these emerging disease mechanisms can inform a broader understanding
of the native roles of microsatellites in cellular function and that aberrations in these native
processes provide clues to novel therapeutic strategies for these currently untreatable disorders.

Repetitive elements in the genome

Repetitive regions of DNA comprise over half of the human genome, and can span millions
of bases (Treangen and Salzberg 2011; Lander et al. 2001). The exact composition and
variation of repeat DNA within the genome is unknown, as current sequencing technology is
suboptimal for resolving these sequences (Treangen and Salzberg 2011). Within this
repetitive genome (the “repeatome”) exist two broad categories of repetitive elements:
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Tandem repeats and interspersed repeats (Hannan 2018b). Tandem repeats are regions of
DNA with sequential blocks of patterns of nucleotides confined to a specific locus
(Dumbovic, Forcales, and Perucho 2017). An estimated 17% of human genes contain
tandem repeats within open reading frames (Gemayel et al. 2010) and they are common
components of intragenic regions such as introns and 5’ and 3” untranslated regions (UTRS).
As such, tandem repeats are of particular interest as a potential source of genetic variation
and function. The other, larger category of repetitive DNA, interspersed repeats, are
noncontiguous structures dispersed throughout the genome, and include transposons and
retropseudo genes (Smit 1999). Interspersed repeats will not be further discussed in this
review.

Satellite DNA is a subcategory of tandem repeats. The term “satellite” was given based on
the experimental finding that a distinct band of DNA separated from the principle DNA band
after density gradient centrifugation of mouse genomic DNA (Kit 1962). It was
hypothesized that the distinct “satellite” band arose due to differences in base composition,
which is directly related to the buoyant density of native DNA (Kit 1962; Jones 1973).
Through biochemical analysis, these satellite sequences were discovered to be largely
repetitive (Britten and Kohne 1968; Waring and Britten 1966). It was soon concluded that
repetitive regions were common but species-specific in prokaryotes and eukaryotes,
including humans, and had discrete subcellular localization patterns at sites of
heterochromatin (Britten and Kohne 1968; Yunis and Yasmineh 1971; Holmquist and Dancis
1979). Satellite DNA is further categorized into microsatellites, minisatellites, and
macrosatellites by size of the repeat unit (Dumbovic, Forcales, and Perucho 2017).
Macrosatellites primarily occupy telomeres and centromeres (Jones 1970; Pardue and Gall
1970), while minisatellites and microsatellites are present throughout the genome (Lander et
al. 2001).

Human genome sequencing allowed for further characterization and quantification of these
repetitive regions (Lander et al. 2001). Microsatellites (which we define here as 1-8 or more
bases per repeat unit) reside in both coding and noncoding regions, and comprise around 3%
of the genome (Lander et al. 2001; Richard, Kerrest, and Dujon 2008). These repetitive units
are also known as short tandem repeats (STR) or simple sequence repeats (SSR).
Microsatellites likely arose through polymerase template slippage during transcription, and
they are considered unstable due to their tendency to change size both somatically and
between generations (Lander et al. 2001; Kruglyak et al. 1998). Thus, distinct microsatellites
are often polymorphic within populations and can be expanded or contracted within
families. The degree of variance and instability across all microsatellites in humans is
currently unknown. Microsatellite polymorphisms in coding regions of eukaryotic genes
have been linked to a number of roles from modulating cell-cell interactions in S. cerevisiae,
circadian rhythms in D. melanogaster, body morphology in canines, and more recently an
association between the length of a CAG trinucleotide repeat in the huntingtin gene (HTT)
and cognitive performance in humans (Verstrepen et al. 2005; Gemayel et al. 2010; Lee et al.
2018; Hannan 2018a; Fondon and Garner 2004). While microsatellites in promoter regions
of genes can greatly influence gene expression (Gemayel et al. 2010; Vinces et al. 2009;
Sawaya et al. 2013), the full range of mechanisms by which variations in repeat size
influence gene and genome biology is an area of active study (Bagshaw 2017; Usdin 2008).
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Microsatellites in neurodegenerative disease: shared and divergent
molecular mechanisms that depend on repeat size, content and context

Instability and expansion of specific microsatellites is the genetic basis of over 40 nucleotide
repeat expansion diseases (NREDSs) (Figure 1). The vast majority of NREDs affect the
nervous system, often leading to neurodegeneration (Paulson 2018a). Disease causing
microsatellites are traditionally categorized into three groups: dominantly inherited repeat
expansions within protein coding sequences, dominantly inherited repeat expansions outside
of known protein coding sequences, and recessive or X-linked repeat expansions that impact
the expression of the genes in which they reside. Most of the disease-causing repeats present
within protein coding exons are CAG trinucleotides encoding for glutamine. These
polyglutamine diseases include Huntington’s Disease (HD), spinal and bulbar muscular
atrophy (SBMA), and several spinocerebellar ataxias (SCA). The resulting polyglutamine-
containing proteins form insoluble aggregates, which place a proteotoxic burden on cells (La
Spada et al. 1991; Trottier, Devys, et al. 1995; Trottier, Lutz, et al. 1995; Paulson 2018a;
Bates 1996). Microsatellite expansion mutations can also result in RNA mediated toxicity,
with myotonic dystrophy type 1 (DM1) as the standout example. Symptoms and severity in
DM1 patients range from mild myotonia and cataracts to congenital forms which are often
fatal due to respiratory deficits (Kamsteeg et al. 2012). In DM1, a CTG repeat resides in the
3’ UTR of the DMPK gene. This mutation does not meaningfully alter the abundance of
DMPK, rather it causes RNA foci formation and sequestration of key proteins (Pettersson et
al. 2015; Miller et al. 2000; Mankodi et al. 2001; Jiang et al. 2004). Microsatellite
expansions can also elicit a loss of function in the genes in which they reside. Friedreich’s
ataxia (FRDA) is the most common autosomal recessive ataxia, characterized by early
adulthood onset of symptoms such as progressive ataxia with sensory loss (Paulson 2018a).
In Friedreich’s ataxia, a GAA repeat expansion in an intron of the X/ gene leads to a
change in the epigenetic state of the ~X// locus that strongly suppresses the mRNA
transcription (Campuzano et al. 1996). This leads to a partial, but not complete, loss of FXNV
mMRNA and Frataxin protein, and impaired mitochondrial function and iron homeostasis
(Akbar and Ashizawa 2015). Unlike the dominant disorders described above, Friedreich’s
ataxia requires expansion or mutations in both FXNValleles, and the size of the repeat
correlates inversely with the degree of mMRNA expression and the severity of the clinical
phenotype (Castaldo et al. 2008).

While certain microsatellite expansions likely share underlying pathologic mechanisms, the
convergence and divergence of phenotypes and genotypes across a range of microsatellites
presents intriguing questions about these diverse disorders. The 28 dominantly inherited
spinocerebellar ataxias are all progressive disorders characterized by cerebellar degeneration
and clinically by loss of motor coordination (Soong and Paulson 2007). Six of the SCAs are
caused by a CAG repeat expansion in coding regions of the genes in which they reside
(SCA1, SCA2, SCA3, SCA7, DRPLA and SCA17) leading to polyglutamine expansions
within six different protein coding genes, and an additional two SCAs are caused by
CAG/CTG repeat expansions in putatively noncoding regions (SCA8 and SCA12) (Paulson
etal. 2017). Early in the course of disease, specific clinical features can be used to separate
the six polyglutamine SCAs phenotypically with varying degrees of certainty (Shakkottai
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and Fogel 2013). In addition, classic late-onset HD exhibits a very different clinical and
pathological phenotype compared to the SCAs. As all of these genes are expressed
ubiquitously within the nervous system, their divergent phenotypes are thought to emerge
through specific aberrations in the native functions of the proteins in which they reside.
Molecular evidence for this arises from differences in the repeat length thresholds for
disease between different CAG repeat loci as well as the ability of specific mutations within
these same proteins (most notably Ataxin 1) to recapitulate key features of disease absent
expansion of the repeat element (Duvick et al. 2010). Perhaps the clearest example of native
gene context influence on CAG repeat toxicity is seen in SBMA, where expansions within
the androgen receptor gene only elicit toxicity in the setting of exposure to the receptor
ligand, testosterone (Lieberman, Shakkottai, and Albin 2019; Katsuno et al. 2003; Katsuno
et al. 2002). However, all polyglutamine NREDs share similar pathological features,
including intranuclear ubiquitinated neuronal inclusions of the polyglutamine protein, and
inclusions are often observed in brain regions which do not exhibit marked
neurodegeneration or significant clinical phenotypes (Lieberman, Shakkottai, and Albin
2019). Moreover, at larger repeat sizes, a series of shared clinical features (dystonia,
dementia, and spasticity) emerge in both HD and SCAs (Paulson 2018b). This convergence
of clinical phenotypes may reflect a larger contribution of gene context-independent toxicity
elicited by very large polyglutamine stretches. Consistent with this, expression of large
polyglutamine expansions outside of a native gene context is sufficient to elicit inclusions
and neurodegeneration across a series of model systems (Morley et al. 2002; Warrick et al.
1998; Ordway et al. 1997). Thus, for each polyglutamine NRED, it is likely the
combinatorial effects of gene context dependent toxicity and polyglutamine expansion
context independent toxicity that drive neurodegeneration, with the relative influence of each
component dependent on repeat size and the strength of the effects of the native gene
context.

