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Summary

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative disease characterized
by degeneration of upper and lower motor neurons in the brain and spinal cord. The hallmark
pathological feature in most cases of ALS is nuclear depletion and cytoplasmic accumulation of
the protein TDP-43 in degenerating neurons. Consistent with this pattern of intracellular protein
redistribution, impaired nucleocytoplasmic trafficking has emerged as a mechanism contributing to
ALS pathology. Dysfunction in nucleocytoplasmic transport is also an emerging theme in
physiological aging and other related neurodegenerative diseases, such as Huntington’s and
Alzheimer’s diseases. Here we review transport through the nuclear pore complex, pointing out
vulnerabilities that may underlie ALS and potentially contribute to this and other age-related
neurodegenerative diseases.

Keywords
ALS; aging; nucleocytoplasmic transport; nuclear pore; COORF72; dipeptide repeats

Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease in the United
States and as motor neurone disease in the United Kingdom, is a progressive and uniformly
fatal neurodegenerative disease characterized by progressive degeneration of motor neurons
in the brain and spinal cord (Taylor et al., 2016). The dysfunction and ultimate demise of
motor neurons lead to secondary denervation, muscle wasting, and weakness, typically
culminating in death due to respiratory failure or bulbar dysfunction. Recent advances in
defining the genetics of ALS, combined with clinical reports and pathological observations,
have led to our current understanding of ALS as one disease that falls within a spectrum of a
broader degenerative disorder that also includes frontotemporal dementia (FTD), inclusion
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body myopathy, and the overlap syndrome called multisystem proteinopathy (Taylor et al.,
2016). Nearly 50% of patients with ALS demonstrate mild to moderate cognitive or
behavioral symptoms, and as many as 20% of patients meet the clinical criteria for FTD
(Ringholz et al., 2005; Wheaton et al., 2007). Less frequently, ALS occurs together with
inclusion body myopathy or Paget’s disease of bone (Taylor et al., 2016).

A significant proportion (~10%) of patients with ALS are defined as having “familial ALS,”
which is typically inherited as a highly penetrant, dominant trait. The remaining 90% of
cases are classified as “sporadic” because they lack a clear family history, although this term
does not preclude a genetic contribution in these cases. More than 100 potential ALS genes
have been reported (http://alsod.iop.kcl.ac.uk), although the evidence supporting a causative
role for these individual genes and variants varies. Currently, 16 genes are accepted with
certainty as being implicated in ALS pathogenesis, largely falling into three functional
categories (Taylor et al., 2016). The first group, consisting of VCP, OPTN, UBQLNZ,
SQSTMI1, TBK1and SOD1, influence cellular proteostasis and protein quality control. The
second group, consisting of TARDBP, FUS, HNRNFPA1, MATR3, and ANG, play various
roles in the life cycle of RNAs, affecting RNA processing, assembly into membrane-less
organelles (e.g., granules), and intracellular transport. The third group consists of DCTN,
TUBA4A, and PFN, all of which play roles in cytoskeletal dynamics within the motor
neuron axon and distal terminal. Two ALS genes (CHCHD10and CIORF72) defy this
simplified classification or have less clear function. ALS-causing mutations are typically
missense substitutions, with the notable exception of CIORF72, in which ALS is caused by
a massive expansion of an intronic hexanucleotide repeat (DeJesus-Hernandez et al., 2011;
Renton et al., 2011).

A pathological hallmark of motor neuron degeneration in ALS is the accumulation of
rounded or thread-like deposits of aggregated proteins termed neuronal cytoplasmic
inclusions. The main component of these cytoplasmic inclusions in most familial and
sporadic cases of ALS is TAR DNA-binding protein 43 (TDP-43), encoded by TARDBP
(Neumann et al., 2006). Although TDP-43 undergoes nucleocytoplasmic shuttling, it is
normally a predominantly nuclear protein (Ayala et al., 2008); thus, the accumulation of
cytoplasmic pathology in ALS is quite striking. The significance of TDP-43 as a driver of
ALS was cemented by the identification of rare ALS-causing mutations in ZARDBPin
familial cases. Cases of ALS caused by mutations in other genes such as FUS, HNRNPAI,
and MATR3 can also feature abnormal cytoplasmic localization of predominantly nuclear
proteins (Dormann et al., 2010; Gallego-Iradi et al., 2015; Kim et al., 2013).