Like DM1, DM2 (myotonic dystrophy type 2) is caused by a microsatellite repeat expansion
in a noncoding region, however in this case it isa CCTG repeat in the first intron of the
CNBP gene (Liquori et al. 2001). In their adult forms, there is significant overlap in the
clinical features of DM2 and DM1, with some specific differences (such as the distribution
of muscle weakness and dystrophy) usually allowing for clinical distinction of the two
conditions. However, molecularly, the length of the DM1 CUG repeat expansion directly
correlates with disease severity, which shows marked genetic anticipation and qualitatively
different phenotypes in congenital cases with large expansions (Tsilfidis et al. 1992). This is
not the case for DM2 which has a mean expansion length of 5,000 repeats but no clear
congenital or juvenile form of the disease and a much less clear relationship between repeat
size and age of onset (Kamsteeqg et al. 2012; Paulson 2018a). Despite this clear clinical
discrepancy, the mechanism of toxicity in DM2 is thought to be the same as that for DM1,
with the repeat binding to and sequestering the RNA binding protein Muscleblind (Margolis
et al. 2006). Similar splicing changes are observed in both conditions and in disease models
expressing the two repeats (Nakamori et al. 2013). The underlying cause of the differences
in these two disorders despite apparently shared disease mechanisms remains unclear, with
potential roles of the neighboring genes in each repeat locus as well as non-muscleblind
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interacting partners for each repeat postulated as possible contributors (Meola and Cardani
2015).

A striking example of genetic convergence with phenotypic divergence is the G4C»
hexanucleotide expansion in C90rf72which is the most prevalent genetic cause of the two
clinically separate diseases amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) (Renton et al. 2011; DeJesus-Hernandez et al. 2011). ALS is a progressive
neurodegenerative disease affecting neurons in the brain and spinal cord, whereas clinical
phenotypes of FTD are most often forms of cognitive impairment such as disinhibition,
apathy, changes in personality, and language dysfunction (Orr 2011; Paulson 2018a). These
two diseases were known to be linked prior to this genetic finding through the study of
families with ALS-FTD, and are also genetically linked through single nucleotide
polymorphisms not associated with a microsatellite in the UBQLNZgene (Deng et al. 2011).
We will discuss major findings associated with the G4C, hexanucleotide expansion in this
review, but it is worth noting that the molecular underpinnings of this clinical divergence
between ALS and FTD remains mysterious.

While much focus has been placed on the pathogenicity of microsatellites, the fact that their
portion of the genome is about three-times greater than that of protein-coding regions
suggests that microsatellites are likely to also influence the normal functions of the genes in
which they reside (Consortium 2012). Our knowledge and understanding of microsatellites
has grown recently with new discoveries related to the ways in which these repetitive regions
can affect cellular function. This includes the topics of liquid-liquid phase separation to
dictate membraneless organelle dynamics, nucleocytoplasmic transport and Repeat
Associated Non-AUG (RAN) translation mediated production of cryptic proteins from
repeat containing transcripts. In this review, we will outline the recent research on disease
causing microsatellites, and discuss how this research has expanded our understanding of
how microsatellites can function in the cell.

RAN translation of microsatellite repeats in non-coding and coding regions of mMRNA

Microsatellites are capable of forming stable structures in RNA. While this can confer a
toxic gain-of-function through direct binding with proteins (Renoux and Todd 2012; Todd
and Paulson 2010), it also supports a newly recognized unconventional mode of translation
initiation. This process is termed Repeat Associated Non-AUG (RAN) translation, whereby
proteins are synthesized from microsatellite containing mRNA in the absence of an AUG
start codon (Zu et al. 2011). This discovery was paradigm shifting as diseases caused by
microsatellite expansions in noncoding regions were now looked at as having the potential to
encode repetitive stretches of amino acids like those in polyglutamine disorders. RAN
translation was first described by Zu etal. (2011) through work on spinocerebellar ataxia 8
(SCAB8) where expansion of a CTG repeat in the 3° UTR of ATXN&is transcribed into both
sense and antisense transcripts (Zu et al. 2011; Daughters et al. 2009; Moseley et al. 2006).
The antisense transcript from ATXNS (ATXN8OS) contains a short AUG-driven ORF
encompassing the CAG repeat and encoding polyglutamine. Removal of the AUG or
placement of stop codons just upstream of the repeat did not preclude synthesis of the
polyglutamine product. Instead, translation persisted in all three repeat reading frames to
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produce polyalanine and polyserine products, in addition to a non-AUG initiated
polyglutamine protein (Zu et al. 2011). The polyglutamine, polyalanine, and polyserine
products were found to accumulate in cerebellar Purkinje cells of SCAS8 patients (Zu et al.
2011; Ayhan et al. 2018). RAN translation of all three products increased with repeat size,
and replacement of the CAG repeat with CAA prevented RAN translation in all three frames
(Zu et al. 2011). Similarly, polyglutamine, polyalanine, and polyserine products were
detected in the context of the antisense DM1 transcript (in the CAG orientation), where
deletion of the only in-frame AUG (for polyserine) did not preclude translation.
Polyglutamine aggregates were detected in myaoblasts, skeletal muscle, and blood of DM1
patients (Zu et al. 2011). Since this initial finding, unconventional translation of repeats has
been described in a variety of other nucleotide repeat expansion disorders, including
C9orf72 in ALS/FTD, HTT in HD, TCF4 in Fuchs’ corneal dystrophy, along with several
(but not all) of the spinocerebellar ataxia genes (Green, Linsalata, and Todd 2016; Ash et al.
2013; Mori et al. 2013; Banez-Coronel et al. 2015; Soragni et al. 2018; Ishiguro et al. 2017;
Scoles et al. 2015). The exact mechanism by which this unconventional translation occurs is
an area of active research and studies to date suggest that multiple mechanisms for initiation
may occur at different repeats, or even in different reading frames of the same repeat (Gao,
Richter, and Cleveland 2017). For the purposes of this review, we refer to all of these
unconventional translation initiation events as RAN translation, with the understanding that
future studies will be needed to truly delineate the mechanism(s) by which this process
occurs.

RAN translation of CGG repeats in FXTAS

The gene FMR contains a polymorphic CGG repeat in its 5° leader. This repeat is
conserved among mammals, and increases in size in higher order primates (Eichler et al.
1995). In humans, this CGG element can expand to intermediate or “premutation” lengths of
between 55 and 200 repeats. When this occurs, there is an enhancement in FMR1
transcription, but inefficient Fragile X protein (FMRP) production (Tassone, Hagerman,
Taylor, et al. 2000). Clinically, premutation expansions result in the neurodegenerative
disorder Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) (Hagerman 2013). FXTAS
occurs in ~1:5000 men over the age of 50 and in a lower percentage of female premutation
carriers. In addition, premutation sized repeat expansions also cause premature ovarian
failure, or Fragile X-associated Primary Ovarian Insufficiency (FXPOI), which is the most
common genetic cause of early menopause. In both cases, the repeat is thought to elicit
disease primarily through gain-of-function mechanisms, as expression of the repeat element
in isolation is sufficient to elicit toxicity and enhancing or suppressing FMRP expression
fails to modulate repeat elicited phenotypes in model systems (Lu et al. 2012; Arocena et al.
2005; Jin et al. 2007; Hashem et al. 2009). In contrast to FXTAS and FXPOI, Fragile X
Syndrome (FXS) results from expansion of CGG repeats in FMR1 to greater than 200. This
leads to hypermethylation of the promoter region and CGG repeats and
heterochromatization of the FAMR1 locus. This epigenetic change leads to a partial or
complete transcriptional shut down of the FMRI locus (Wang, Berry-Kravis, and Hagerman
2010). FXS is the most common known monogenic cause of autism and intellectual
disability. FXS results from the loss of FMRP, as point mutations and deletions in FMR1
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also elicit the clinical syndrome independent of repeat expansions. There is no evidence for
neurodegeneration as a major feature in FXS cases, which suggests that the loss of FMRP is
not a driver of the clinical or pathological features observed in FXTAS. Thus, while these
diseases are allelic and result from expansion of the same repeat, they appear to have largely
separate pathogenic mechanisms.

The FMR1 CGG repeat was found to support RAN translation in all three potential reading
frames on the sense strand in the absence of an AUG (Krans, Kearse, and Todd 2016; Todd
et al. 2013; Kearse et al. 2016), albeit with differing efficiencies. RAN translation also
occurs at CCG repeats generated by antisense transcription through the beginning of the
FMR1 gene (Krans, Kearse, and Todd 2016). Distinct from what was described in ATXNS,
RAN translation in two of the three potential reading frames of the 5” leader of FMR1 relies
on initiation at near-cognate start codons just upstream of the repeat (Kearse et al. 2016;
Todd et al. 2013). On the sense strand, the 0-frame RAN initiation event uses a ACG
initiation site, and the +1-frame uses both an ACG and a GUG for initiation (Figure 2)
(Kearse et al. 2016; Todd et al. 2013). Peaks upstream of the repeat were detected in RP
datasets from mouse and man (Todd et al. 2013). Interestingly, an earlier study found that
the Drosophilahomologue to FMR1, dFMRI1, encodes a functional N-terminal expansion
that initiates at a CUG start site (Beerman and Jongens 2011). In CGG RAN translation, the
+2-frame does not appear to rely on a start codon upstream of the repeat, making it more
akin to what is observed at CAG repeat expansions with initiation occurring within the
repeat (Kearse et al. 2016). Interestingly, both the +1-frame and +2-frame products increase
as a function of increased repeat size, and 0-frame RAN translation is attenuated at normal
and expanded repeat lengths (Todd et al. 2013; Kearse et al. 2016).

The scanning mechanism of translation initiation broadly refers to the process whereby the
small ribosomal subunit with its associated factors interacts with the modified guanosine cap
(m’G) on the 5’ end of MRNA transcripts, then progresses in the 3’ direction to a start codon
where it joins with the large subunit to initiate translation (Hinnebusch 2011; Hinnebusch,
Ivanov, and Sonenberg 2016). This process begins when a free 40S ribosomal subunit binds
the ternary complex which is composed of the methionine initiator tRNA bound to elF2,
forming the 43S preinitiation complex (PIC). The PIC is recruited to the 5’ end of the
transcript through interaction with the elF4F complex, which binds the m’G cap. The PIC
complex then scans along the mRNA, proceeding in a 5’ to 3’ direction, while sampling the
sequence for pairing with the initiator methionine tRNA at an AUG initiation codon. Prior to
experimentation, it was unknown whether RAN translation used a cap-dependent
mechanism or an internal ribosome initiation site (IRES)-like mechanism for initiation
(Kearse and Todd 2014). IRES initiation occurs on highly structured transcripts, and directly
recruits the 43S PIC to the transcript independent of the cap (Pelletier and Sonenberg 1988;
Jang et al. 1988; Pestova, Shatsky, and Hellen 1996; Pestova, Hellen, and Shatsky 1996).
While originally described for viral elements, this same process also occurs from a subset of
native mRNA transcripts in human cells (Ray, Grover, and Das 2006; Vagner et al. 1995;
Coldwell et al. 2000; Gan and Rhoads 1996). Kearse et al. (2016) showed that translation of
CGG repeats in RAN reporter transcripts required a functional 5’ cap and interaction with
the cap-binding protein elF4E, a component of the elF4F complex that binds to the cap, and
that blocking elF4A, the helicase critical for PIC scanning, significantly impaired RAN
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translation in all three reading frames (Kearse et al. 2016). These data point to a canonical
scanning mechanism of translation initiation at the CGG repeat, with a primary failure in
start codon fidelity leading to RAN initiation (Green, Linsalata, and Todd 2016).

There is significant evidence supporting a role for RAN translation in the pathogenesis of
FXTAS. RAN translation of the +1-frame CGG RAN protein, FMRpolyG, as a GFP fusion
construct elicits formation of large intranuclear ubiquitinated inclusions in multiple model
systems, including Drosophila, rodent neurons, mice and human cells (Sellier et al. 2017;
Todd et al. 2013). These inclusions are highly reminiscent of the pathological hallmark of
the disease observed in patients (Greco et al. 2006). Three different groups have now
generated antibodies against different epitopes on FMRpolyG, which contains an expanded
polyglycine stretch near its N-terminus. These antibodies recognize recombinant FMRpolyG
protein and stain inclusions in multiple mouse and cell based models of the disease and,
more importantly, in pathological samples from FXTAS cases (Todd et al. 2013; Sellier et al.
2017; Buijsen et al. 2016). FMRpolyG aggregates are also identified in ovarian stromal cells
from FXPOI patients (Buijsen et al. 2016). FMRpolyG staining co-localizes with p62 and
ubiquitin positive inclusions in patient brains, whereas pre-immune sera or peptide blocked
sera do not recognize such inclusions (Todd et al. 2013; Buijsen et al. 2016; Sellier et al.
2017)(Amy Krans, personal communication).

In mice, ubiquitous transgenic expression or neuronal specific expression of the 5’UTR of
FMR1 leads to neuronal inclusion formation, motoric dysfunction, Purkinje cell loss, and a
decrease in survival (Sellier et al. 2017). In contrast, expression of this same CGG repeat
sequence lacking the near-AUG initiation sites that support FMRpolyG production has no
phenotype, no ubiquitinated inclusions and normal survival(Sellier et al. 2017). Similar
results are observed in Drosophila models of FXTAS and in cultured neurons (Todd et al.
2013). Driving expression of FMRpolyG causes impaired proteasome function in
Drosophila and human cells (Oh et al. 2015) and nuclear lamina integrity is affected by
FMRpolyG expression, which directly interacts with the inner nuclear membrane protein
Lap2B (Sellier et al. 2017). In CGG repeat expansion “knock-in” mouse models, only those
with 5’UTR sequences that support FMRpolyG production form neuronal ubiquitinated
inclusions (Todd et al. 2013). Taken together, these data suggest that FMRpolyG production
is necessary for CGG repeats to elicit neuronal toxicity and pathology across a variety of
model systems. However, as CGG knock-in mice lack significant neurodegeneration (Krans
and Todd, unpublished results), a direct link between RAN translation and inclusion
formation with toxicity in endogenous systems lacking overexpression has not yet been
established.

FMRI1RAN translation is also interesting because it appears to occur at normal repeat
lengths in the unaffected human population. This is supported by both ribosome profiling
data in cell lines with a normal repeat length and reporter studies (Todd et al. 2013; Kearse
et al. 2016). This is important for two reasons: 1) it suggests that RAN proteins from this
transcript can be synthesized under normal conditions and thus could have normal functions,
and 2) translation in the 5’ leader of an mRNA transcript could have a significant negative
impact on the translation of the main protein-coding ORF, suggesting that RAN translation
on FMRI could act as an upstream open reading frame (UORF) (Figure 3). uUORFs can
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implement a regulatory role on its resident transcript through several overarching
mechanisms: through sequence-dependent interactions with the translation machinery,
through cis- and trans-interactions with uORF-derived peptides, and through influencing
RNA stability (Hinnebusch, Ivanov, and Sonenberg 2016). Considering the translational
efficiency of FMR1 and the levels of FMRP are both known to be decreased in FXTAS
where RAN translation occurs most, RAN translation may act as a UORF to repress
downstream FMRP synthesis (Tassone, Hagerman, Loesch, et al. 2000; Feng et al. 1995).
UORF translation is intricately tied to environmental stressors that act upon translation
machinery. Moreover, uORFs have been implicated in neuronal response to receptor activity
as the transcripts that show a higher level of translation after pharmacological activation of
metabotropic glutamate receptors are enriched in uORFs (Di Prisco et al. 2014). FMRI is an
important neuronal transcript whose regulation is likely central to normal neuronal function
and plasticity. Thus elucidating how its 5 leader might regulate its own translation and
produce novel synaptic proteins could reveal a lot about gene expression in the nervous
system.