Multiple Routes to Nucleocytoplasmic Transport Defects in ALS

The wide variety of genetic insults that culminate in motor neuron degeneration would
appear to suggest that multiple, distinct mechanisms may contribute to ALS. Nonetheless,
clinical and pathological evidence collected from both familial and sporadic ALS has
highlighted surprising consistencies, including similarities in the pattern of cell type
vulnerability, onset, and progression, as well as pathological hallmarks such as cytoplasmic
inclusions of TDP-43, as described above. This congruity suggests that despite significant
heterogeneity in initiating genetic events, a substantial portion of ALS may arise through
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common mechanisms. A dominant theme that has emerged over several years is disturbance
of cellular structures that arise through biological phase transitions of proteins with low
complexity sequence domains (LCDs) (Taylor et al., 2016). LCDs with a variety of
compositions are found in up to one third of the proteome and contribute to the assembly of
dynamic, higher order structures such as nucleoli, RNA granules, and the central channel of
the nuclear pore through the process of liquid-liquid phase transition (Elbaum-Garfinkle et
al., 2015; Lin et al., 2015; Molliex et al., 2015; Nott et al., 2015; Patel et al., 2015; Schmidt
and Gorlich, 2015). Until recently, however, within the broad spectrum of biological phase
transitions, a point of intersection for the various genetic etiologies of ALS has remained
elusive, with a central unresolved question regarding which cellular structures that arise
through phase separations are impacted in ALS. Insight into a potential common pathway
has recently been highlighted by a series of studies that have implicated defects in
nucleocytoplasmic transport as a shared consequence downstream of a variety of ALS-
initiating mutations. These include the identification of ALS-causing mutations in the
nuclear localization signals (NLSs) of FUS and hnRNPA1 (Dormann et al., 2010; Gal et al.,
2011; Liu et al., 2016), evidence of impaired nucleocytoplasmic transport downstream of
CI9ORF72-related ALS-FTD (Boeynaems et al., 2016; Freibaum et al., 2015; Jovicié¢ et al.,
2015; Shi et al., 2017; Zhang et al., 2015), and recognition that cytoplasmic protein
aggregates of TDP-43, and cytoplasmic deposition of amyloids more generally, interfere
with nucleocytoplasmic transport of protein and RNA (Woerner et al., 2016). In this review,
we provide an overview of the current understanding of nucleocytoplasmic transport through
the nuclear pore complex (NPC) in mammalian cells. We then describe the evidence that
defects in nucleocytoplasmic transport contribute to ALS. Finally, we explore studies
suggesting that defects in nucleocytoplasmic transport contribute to other neurodegenerative
diseases and physiologic aging, thus connecting the most important risk factor for
neurodegenerative disease—aging—to the most common pathologic feature of
neurodegenerative disease—pathological deposition of protein aggregates in the cytoplasm.

Architecture of the Nuclear Pore Complex

Central to the process of nucleocytoplasmic transport is the NPC, which provides
communication between the nucleoplasm and cytoplasm through regulated
nucleocytoplasmic transport. NPCs are morphologically defined structures composed of
evolutionarily conserved proteins termed nucleoporins (Nups) (Hoelz et al., 2011;
Kabachinski and Schwartz, 2015). The NPC is among the largest protein complexes in the
cell, with an estimated molecular mass of 110 MDa (Hoelz et al., 2016). A single NPC is
assembled from approximately 30 Nups, each present in multiple copies (Cronshaw et al.,
2002; Davis and Blobel, 1986; Rout et al., 2000; Schmidt and Gorlich, 2016). Based on their
approximate location within the NPC and their structural role, Nups may be organized into
seven general categories (Figure 1): (1) cytoplasmic filament Nups, (2) nucleoplasmic and
cytoplasmic ring Nups, (3) inner ring complex Nups, (4) transmembrane Nups, (5) central
Nups containing phenylalanine-glycine (FG) repeats, (6) nuclear basket Nups, and (7)
adaptor Nups (Hoelz et al., 2016; Schwartz et al., 2015; Schwartz, 2016). The role of the
NPC in ALS has entered the spotlight due to several recent lines of evidence, including the
finding that genes encoding NPC constituents are genetic modifiers of disease in ALS model
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systems, the demonstration that disease-related proteins may directly poison the NPC, and
the identification of ALS-causing mutations in at least one component of the NPC, as
described in detail below.

The symmetrical nucleoplasmic and cytoplasmic rings, together with the inner ring complex,
form an essential scaffold for the NPC. Contained within this scaffold, the central channel of
the nuclear pore is assembled by Nups containing conserved LCDs that have the notable
feature of enrichment in interspersed phenylalanine-glycine repeats (FG-Nups). The flexible
LCDs in the FG-Nups project into the central channel to create a selectively permeable sieve
controlling transport between the cytoplasm and the nucleoplasm (Bestembayeva et al.,
2015; Schmidt and Gorlich, 2016) (Figure 2). Various models have been proposed to
account for how the FG-Nups create this selective barrier (Knockenhauer and Schwartz,
2016; Schmidt and Gorlich, 2016). One compelling model based on recent evidence, the
selective phase model, proposes that cohesive weak hydrophobic interactions between FG
repeats mediate phase separation to create a hydrogel meshwork within the NPC (Frey and
Gorlich, 2007; Mohr et al., 2009; Ribbeck and Gorlich, 2001; Schmidt and Gorlich, 2016)
(Figure 2). Small molecules can passively diffuse through numerous randomly distributed
fenestrations (< 2.6 nm in diameter) in this mesh, but as the size of the diffusing molecules
approaches or exceeds ~30 kDa in mass (typically ~5 nm in diameter), the mesh becomes
increasingly restrictive. Nuclear transport receptors, which enhance the transport efficiency
of cargos through the NPC, directly interact with the FG repeats of FG-Nups and dissolve
into and through the FG-hydrogel network (Figure 2). Importantly, FG-Nups emerged as
genetic modifiers in a Drosgphila model of CIORF72-related neurodegeneration and were
identified as direct binding targets of toxic poly-dipeptides produced from mutant C9ORF72
(Freibaum et al., 2015; Lee et al., 2016; Lin et al., 2016; Shi et al., 2017).

of Selective Nucleocytoplasmic Transport of Proteins

Proteins are imported or exported through the NPC via nuclear transport receptors, most of
which are members of the karyopherin-g family, also known as importins and exportins
(Cautain et al., 2015; Soniat and Chook, 2015). The small GTPase Ras-related nuclear
protein (Ran) regulates the ability of both importins and exportins to transport their cargo
across the nuclear membrane depending on the bound nucleotide state. RCC1, the guanine
nucleotide exchange factor (GEF) for Ran, is located preferentially in the nucleus, whereas
the Ran GTPase-activating proteins (GAPs) and Ran-binding proteins (RanBPs) that
catalyze the hydrolysis of GTP to GDP are localized exclusively to the cytoplasm (Stewart,
2007) (Figure 3A). This intracellular arrangement leads to concentration of RanGTP in the
nucleus and RanGDP in the cytosol, forming a gradient harnessed by importins and
exportins to provide direction to nucleocytoplasmic transport (Figure 3B—C). Importantly, as
with the NPC components described above, nuclear transport receptors, Ran, and RanBPs
have emerged as genetic modifiers in yeast and Drosophilamodels of CIORF72-related
neurodegeneration (Figure 3) (Freibaum et al., 2015; Jovi€ic¢ et al., 2015; Zhang et al.,
2015).
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The Basis of RNA Export through the Nuclear Pore Complex