RAN translation in HD and ALS/FTD

Two other nucleotide repeat expansion disorders where RAN translation may contribute to
overall pathology are HD and ALS. HD is a polyglutamine disease caused by CAG repeat
expansions in the coding region of H77, the Huntingtin gene. Patients generally exhibit
involuntary movements and cognitive decline (Group 1993; Dickey and La Spada 2018).
Individuals with larger expanded repeats are prone to earlier onset HD (Paulson 2018a;
Andrew et al. 1993). While the polyglutamine containing protein defines the pathology of
this disease, Banez-Coronel and colleagues (2015) showed that it is not the only
homopolymeric expansion protein derived from this locus. RAN translation was shown to
occur in both the sense and antisense direction through the CAG/CTG repeat, despite its
residence within a protein coding open reading frame. In addition to the polyglutamine
product, both poly-serine and polyalanine products (sense) as well as poly-leucine and poly-
cysteine products (antisense) were detected (Banez-Coronel et al. 2015). The RAN peptides
aggregate in patient brains, and are increased in abundance in early onset HD (Banez-
Coronel et al. 2015). Intriguingly, HD RAN peptides are linked to nucleocytoplasmic export
disruption in neurons (Grima et al. 2017).

In 2011, expansion of the hexanucleotide repeat G4C, in the gene C90rf72 was discovered
to be the most common known mutation underlying both ALS and FTD (Renton et al. 2011,
DelJesus-Hernandez et al. 2011). Unaffected individuals normally have up to around 23
repeats, whereas individuals with ALS can have hundreds or thousands of this
hexanucleotide repeat. G4C, bearing transcripts are transcribed in the sense and antisense
direction, and the repeat is present in an intron or promoter region of sense strand RNA
transcripts. RAN translation through this repeat produces five potential dipeptide repeat
(DPR) tract proteins—polyglycine/alanine (GA), -glycine/arginine (GR), -proline/alanine
(PA), -proline/arginine (PR), and -glycine/proline (GP) (Green, Linsalata, and Todd 2016;
Ash et al. 2013; Gendron et al. 2013; Zu et al. 2013; Mori et al. 2013). C9orf72-associated
RAN proteins accumulate in the brains of patients in aggregates distinct from the TDP-43
positive aggregates classically seen in ALS/FTD. Several studies have concluded that GA-
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DPRs are the most abundant of the G4C, RAN proteins pathologically (Gendron et al. 2015;
Mackenzie et al. 2015; Mann et al. 2013). In vitro and cell based assays similarly
demonstrate that translation in the GA reading frame of the sense strand repeat is the most
efficient, with lesser expression in the GR and GP reading frames (Green et al. 2017; Sonobe
et al. 2018; Westergard et al. 2019; Tabet et al. 2018). In addition, each frame exhibits
different length-dependency and differential impedances based on initiation and elongation
(Green, Linsalata, and Todd 2016; Tabet et al. 2018; Cheng et al. 2018). G4C, RAN
translation from linear mMRNA transcripts appears to mainly depend on cap-binding of elF4E
and a canonical scanning mechanism involving elF4A, similar to what has been reported for
CGG repeats (Green et al. 2017; Tabet et al. 2018). However, G4C, RAN can occur to at
least some degree from bicistronic constructs and transcripts, suggesting a mechanism more
aligned with internal ribosome entry (IRES) (Cheng et al. 2018; Sonobe et al. 2018).
Translation in the GA reading frame primarily utilizes a near-cognate CUG codon 5’ to the
repeat for initiation, as well as an AGG closer to the repeat (Green et al. 2017; Tabet et al.
2018). The dependency on a single start site for multiple reading frames suggests that frame-
shifting may occur in certain contexts (Tabet et al. 2018). Frameshifting was previously
reported at CAG repeats (Toulouse et al. 2005; Wills and Atkins 2006; Stochmanski et al.
2012; Girstmair et al. 2013; Wojciechowska et al. 2014; Saffert et al. 2016) but did not
appear to be a major contributor to RAN translation product generation from CAG repeats
on ATXN8OS (Zu et al, 2011). Thus, while many nucleotide repeat expansions appear to
support RAN, the underlying mechanisms appear to have significant differences—not only
between repeats but even in different frames of the same repeat.

The Integrated Stress Response (ISR) is activated by specific stimuli, namely ER stress, viral
infection, oxidative stress and amino acid deprivation (Pakos-Zebrucka et al. 2016; Young
and Wek 2016). These stimuli each act on specific kinases that phosphorylate elF2a. elF2 is
comprised of three subunits. The y subunit binds GTP. When GTP is hydrolyzed to GDP,
elF2 cannot bind methionine initiator tRNA. Phosphorylation of the a subunit of elF2
inhibits the guanine exchange factor (GEF) elF2B, which is responsible for adding GTP to
elF2 (Hinnebusch 2011). Thus, phosphorylation of the a subunit leads to a limiting number
of ternary complexes and a global decrease in protein synthesis (Harding et al. 2003; Pakos-
Zebrucka et al. 2016; Harding et al. 2000). Despite a global translational arrest, a subset of
transcripts show a paradoxical increase in translation, and many of the gene products are
associated with cellular response to mitigate stress and maintain homeostasis (Harding et al.
2000; Vattem and Wek 2004). Intriguingly, under ER stress and phosphorylation of elF2a,
CGG RAN translation of the +1— and +2-frames increases despite the global decrease in
translation (Green et al. 2017). This increase was dependent on the presence of a near-
cognate start site, and was also observed at the ALS/FTD G,4C, repeat (Green et al. 2017,
Cheng et al. 2018; Sonobe et al. 2018; Westergard et al. 2019). Importantly, expression of
either expanded CGG or G4C, repeats induces stress granule formation in cells, which is
dependent on elF2a phosphorylation (Green et al. 2017; Cheng et al. 2018; Rossi et al.
2015). In addition, expression of GA DPRs triggers ISR activation independent of RNA
repeats through a PERK-dependent mechanism(Zhang et al. 2014). This ISR activation, in
concert likely with direct effects of DPRs on nucleolar function and ribosomes, leads to a
suppression of global protein translation in cells expressing repeats or arginine-rich
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DPRs(Kwon et al. 2014; Zhang et al. 2014; Rossi et al. 2015; Tao et al. 2015; Yamakawa et
al. 2015; Kanekura et al. 2016; Lee et al. 2016; Green et al. 2017; Mizielinska et al. 2017;
Hartmann et al. 2018; Zhang, Gendron, et al. 2018; Moens et al. 2019; Haeusler et al. 2014).
Translation of the GA reading frame of the G4C5 repeat was also found to be partly
dependent on elF2A, an initiation factor with roles in unconventional translation initiation
(Sonobe et al. 2018; Starck et al. 2012). In iPS spinal motor neurons derived from patients
with the G4Coexpansion both cellular stress and neuron-specific excitotoxic stress, through
application of homocysteine or excess glutamate, increased endogenous poly(GA), (GP),
and (GR) at variable levels (Westergard et al. 2019). This was also observed in rat cortical
neurons expressing reporters for each protein (Westergard et al. 2019). Taken together, these
data support the model of toxicity where RAN translation is upregulated in the presence of
cellular stress. In turn, both repeats as RNA and translated RAN proteins independently
induce stress, creating a feed-forward loop that leads to further RAN translation and a global
suppression of protein translation that contributes to neurodegeneration (Green et al. 2017).

Microsatellites impact on liquid-liquid phase separation of membraneless organelles

Membraneless organelles are organizational centers formed within the cell to perform a
variety of functions in close proximity and shielded from the rest of the cellular milieu but in
the absence of a structural membrane. For example, Cajal bodies and the nucleolus are
nuclear organelles that perform specialized tasks which require a very specific set of
molecular components within a restricted area (Boisvert et al. 2007; Gall 2003).
Membraneless organelles are forged through liquid-liquid phase separation (LLPS), the
physical process by which two liquids, when mixed together, spontaneously separate. The
simplest way to explain LLPS is the example of oil and vinegar (Hyman, Weber, and
Julicher 2014). When oil and vinegar are added together, discrete droplets of each liquid
form through de-mixing to accomplish a lower free energy state (Gomes and Shorter 2018).
In the cell, local molecular interactions can drive phase separation between the cytosol and
its various components, which are classified as liquids (Hyman and Brangwynne 2011).
These liquids can take many forms such as gels and colloidal solutions (Hyman, Weber, and
Julicher 2014). LLPS ultimately both drives the formation of and maintains specialized
compartments that can perform specific cellular tasks.

Proteins susceptible to phase separation commonly have intrinsically disordered regions
(IDR). IDRs typically have low sequence complexity, and are enriched in amino acids that
promote low hydrophobicity and a high net charge including Ala, Arg, Gly, GIn, Ser, Glu,
Lys, and Pro (Uversky and Dunker 2010). An important outcome of such attributes is a
failure to form rigid 3-D structures, and as a result they maintain a high level of flexibility
(Uversky and Dunker 2010). IDRs permit a wide range of molecular interactions, and thus
allow for both homomeric and heteromeric protein complex formations (Dyson and Wright
2005). In the crowded cytoplasm of a cell, binding of an IDR-containing protein to its
molecular interactors drives up the local concentration of these proteins, which in turn favors
phase separation a mechanism of reaching higher thermodynamic stability through
multivalent interactions (Boeynaems et al. 2018). Importantly, some proteins with IDRs can
self-assemble (Malinovska, Kroschwald, and Alberti 2013). However, when the local
concentration of IDR-containing proteins is too high, or their relative affinities and

Neurobiol Dis. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez and Todd

Page 12

interactions are stronger, they form more rigid conformations that are less dynamic and
harder to disassemble (Dougan et al. 2009; Crick et al. 2006; Vitalis, Wang, and Pappu 2007;
Walters and Murphy 2009). As discussed above, a hallmark of diseases in which
microsatellite repeats are encoded into proteins is the presence of aggregates. It is thought
that pathologically expanded repeat proteins prevent proper liquid-liquid phase transitions
by forming solid, insoluble aggregates (Malinovska, Kroschwald, and Alberti 2013; Dobra
et al. 2018; Boeynaems et al. 2018). Intramolecular interactions may also play a role. For
example, as the size of a polyglutamine stretch within a protein expands, the monomer is
more likely to adopt a structured conformation, increasing the propensity to form aggregates
both with itself and with other proteins (Walters and Murphy 2009; Haran 2012; Vitalis and
Pappu 2011; Williams and Paulson 2008).

Ribonucleoprotein (RNP) granules make up one category of membraneless organelles.
These are dense bodies of RNA and RNA binding proteins (RBP) (Spector 2006).
Messenger RNP (mRNP) granules form in the cytoplasm and are composed of
translationally-silenced mRNA (Anderson and Kedersha 2009). In neurons, mMRNPs are
important for regulation of translation and trafficking of mRNASs out to synapses. The fragile
X protein FMRP is an RNA binding protein and a key component of neuronal mRNP
granules within dendrites. FMRP binds to ~4% of the brain transcriptome, with enrichment
for transcripts related to neuronal function and whose dysfunction are associated with autism
and intellectual disability (Siomi et al. 1994; Siomi et al. 1993; Brown et al. 2001; Darnell et
al. 2011; Ascano et al. 2012). Loss of FMRP in models of FXS leads to altered global
protein translation and mRNA transport within neurons, and as a consequence, dysregulated
activity-dependent translation at synapses (Thomson et al. 2017; Darnell et al. 2001,
Laggerbauer et al. 2001; Li et al. 2001; Todd, Mack, and Malter 2003; Brown et al. 2001,
Zalfa et al. 2003; Huber et al. 2002; Liu et al. 2018; Udagawa et al. 2013; Banerjee et al.
2018; Ifrim, Williams, and Bassell 2015; Gross and Bassell 2012; Liu-Yesucevitz et al.
2011; Gross et al. 2011). This uncoupling of synaptic activity and local protein synthesis is
believed to underlie learning and memory deficits in FXS. Ribosome profiling, a next
generation sequencing assay to survey the location of all translating ribosomes, was
implemented in adult neural stem cells of FMR1 knockout mice and compared to wild-type
cells (Liu et al. 2018). This work corroborated aspects of FMRP’s proposed role as a
translational repressor of mMRNA transcripts to which it binds by describing increased
translational efficiency of FMRP CLIP (cross-linking immunoprecipitation) targets in FMR1
knock-out cells. However, global translational efficiency changes were largely buffered at
the MRNA level suggesting that compensatory changes may bypass some of FMRP’s roles
as a translational regulator (Liu et al. 2018). What remains to be explored is how the absence
of FMRP and this compensated state influences activity-dependent translation shifts in
specific cellular compartments such as dendrites and axons.

Stress granules are a specialized type of mRNP with roles in a diverse set of
neurodegenerative diseases (Wolozin 2012; Kedersha et al. 1999). They contain mMRNAs
stalled at translation initiation, along with small ribosomal subunits, select initiation factors,
and RBPs such as G3BP, DDX3X, FMRP and TIA1 (Protter and Parker 2016; Buchan and
Parker 2009; Teixeira et al. 2005; Hilliker et al. 2011). Stress granules form as a
consequence of cellular stress that induces elF2a phosphorylation and translational
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inhibition. This blockade of initiation without a concomitant blockade of elongation creates
“naked” stretches of MRNA on protein-coding transcripts that would normally be coated
with translating ribosomes. This unassociated RNA facilitates specific protein-protein
interactions presumably by creating a nidus upon which abundant RBPs with low sequence
binding specificity can assemble (Molliex et al. 2015; Lin et al. 2015). RNA-RNA
interactions, RNA-protein interactions as well as protein-protein mediated phase separation
of factors such as G3BP through IDR domains all contribute to this process (Molliex et al.
2015; Lin et al. 2015).

Stress granules are generally thought of as a way for cells to redirect their energy
expenditure elsewhere in the setting of a transient insult to regain their healthy set point.
While stress granules are generally adaptive, alterations in their assembly and disassembly
dynamics may contribute meaningfully to multiple neurodegenerative disorders (Li et al.
2013; Wolozin 2012; Becker and Gitler 2018). Overexpression of C9 FTD/ALS DPRs
modulates SG granule formation and dynamics (Zhang et al. 2014; Zhang, Gendron, et al.
2018; Lee et al. 2016; Kanekura et al. 2016; Tao et al. 2015; Rossi et al. 2015), with
poly(GA) contributing to SG activation and poly(GR) and poly(PR) impacting SG stability
and disassembly.

The polyglutamine tract in the ataxin-2 protein regulates membraneless

organelles in the cytoplasm

Ataxin-2 is a common eukaryotic mRNP granule component that can bind directly to RNA
and other RBPs (Kozlov et al. 2010; Swisher and Parker 2010; Nonhoff et al. 2007; Lastres-
Becker et al. 2016). It helps promote, but is not required for, stress granule assembly in yeast
and human cells, and is necessary for proper formation of RNP granules positive for the
stress granule marker Me3BL1 in Drosgphila projection neurons (Buchan, Muhlrad, and
Parker 2008; Becker et al. 2017; Bakthavachalu et al. 2018). Ataxin-2 has a polyglutamine
tract in its IDR. Deletion of the IDR in the ataxin-2 protein, including the polyglutamine
tract, disrupts Me3B1-positive RNP granule formation (Bakthavachalu et al. 2018). The
ataxin-2 polyglutamine tract, encoded by a CAG microsatellite, is polymorphic in humans
and can become expanded as a result of somatic and intergenerational instability (Pulst,
Nechiporuk, and Starkman 1993; Sanpei et al. 1996; Pulst et al. 1996; Imbert et al. 1996).
The mean repeat size in the population is 25 CAGs. Expansions beyond 34 CAGs causes
spinocerebellar ataxia type 2 (SCAZ2), a late onset neurodegenerative disorder characterized
by cerebellar dysfunction, spasticity, and some motor neuron disease-like features (Pulst
1993). In contrast, expansion of the repeat in the intermediate range (~27-33 CAGS)
increases the risk for ALS without any association with SCA2 (Elden et al. 2010). Ataxin-2
interacts with FUS and TDP-43, RBPs that are commonly mutated and mislocalized in ALS.
Intermediate expansions in ataxin-2 can enhance FUS mislocalization from the nucleus to
the cytoplasm and ER-Golgi disruption in the setting of an ALS-causing FUS mutation
(Farg et al. 2013). Deletion of the disordered region of ataxin-2, including the polyglutamine
tract, partially rescues the eye degeneration phenotype in a Drosophila model expressing
human FUS (Bakthavachalu et al. 2018). Additionally, intermediate length repeat expansions
increase caspase 3 activation in cells expressing mutant TDP-43, and patient motor neurons
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with an intermediate length repeat show increased activated caspase 3 linking this moderate
microsatellite repeat expansion directly to motor neuron death (Hart and Gitler 2012).
Decreasing wild-type Ataxin-2 levels rescues mutant TDP-43 toxicity in yeast, fly, and
mouse models of ALS (Elden et al. 2010; Becker et al. 2017) while decreasing expression of
expanded Ataxin-2 alleles suppresses SCA2-relevant phenotypes in mice (Scoles et al.
2017). While the exact mechanism by which intermediate length expansion increases the
risk for motor neuron disease is yet to be deciphered, insight from research on ataxin-2 in
various RNP granules makes disrupted RNP granule dynamics a likely contributor (Zhang,
Daigle, et al. 2018).