The mechanisms underlying export of transfer RNA, microRNA, small nuclear RNA, and
ribosomal RNA (rRNA) are similar to those of proteins, involving exportins and the
RanGTP-RanGDP cycle. Small transfer RNAs, microRNAs, and small nuclear RNAs
follow relatively simple export routes by binding directly to their export receptors exportin-t,
exportin-5, and exportin-1, respectively. rRNAs first assemble into large (60S) and small
(40S) ribosomal subunits, which then translocate into the cytoplasm following separate
export routes. These routes are known to involve the RanGTP—RanGDP cycle and
exportin-1, although the precise mechanisms remain poorly understood. For an in-depth
review of rRNA export, see (Kohler and Hurt, 2007).

The export of MRNAs into the cytoplasm is mechanistically distinct from other RNAs, as
this process uses a non-karyopherin transport receptor, the NXF1-NXT1 heterodimer that
works in concert with the TRanscription-Export (TREX) complex, and does not depend on
the RanGTP-RanGDP cycle (Kohler and Hurt, 2007). The export of mRNAs is coordinated
with transcript processing and assembly into messenger ribonucleoprotein (MRNP)
complexes (Figure 4). In this process, multiple RNA-modifying proteins bind to a single
MRNA synthesized by Pol Il as a precursor mRNA (pre-mRNA). These assembled proteins
form a large mMRNP complex, which then translocates through the NPC. Once inside the
central channel, an mRNP can move forward and backward, a phenomenon observed for
many cargos that traverse the nuclear pore (Ma et al., 2013; Tu et al., 2013). Only 15-36%
of all nuclear mRNPs are successfully exported to the cytoplasm, with most mRNPs
returned to the nucleoplasm (Grunwald and Singer, 2010; Ma et al., 2013; Siebrasse et al.,
2012). For those mRNPs that reach the cytoplasm, extensive remodeling of MRNPs occurs
at the cytoplasmic face to ensure that these mMRNPs do not reenter the nucleus. This
remodeling of mRNPs at the cytoplasmic side of the NPC is crucial for maintaining the
direction of MRNA export and preparing mRNAs for translation by the ribosome. RNA
export factors have also emerged as genetic modifiers in yeast and Drosophila models of
CY9ORF72-related neurodegeneration (Figure 4) (Freibaum et al., 2015; Jovici¢ et al., 2015;
Zhang et al., 2015).

Initial Clues Linking Nucleocytoplasmic Transport and Motor Neuron

Disease

Perhaps the earliest clue suggesting a nucleocytoplasmic transport defect in ALS arose from
the study of a congenital form of motor neuron disease first characterized in 1995, when 15
infants from 11 Finnish families were described with a phenotype of lethal arthrogryposis
and anterior horn motor neuron loss (OMIM: 611890, (Vuopala et al., 1995)). Thirteen years
later, the cause of this disease was definitively shown to be biallelic, loss-of-function
mutations in GLE1, which encodes a component of the cytoplasmic face of the NPC that
facilitates the export of mMRNAs from the nucleus (Nousiainen et al., 2008) (Figures 1 and
4). More recently, a large screening effort to identify ALS-causing mutations in French and
French-Canadian patients identified rare, heterozygous loss-of-function mutations in GLEZ
that were not present in controls, suggesting that mild defects in mMRNA export could
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contribute to adult-onset motor neuron disease (Kaneb et al., 2015). Subsequently, GLE1
was identified as a dominant madifier in Drosophila models of CI9ORF72-related ALS,
further linking this gene, and defects in mMRNA export more generally, to ALS (Freibaum et
al., 2015). Moreover, recent reports indicate that GLE1 is sequestered within polyglutamine
inclusions in Huntington’s disease, broadening the spectrum of diseases that may involve
nucleocytoplasmic transport defects (Gasset-Rosa et al., 2017).