Transcribed and translated C90RF72 hexanucleotide repeat impairs nuclear

phase separation

In the setting of the CIORF72 expanded G4C, repeat, the arginine-containing RAN
proteins, poly(GR) and poly(PR), contribute to impaired membraneless organelle dynamics.
Poly(GR) and poly(PR) peptides are extremely toxic to cells when put directly into culture
medium or expressed from a plasmid (Kwon et al. 2014; Wen et al. 2014; Tao et al. 2015;
Lee et al. 2016; Flores et al. 2016), and cause neurodegeneration in Drosophila models
(Mizielinska et al. 2014; Lee et al. 2016; Wen et al. 2014). Poly(PR) and poly(GR) cellular
interactors were identified by mass spectrometry; their interactomes were enriched in low-
complexity domains, a common attribute of IDRs that can contribute to liquid-liquid phase
separation, and many poly(PR) interactors fall into the category of membraneless cellular
puncta (Lee et al. 2016; Lin et al. 2016; Zhang, Gendron, et al. 2018; Hartmann et al. 2018).
One such protein was hnRNPA1, an RBP component of stress granules with a prion-like
domain in which mutations can lead to impaired phase transition and aberrant fibrillization
(Guo et al. 2018; Lin et al. 2016; Kim et al. 2013). Through mutational analysis, the low-
complexity domain of hnRNPA1 was determined to be necessary and sufficient for this
poly(PR) interaction providing evidence that poly(PR) can directly interact with these
domains (Lin et al. 2016). Poly(PR) and poly(GR) binding also promotes hnRNPA1 phase
separation /n vitro (Lee et al. 2016). Both RAN peptides promote the assembly of aberrant
stress granules, and lower the critical concentration of hnRNPA1 and TIA-1, another stress
granule protein, required for phase separation /7 vitro (Lee et al. 2016; Boeynaems et al.
2017). Poly(GA) peptides also independently trigger SG formation (Tao et al. 2015), and
their co-expression with arginine rich repeat influences the toxicity and behavior of these
charged DPRs (Yang et al. 2015; Darling et al. 2019; Lee et al. 2017).

Overexpression of poly(GR) and poly(PR) localize directly to the nucleolus, and poly(GR)
also localizes to the cytoplasm (Lee et al. 2016; Wen et al. 2014; Tao et al. 2015; Kwon et al.
2014). Poly(GR) and poly(PR) impair the behavior of proteins that help organize the
nucleolus through liquid-liquid phase transition. Ribosome biogenesis is also impaired in
their presence, which takes place in the granular component of the nucleolus where both
RAN peptides localize (Lee et al. 2016; Tao et al. 2015; Suzuki et al. 2018). Additionally,
poly(GR) and poly(PR) alter the assembly of two other nuclear membraneless organelles:
Cajal bodies and nuclear speckles (Lee et al. 2016). Taken together, these data demonstrate
that arginine-containing RAN peptides can drive toxicity in cells and neurons by disrupting
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the phase separation properties of membraneless organelles. However, it is important to
acknowledge that almost all studies to date have been done with constructs where poly(PR)
and poly(GR) are generated from AUG-driven translation in the absence of the repeat
element and usually fused to a fluorescent protein tag such as GFP. Given that both of these
proteins are present at very low levels in C9 ALD/FTD neurons, these overexpression
systems may not recapitulate what happens endogenously. In postmortem patient brain
tissue, aggregates of poly(PR) and poly(GR) appear mostly perinuclear (Zu et al. 2013; Mori
et al. 2013). Moreover, there is evidence that the other DPRs generated by RAN translation
may counteract or influence the behavior of these arginine rich proteins in terms of their
distribution and relative toxicity (Darling et al. 2019). Thus, future studies are needed which
selectively decrease expression of these arginine-rich DPRs from endogenous loci to better
delineate impact they have in the disease state.

G4C, repeat RNAs form G-quadraplex structures in vitro and there is some evidence to
suggest that these same structures form in vivo (Conlon et al. 2016; Fay, Anderson, and
Ivanov 2017; Reddy et al. 2013; Haeusler et al. 2014). G4C5 repeat-containing RNAS can
also undergo phase separation (Moens et al. 2018). Purified (G4C5),, RNA form gels in vitro
in a repeat-dependent manner, and G4C, RNAs form foci when transfected into cells similar
to what is observed for (CAG),, and (CUG), RNA (Jain and Vale 2017; Fay, Anderson, and
Ivanov 2017). Foci are also present in patient cells, including brain tissue and motor neurons
(Lee et al. 2013; Lagier-Tourenne et al. 2013; Sareen et al. 2013; Donnelly et al. 2013). Of
note, another study used the MS2 system to tag both (G4C,), and (CAG), RNA, both
showed repeat-dependent neurite localization with the (CAG), RNA increasing in neurite
localization at larger repeats, with the opposite pattern of localization occurring with
expansion of (G4C»), RNA (Burguete et al. 2015). Neuritic expanded G4C5 and CAG
repeat-containing RNA was shown to be actively transported in mRNP granules, and was
correlated with neurite branching defects. Intriguingly, neurite-localized G4C,RNA puncta
were detected in iPSC-derived neurons from C90rf72 hexanucleotide expansion carriers
(Burguete et al. 2015).

Sequestration of RBPs is a common pathologic mechanism underlying microsatellite
expansions categorized as RNA gain-of-function mutations (Todd and Paulson 2010). G4C»
nuclear RNA foci sequester a number of RBPs including ADARB2, SRSF2, hnRNP H1/F,
Aly/REF, hnRNP A1, Pur a, hnRNP H, among others (Donnelly et al. 2013; Cooper-Knock
et al. 2014; Conlon et al. 2016; Xu et al. 2013; Sareen et al. 2013; Lee et al. 2013).
Sequestration of hnRNP H, specifically, can lead to mis-splicing of its targets (Lee et al.
2013; Conlon et al. 2016). However, the exact mechanism by which such repetitive elements
might bind to and sequester RNA binding proteins and thus drive cellular dysfunction is less
clear (Renoux and Todd 2012). The working model for RNA dominant toxicity has been that
sequestered proteins would need to have a very high affinity for the repeat element sequence,
otherwise their interactions would be dynamic and thus functional sequestration would be
unlikely. One would anticipate that highly abundant proteins would in this context be very
difficult to functionally sequester. Yet, in most contexts, the interactions between repeat
RNAs and their target RBPs are reversible /n vitro and with binding affinities that would
make functional sequestration difficult to achieve through classically understood RNA-
protein binding interaction relationships. Proteins such as Muscle blind and hnRNP H are
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abundant in cells. In this context, recent studies demonstrating that repeat RNAs themselves
can phase separate are quite intruiging (Jain and Vale 2017; Fay, Anderson, and Ivanov
2017). Moreover, RNA-mediated phase separation can intersect with protein-mediated phase
separation as the addition of polyuridine RNA to purified poly(PR) protein /in vitro promotes
de-mixing in a dose-dependent manner, and this relationship influences stress granule
formation and dynamics (Boeynaems et al. 2017; Van Treeck et al. 2018). If microsatellite
expansion mutations drive phase separation of RNAs, then perhaps functional sequestration
is achieved through a synergistic combination of classic repetitive RNA motif-protein
interactions and phase separation that could be aided by both the intrinsically disordered
domains of the protein and the phase separation propensities of the RNA. In such a context,
even moderate affinity interactions with the repetitive motif sequence could potentially push
RNA-protein complexes into a phase separated or even gelated state that would be very
stable, making the protein component inaccessible for normal cellular functions.

Aberrant phase transitions cause nucleocytoplasmic transport defects

The central transport system between the cytoplasm and the nucleus is the nuclear pore
complex (NPC). It functions as a highly regulated channel to pass macromolecules between
the two segregated compartments (Hoelz, Debler, and Blobel 2011). Its function is central to
proper RNA trafficking, and thus proper gene expression. The NPC is a large
macromolecular complex with a mass of around 66MDa in eukaryotes. It is composed of
multiple molecules of approximately 30 different nucleoporins or nups that are classified by
their position within the larger NPC (Reichelt et al. 1990). The greater structure of the NPC
is formed by both symmetrical nucleoplasmic and cytoplasmic rings, and an inner ring
complex. In the center is a channel which can dilate and contract to permit cargo through
(Hoelz, Debler, and Blobel 2011). The barrier to this channel is formed by phenylalanine-
glycine repeat containing nups (FG-nups) with low sequence complexity that must remain
flexible and responsive to cellular conditions (Kim and Taylor 2017). The FG motifs interact
with each other to create a meshwork barrier (Schmidt and Gorlich 2016). The “selective
phase model” describes the FG-nup barrier as a hydrogel that forms reversible crosslinks
between FG domains to act as a sieve (Frey and Gorlich 2007; Mohr et al. 2009; Kim and
Taylor 2017; Ribbeck and Gorlich 2001; Schmidt and Gorlich 2015, 2016). The FG-nups
undergo phase transitions through multivalent interactions of their IDRs in order to maintain
compartmental fidelity.

The FG motifs interact with nuclear transport receptors that shuttle through the pore to
facilitate the translocation of larger molecules. Importins and exportins, both different types
of nuclear transport receptors, regulate the transport of molecules in and out of the nucleus
with the help of the RanGTP-RanGDP system. Ran protein, which stands for Ras-related
nuclear protein, regulates the assembly and disassembly of transport complexes (Hoelz,
Debler, and Blobel 2011). Ran guanine exchange factor (RanGEF) protein is located in the
nucleus, while Ran GTPase activating protein (RanGAP) is located exclusively in the
cytoplasm (Kim and Taylor 2017). Segregation of RanGEF and RanGAP sets up a gradient
of RanGTP that dictates the directionality of transport through the NPC and the integrity of
the FG barrier is crucial for maintaining this barrier (Debler, Blobel, and Hoelz 2009).
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A role for nucleocytoplasmic transport machinery in C90rf72 ALS emerged from several
coincident reports across model systems. First, a genetic screen was performed in a
Drosophila model of C90rf72 ALS that expressed a (G4C5)sg repeat within the 5’UTR of
GFP, leading to an eye degeneration phenotype (Freibaum et al. 2015). Two key NPC
proteins modified the eye phenotype. Deletion of Nup50 enhanced degeneration, while
deletion of Refl mitigated G4C» toxicity (Freibaum et al. 2015). Human NUP50 promotes
nuclear import, whereas Aly/REF (the human orthologue of Refl) assists in mMRNP export
(Makise et al. 2012; Kim and Taylor 2017; Viphakone et al. 2012). Fly salivary gland cells
expressing the (G4C»)sg repeat exhibited a “wrinkled” nuclear envelope and an accumulation
of nuclear RNA, which was also observed in patient iPSC-derived neurons (Freibaum et al.
2015). Work done by a separate group using a similar fly model with 30 repeats showed that
a dominant, gain-of-function mutation in RanGAF, that works similar to RanGAP
overexpression, suppressed repeat-induced toxicity (Zhang et al. 2015). RanGAP1 binds
directly to G4C,-containing RNA, and RanGAP1 is mislocalized in repeat expressing cells
and in C90rf72 patient iPSCs and brain tissue (Zhang et al. 2015). This mislocalization of
RanGAP disrupts the nucleocytoplasmic Ran gradient and impairs nucleocytoplasmic
transport (Zhang et al. 2015).

Studies on the effect of peptides synthesized through RAN (Repeat Associated Non-AUG)
translation of the G4C, repeat in C90rf72 revealed an interaction between several dipeptide
repeat proteins and the nucleocytoplasmic transport machinery. A large-scale screen in
Saccharomyces cerevisiae for modifiers of poly(PR) toxicity revealed importins as
suppressors of toxicity when overexpressed (Jovicic et al. 2015). Further studies in a
Drosophila model of RAN peptide toxicity whereby the transgene was codon-optimized to
remove the G4C5 repeat in the RNA but still encode the same amino acids similarly
identified multiple nucleocytoplasmic transport factors as modifiers of poly(PR) toxicity,
corroborating several of the previously mentioned genetic interactors such as Nup50 and
RanGAP1 (Boeynaems et al. 2016). Poly(PR) binds to the nup FG domain and disrupts the
nuclear pore complex in Xenopus (Shi et al. 2017). In a mouse model overexpressing
poly(GA) by viral injection, RanGAP1 as well as the nuclear pore protein POM121 showed
aberrant accumulation (Zhang et al. 2016). Both often formed aggregates colocalizing with
poly(GA) (Zhang et al. 2016). These reports point to a RAN peptide-mediated disruption of
the nucleocytoplasmic machinery in the setting of the expanded G4C, hexanucleotide repeat.

Over almost thirty years, research on a relatively rare series of NREDs has played a
tremendous role in adding to our understanding of many aspects of neurobiology and
neurodegeneration. The discovery of the G4C, repeat in C9O0rf72in particular has been a
recent catalyst for such research, some of which is highlighted here. However, our
understanding of the native functions of tandem microsatellites themselves has seen only
limited progress, despite a great potential for contributing to normal function and human
disease. Current deep-sequencing technology do not adequately resolve most microsatellites,
and thus we do not have an accurate map of the variance in repeating elements in the human
genome to even begin predicting which repeats might be important. Given recent discoveries
—even in the past year— of new repeats that cause human disease, it seems likely that we

Neurobiol Dis. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez and Todd

Page 18

are overlooking many causing disease-causing microsatellites (LaCroix et al. 2019; Ishiura
et al. 2018; Cortese et al. 2019; Sone et al. 2019).

Improved technologies for long read and single cell deep-sequencing may provide new
insights into both somatic mosaicism and population level variance of repeat sizes in brain
tissue (McConnell et al. 2017). In this context, many of the repeat-dependent effects
described here could affect different cells in different ways, including actions mediated by
more moderate “risk-factor” effects akin to what occurs with Ataxin-2. A greater
understanding of the basics of repeat biology in normal cellular functions will be required to
understand their aberrancy in disease pathogenesis. This becomes more apparent as new
disease associated NREs are uncovered. For example, a dominantly inherited intronic
AAGGG repeat expansion in the poly(A) tail of the RFCI gene was recently identified a
major cause of cerebellar ataxia, neuropathy, and vestibular areflexia syndrome (CANVAS)
(Cortese et al. 2019). Histological examination of patient tissue reveals Purkinje cell loss,
however neither RFCI transcript nor protein abundance appears affected and no inclusions
or RNA foci were identified (Cortese et al. 2019). Thus, at first pass, this new repeat does
not seem to fit within our current conceptualization of how dominantly inherited repeat
expansions cause disease. This mystery may open us to new insights into repeat biology,
opening up exploration of how repeats may trigger distant epigenetic effects or alter the
functions of non-coding RNAs. As with our evolving understanding of how repeats elicit
toxic gain-of-function as RNA or through RAN translation, it will be important to keep an
open mind on the possibilities for how such a repeat might cause disease.

Along these lines, the finding that microsatellites in noncoding regions of RNA can in fact
be translated has the potential to dramatically alter how we view a series of normal cellular
processes. Not only does this change the way expansion diseases are viewed, it changes our
understanding of mRNA translation generally. Structured regions are quite common in RNA,
and their ability to promote translation has long been overlooked (Kozak 1984). The finding
that RAN translation is supported at shorter repeat lengths in reporter constructs suggests
potential biological functions of these processes in healthy cells (Todd et al. 2013). Not only
has this been detected with the CGG repeat, but certain reading frames of the C90rf72
repeat as well (Green et al. 2017). As many of these transcripts are highly expressed in
neurons, their roles in neuronal function may be particularly interesting. Such non-canonical
ORFs might greatly expand the known human proteome and perform distinct functions.
Given how pathological expansions of repetitive elements influence the assembly and
disassembly of membraneless organelles, it will be particularly important to evaluate how
transcribed and translated microsatellite repeats impact mRNP trafficking and temporal and
spatial regulation of translational dynamics in neurons, which are highly compartmentalized
and rely on precise regulation of such events to allow for circuit formation and synaptic
plasticity.