Circumstantial Evidence for a Nucleocytoplasmic Transport Defect in ALS

The most prominent pathological feature of ALS, redistribution of nuclear proteins to
cytoplasmic inclusions, also intimated dysfunction of nucleocytoplasmic transport in ALS
and related neurodegenerative diseases. As mentioned above, the major component of
cytoplasmic inclusions in approximately 97% of ALS patients and 45% of FTD patients is
TDP-43 (Ling et al., 2013), a ubiquitously expressed RNA-binding protein that shuttles
between the nucleus and cytoplasm, but is predominantly located in the nucleus in healthy
neurons (Ayala et al., 2008). Despite the fact that genetic mutations in TDP-43 account for
only ~2% of familial ALS (Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al.,
2008) and rare cases of FTD (Borroni et al., 2009; Kovacs et al., 2009), recognition that the
vast majority of ALS cases exhibit cytoplasmic TDP-43 pathology raised the question of
whether impaired nuclear import of TDP-43 was a pathological feature common to many
forms of ALS (Winton et al., 2008). Mislocalization of TDP-43 to the cytoplasm is a
frequent secondary feature in other neurodegenerative diseases as well, including
Huntington’s disease, Alzheimer’s disease, corticobasal degeneration, and Lewy body
dementia, suggesting that impaired nuclear import may be a feature common to a broad
spectrum of diseases (Nakashima-Yasuda et al., 2007; Schwab et al., 2008; Uryu et al.,
2008; Wilson et al., 2011).

Mutations in FUS, an RNA-binding protein that shares structural and functional properties
with TDP-43, cause rare cases of ALS and FTD. In these cases, FUS is the major
pathological protein in neuronal cytoplasmic inclusions. Remarkably, approximately half of
ALS- and FTD-associated FUS mutations are located in its NLS and disrupt its normal
nuclear localization (Ling et al., 2013). Notably, the degree to which these FUS NLS
mutations affect the nucleocytoplasmic transport of FUS robustly correlates with the severity
of disease in these patients (Bosco et al., 2010; Chio et al., 2009; DeJesus-Hernandez et al.,
2010; Dormann et al., 2010). For example, one patient with a C-terminal truncation mutation
that entirely removed the NLS in FUS showed dramatic redistribution of FUS into the
cytoplasm and very early age of onset (DeJesus-Hernandez et al., 2010). More recently, a
novel missense mutation in the NLS of hnRNPA1, which causes redistribution of hnRNPA1
from the nucleus to the cytoplasm, was identified as a cause of familial ALS (Liu et al.,
2016), expanding the repertoire of NLS mutations in ALS-associated proteins. Interestingly,
mutations that disrupt the NLS in a related protein, hnRNPH2, cause neurodevelopmental
delay and autism (Bain et al., 2016).

The nuclear depletion and cytoplasmic mislocalization of TDP-43, FUS, and hnRNPAL,
together with the finding of frequent NLS mutations in ALS-linked proteins, adds to the
evidence that dysfunction in nucleocytoplasmic transport through the NPC may contribute to
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disease initiation or progression, either through loss of vital nuclear functions or toxic gain
of cytoplasmic function through increased concentration or residence time of these proteins
in cytoplasmic assemblies. Consistent with this concept, early studies in post-mortem tissue
from ALS and FTD patients revealed a considerable reduction in expression and/or
mislocalization of nuclear import factors such as importin g1 (also known as karyopherin
B1) and importin B2 (also known as karyopherin 2 and transportin 1) in brain and spinal
cord (Neumann et al., 2012; Nishimura et al., 2010; Takeuchi et al., 2013), further
implicating defective nuclear transport as a contributor to the pathogenesis of these diseases.