Similarly, the ability of repetitive elements as RNA and protein to trigger phase separation
and influence the formation of membraneless organelles has revealed an important
component of cellular organization that becomes dysfunctional in NREDs. Yet, at normal
repeat sizes these same elements likely enhance the ability of the proteins and transcripts in
which they reside to become components of these complexes and thus may aid in their
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function rather than acting as a hindrance. For example, the CGG Repeat in FMR1 as RNA
may influence its entry into mRNPs that allow its transport out into distal dendrites where it
is translated in response to activity (Muslimov et al. 2011). As proteins, this is especially
apparent in the nuclear pore, where phenylalanine-glycine repeat elements in specific nup
proteins play important roles in the pore function that is actively impaired by charged
poly(PR) proteins generated by RAN translation (Kim and Taylor 2017). Understanding
these native functions and interactions elicited by repeats will allow a clearer delineation of
the mechanisms by which expanded repeats impair the behavior of these macromolecular
complexes and thus what cellular compensatory mechanisms might be co-opted as
therapeutic targets in disease.

Rapid progress in our understanding of microsatellite expansions has led to a series of recent
clinical trials in patients, some of which appear quite promising. Knockdown of repeat
expanded mRNA transcripts using antisense oligonucleotides has been quite successful in
animal models and is currently in trials in multiple repeat expansion disorders where gain-
of-function mechanisms are thought to drive disease pathogenesis (Kordasiewicz et al.
2012). However, in diseases like FXTAS, where loss of the patent transcript itself would
likely be problematic, alternative approaches will need to be developed. Such cases highlight
the importance of further research on these topics in order to develop therapeutics that act
downstream on affected pathways and not solely on the mutated gene. For example,
reduction of wild-type Afaxin-2in a mouse model of ALS provides one example of how
targeted therapies aimed a more general component of the neurodegenerative process could
prove helpful (Becker et al. 2017). With continued research, more discoveries like this will
bring a greater understanding of microsatellite expansion diseases and novel strategies by
which we might cure these diseases.
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Fragile X Syndrome/FXTAS Huntington’s disease (CAG) C90rf72 ALS/FTD (GGGGCC) SCA8 (CTG)
/FXPOI (CGG) SCA1,2,3,6,7,and 17 (CAG) DM2 (CCTG) DM1 (CTG)
‘w| FRAXE (CCG) DRPLA (CAG) Friedreich ataxia (GAA)
&/ EPM1 (CCCCGCCCCGCG) SBMA (CAG) FECD (CTG)
&| scA12(cAG) OPMD (GCG) SCA10 (ATTCT)
2| NID(GGC) HDL2 (CTG) SCA31 (TGGAA)
3 Glutaminase Deficiency (GCA) SCA36 (GGCCTG)
§ SCA37 (ATTTC)
g CANVAS (AAGGG)
FRA2A/FRA7A (CGG)
BAFME (TTTTA and TTTCA)
- g Loss of function Gain of function: polygluta- Loss of function Gain of function: RNA toxicity,
@ 4| Gain of function: RNA toxicity, mine expansion, polyalanine- Gain of function: RNA toxicity, RAN translation
2 §| RANtranslation expansion (OPMD), RAN RAN translation
5_9 f-,a translation, RNA toxicity
= (HDL2)

Figure 1: Nucleotide repeat expansion disorders.

Disorders are listed by their genomic location on an illustrated simplified gene. Each
disorder is accompanied by the unstable repeat sequence that elicits disease. The prevailing
disease mechanism is listed below each group to illustrate that genomic location of the
expansion influences but does not completely determine the potential effects of any given
repeat. Abbreviations: Fragile X-associated tremor/ataxia syndrome (FXTAS), Fragile X-
primary ovarian insufficiency (FXPOI), progressive myoclonic epilepsy type 1/Unverricht-
Lundborg disease (EPM1), spinocerebellar ataxia (SCA), neuronal intranuclear inclusion
disease (N1ID), dentatorubral-pallidoluysian atrophy (DRPLA), spinal-bulbar muscular
atrophy (SBMA), oculopharyngeal muscular dystrophy (OPMD), Huntington disease-like 2
(HDL2), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), myotonic
dystrophy (DM), Fuchs endothelial corneal dystrophy (FECD), cerebellar ataxia, neuropathy
and vestibular areflexia yndrome (CANVAS), benign adult familial myoclonic epilepsy
(BAFME), and FRAXE, FRA2A and FRATA refer to disease associated fragile sites in the

genome that result from CGG repeat expansions.
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Model mRNA transcript for RAN translation
A. C9Orf72 B. FMR1 C.HTT
e ﬂ 1 AuG e
[ORF |3

A. C90rf72 (G4C2) B. FMR1 (CGG) C. HTT (CAG)
P> Sense: Start Codon: P> Sense: Start Codon: P Sense: Start Codon:

polyGA+ CUG/Repeat polyA# Repeat polyA ?

polyGR+ CUG*/Repeat polyR ACG polyS ?

~ polyGP# Repeat polyG# ACG/GUG polyG ?
| Antisense: “1Antisense: Antisense:

polyPR AUG* polyP AUG* polyL ?

polyPG 7 polyR Y polyC ?

polyPA AUG* polyA ? polyA-not tested
$Exhibits cap dependency

Figure 2: RAN translation in repeat expansion disorders.
Repeat associated non-AUG translation at three repeat expansions are laid out schematically.

Experimentally determined initiation sites are listed for individual reading frames where
determined, although in all cases initiation may also occur within the repeat itself. A) A
G4C5 hexanucleotide repeat in the first intron of C90rf72is bidirectionally transcribed.
Whether the repeat is translated as a spliced intron or as part of a retained intron or other
aberrant transcript is not known. A CUG located just 5’ to the repeat is utilized for initiation
of poly(GA). It may also be utilized for poly(GR) translation with subsequent frameshifting.
AUG codons reside upstream of poly(PR) and poly(PG) in the most common antisense
transcripts. B) A CGG repeat in the 5’ leader/ 5 UTR of FMR1 is also bidirectionally
transcribed. An AUG in the poly(P) reading frame of ASFMR1 is utilized for initiation in
this reading frame but it can also undergo RAN translation in this reading frame. FMRpolyR
expression is nearly undetectable from reporter constructs. C) The CAG repeat in
Huntington’s disease is located in the coding region of the A 77 transcript and is also
bidirectionally transcribed. ?: initiation site unknown, ¥: initiation in this frame exhibits cap-
dependency.
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A) Normal FMR1 translation:
Native function?
elFs ) Vg

ot %PRAN proteins?
405 FMRP
- ? N\
2 - g
—> - AUG
5'ButTR  (CGG), |FMRP ORF |3

B) (CGQG) FMR1 translation:

expanded
Impair UPS, nuclear envelope

) function, etc.
Cellular stress &&

RAN proteins
Decreased FMRP

-I \/ —
AUG
5'BUTR  (CGG),, |FMRP ORF |3

Figure 3: RAN translation as a regulatory element.
A) Translation from the FMRI transcript produces both RAN translation products and

FMRP. Reporter constructs and ribosome profiling data suggests that this process occurs at
the normal repeat size in humans. As both cistrons utilize a scanning- and cap-dependent
initiation mechanism, preinitiation complexes must bypass RAN initiation sites and the
CGG repeat to make FMRP. As such, RAN translation of FMRpolyG might serve a
regulatory upstream open reading frame (UORF) to control FMRP synthesis. B) At expanded
repeats, RAN translation is more efficient, which is correlates with less FMRP translation
per transcript.
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1. RAN proteins:
a. undergo phase separation
b. aggregate
Tr. c. alter stress granule (SG) dynamics
d. affect other membraneless organelles:
Cajal bodies and nuclear speckles
e. disrupt nucleolar assembly and function
f. disrupt nucleocytoplasmic transport

AAAAA]

2¢ 2. Repeat-containing RNA:

a. sequester RBPs in the nucleus

b. localize to the nucleolus and cause
nucleolar stress

c. disrupt neurite outgrowth

Figure 4: Mechanisms by which transcribed repeats elicit neurodegeneration.
Expanded repeats can be toxic as RNA or as protein. 1) poly(GR) and poly(PR) containing

RAN DPR proteins undergo phase separation (1a) into liquid-like droplets (LLPS) /n vitro
and /n vivo. Poly(GA), poly(GR), and poly(PR) RAN proteins can also alter stress granule
assembly and dynamics (1b) and form insoluble aggregates (1c). In the nucleus, RAN
proteins can impair the dynamics of Cajal bodies and membraneless organelles (1d), and
disrupt nucleolar function and ribosomal biogenesis (1e). They can also disrupt the nuclear
envelope and nuclear pore complex (1f). Repeat containing RNAs can sequester important
RNA-binding proteins in the nucleus and can themselves undergo LLPS, perhaps in concert
with RBPs (2a). Repeat RNAs that exit the nucleus can be exported to neuronal processes
where they can impair neurite outgrowth and potentially alter mMRNP dynamics (2b).
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