The Emergence of Nucleocytoplasmic Transport Defects in C9 ALS-FTD

The first mechanistic links between nucleocytoplasmic transport and ALS emerged from a
series of studies focusing on chromosome 9-linked ALS/FTD (C9 ALS-FTD). The disease-
causing mutation in these cases is expansion of an intronic hexanucleotide repeat (G4C>) in
the gene CIORF72 (Delesus-Hernandez et al., 2011; Renton et al., 2011). Healthy
individuals generally carry between two and 23 G4C, repeats, whereas individuals with C9
ALS-FTD have hundreds or thousands of such repeats. Expansion of the repeat in C9ORF72
is highly prevalent among the ALS-FTD population, causing up to 40% of familial cases and
~5-10% of sporadic cases (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Although
patients with C9 ALS-FTD show a modest reduction in CIORF72 expression that may
contribute to disease progression, the disease is most likely driven by a toxic gain of
function. At the source of this gain of function are repeat-containing transcripts of C9ORF72
that accumulate in affected neurons and perhaps other cells in the brain and spinal cord
(Taylor, 2017), although the specific pathogenic mechanism has not been precisely defined.
Limited evidence suggests that these repeat-containing transcripts form RNA foci that
sequester and deplete RNA-binding proteins. More compelling evidence argues for toxicity
arising from poly-dipeptides produced by unconventional translation of repeat-containing
transcripts of mutant C9ORF72 (Kwon et al., 2014; Mizielinska et al., 2014; Wen et al.,
2014; reviewed in (Freibaum and Taylor, 2017). The expanded repeat in the mutant
C90ORF72 gene is bidirectionally transcribed, and both the sense and antisense transcripts
undergo repeat-associated non-AUG (RAN) translation in all reading frames (Zu et al.,
2011). RAN translation of expanded C9ORF72transcripts produces five different poly-
dipeptide repeats (DPRs): poly-Gly-Ala [poly(GA)] and poly-Gly-Arg [poly(GR)] from
sense transcripts, poly-Pro-Ala [poly(PA)] and poly-Pro-Arg [poly(PR)] from antisense
transcripts, and poly-Gly-Pro [poly(GP)] from both sense and antisense transcripts, all of
which are found to accumulate in the brain and spinal cords of C9 ALS-FTD patients (Ash
et al., 2013; Gendron et al., 2013; Mackenzie et al., 2013; Mori et al., 2013; Zu et al., 2013).

To develop an animal model that captures G,C,-mediated toxicity, Freibaum and colleagues
generated a Drosophila model of COORF72-associated ALS/FTD by expressing 8 or 58
G4C, repeats [(G4Co)g or (G4Cy)sg], demonstrating length- and dosage-dependent
degeneration phenotypes (Freibaum et al., 2015). Importantly, both G4C, repeat-expanded
RNA and DPRs [poly(GP) and poly(GR)] from the sense-strand were expressed in flies
expressing (G4Co)sg (Freibaum et al., 2015). Using (G4C»,)sg-expressing flies, the
investigators performed a large-scale unbiased genetic screen to identify dominant modifiers
of G4C5 repeat-mediated toxicity. This approach identified two genes, Myp50and Refl
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(Drosophila orthologs of human NUP50and ALYREF), whose loss strongly enhanced or
suppressed, respectively, neurodegeneration in (G4C,)sg-expressing flies (Freibaum et al.,
2015) (Table S1).

NUP50 is a component of the nuclear basket (Figure 1C) and plays a critical role in
promoting the nuclear import of proteins by interacting with importin a (also known an
karyopherin a) and Ran (Makise et al., 2012). Aly/REF export factor (Aly/REF) is a
component of the TREX complex (Figure 4), which associates with the 5” cap of mMRNAs
and facilitates delivery of mRNPs to NXF1, which then mediates mRNP export through the
NPC (Reed, 2003; Viphakone et al., 2012; Zhou et al., 2000). Further dissection of these two
pathways resulted in the identification of 18 strong genetic modifiers of neurodegeneration
in (G4C5)sg-expressing flies, all of which encode components of the NPC and
nucleocytoplasmic transport machineries (Freibaum et al., 2015) (Figures 1, 3, and 4, Table
S1). Consistent with these findings, G4Co-expressing flies exhibited nuclear envelope
abnormalities and nuclear RNA retention in a G4C, length- and dose-dependent manner.
Mirroring the results from the Drosophila model, nuclear retention of RNA was also
demonstrated in human cells and iPSC-derived cortical neurons from patients with C9 ALS-
FTD (Freibaum et al., 2015).

Working independently, Zhang and colleagues also found a role for defective
nucleocytoplasmic transport and C9 ALS-FTD (Zhang et al., 2015). These investigators
reasoned that stable, G,C, repeat-containing RNA species that accumulate in patient tissues
might sequester RNA-binding proteins and deplete their function. Therefore, they conducted
a targeted modifier screen in a Drosophila model that focused on genes encoding proteins
reported to physically interact with G4C, repeat-containing RNAS /n vitro. In this manner,
Zhang and colleagues identified a dominant gain-of-function allele of RanGAP that
suppressed neurodegeneration in flies expressing expanded G4C» repeats. Although this
model system does not distinguish between RNA-mediated and DPR-mediated toxicity,
biochemical and cellular experiments revealed that RanGAP1 binds to the RNA G-
quadruplex structures formed by G4C,-repeat expansions /n vitro, raising the possibility that
repeat-expanded RNA species are a direct mediator of toxicity. Of note, this report also
showed that G4C, repeat expansion in CIORF72 significantly shifted the nuclear-to-
cytoplasmic ratio of TDP-43 in patient-derived cells that had been differentiated to neurons
(Zhang et al., 2015), mimicking the nuclear depletion and cytoplasmic aggregation of
TDP-43 found in the affected tissues of patients with ALS or FTD (Neumann et al., 2006).
Finally, RanGAP1 and two NPC components, Nup205 and Nup107, abnormally localized to
nuclear aggregates not only in iPSC-derived neurons derived from patients with COORF72-
mediated ALS but also in cortical tissue from COORF72 ALS patients (Zhang et al., 2015).
Similar results were subsequently found in a mouse model in which the DPR poly(GA) was
exogenously expressed in the mouse brain (Zhang et al., 2016).

In contrast to the approach by Zhang and colleagues, Jovici¢ and colleagues focused
specifically on DPR-mediated toxicity (Jovi€ic et al., 2015). In this study, the investigators
engineered expression in yeast cells of each of the five DPR species produced by RAN
translation of expanded G4C, repeats in C9 ALS-FTD patients. Consistent with prior studies
(Kwon et al., 2014; Mizielinska et al., 2014; Wen et al., 2014), they found that the arginine-
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containing DPRs [poly(GR) and poly(PR)] were highly cytotoxic. Subsequently, they
performed a large-scale, unbiased genetic screen to identify modifiers of poly(PR)-
associated toxicity in yeast, resulting in the identification of 11 genes that regulate
nucleocytoplasmic transport (Table S1). Consistent with the studies mentioned above, these
investigators documented a disturbance in the nuclear-to-cytoplasmic ratio of RanGEF
(RCC1) in fibroblasts from C9 ALS-FTD patients that were transdifferentiated into neurons
(Jovicié et al., 2015). A follow-up study that re-evaluated genes identified in the yeast screen
corroborated these results in a Drosophila model (Boeynaems et al., 2016).

Taken together, these studies provided strong evidence that impairment of
nucleocytoplasmic transport is an important driver of toxicity in simple genetic models of
C9 ALS-FTD. The identification of similar defects in patient-derived neurons, and
associated histopathological defects in patient-derived CNS tissue, supports the contention
that impairment of nucleocytoplasmic transport is also a contributor to the initiation or
progression of ALS-FTD in human patients.

Toward a Mechanism of DPR-Mediated Neurodegeneration

A major unanswered question regarding C9 ALS-FTD is the extent to which the toxic gain
of function is mediated directly by the toxicity of repeat-expanded RNA versus the toxicity
of DPRs derived from these RNAs. Of the three studies that first identified a defect in
nucleocytoplasmic transport, the study by Jovi€i¢ et al. demonstrated defects in
nucleocytoplasmic transport in the context of expressing poly(PR) exclusively. Although it is
possible that repeat-expanded RNA contributes to or exacerbates nucleocytoplasmic
transport defects in C9 ALS-FTD, the Jovici¢ et al. study implies that poly(PR) is sufficient
to initiate this defect.

But how might DPRs produce a defect in nucleocytoplasmic transport? Two recent studies
addressed this issue. First, Lee et al. used affinity purification to identify protein interactors
of each of the five DPRs produced in C9 ALS-FTD patients (Lee et al., 2016). Whereas the
relatively non-toxic species [poly(PA), poly(GP), and poly(GA)] bound very few proteins,
the toxic arginine-containing species [poly(GR) and poly(PR)] each bound about 140
proteins and these interactors showed considerable overlap. Importantly, the list of
interacting proteins was highly enriched (~68%) in proteins containing LCDs, including
many RNA-binding proteins (e.g., hnRNPAL, hnRNPA2B1, FUS, and TDP-43) and other
components whose phase separation contributes to the assembly and liquid properties of
membrane-less organelles (e.g., NPM1, G3BP1, and G3BP2). Also enriched among these
interactors were multiple FG-Nups that undergo phase separation in the assembly of the
central channel of the nuclear pore. Importantly, Lee et al. showed that poly(GR) and
poly(PR) insinuated into phase-separated assemblies in purified systems and in living cells,
and altered their material properties toward more rigid and immobile entities. Moreover,
normal functions of these membrane-less organelles (e.g., nucleolus and stress granules)
were impaired by poly(GR) and poly(PR). Independently, Lin et al. used a chemical cross-
linking approach to capture direct interactors of poly(PR) and obtained highly consistent
results (Lin et al., 2016). This study presented evidence that poly(PR) interacts directly with
LCDs of RNA-binding proteins that are the constituents of membrane-less organelles and
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intermediate filaments, and favors interaction with polymeric forms of these protein
segments. An intermediate filament is critical for proper deposition of RNA granules. In
particular, spatial partitioning and trafficking of RNA granules (e.g., neuronal granules) to
the synapses are important for nerve cells to survive. Thus, the author proposed that
interactions between the LCDs of RNA granule proteins and intermediate filaments may be
centrally involved in the control of localized translation. Disturbance of such interactions by
poly(PR) may interfere with dynamic behavior of intermediate filaments and proper
deposition of RNA granules that will lead to blockage of information flow from gene to
message to protein. Together, these studies revealed that DPR toxicity involves broad
impairments to dynamic cellular assemblies that arise from phase separation of LCDs.
However, an important unanswered question remains: which dynamic cellular assemblies
that arise from phase separation are most vulnerable to insults that drive ALS and related
diseases?

DPRs Produced by Mutant C9ORF72 Directly Plug the Nuclear Pore

Arginine-containing DPRs accumulate in several subcellular structures, including nucleoli,
stress granules, and other membrane-less organelles that assemble through phase separation
(Kwon et al., 2014; Mizielinska et al., 2014; Wen et al., 2014; Lee et al., 2016). By
examining the distribution of poly(PR) in nuclei of mammalian cells and oocytes of the frog
Xenopus laevis in greater detail with super-resolution microscopy, Shi et al. recently found
that poly(PR) peptide also accumulates in the central channel of the nuclear pore complex,
consistent with prior reports that the arginine-containing DPRs bind to nuclear pore proteins,
including FG-Nups that form the central channel (Figure 2) (Lee et al., 2016; Lin et al.,
2016). Shi and colleagues showed that the low-complexity FG domains of two Nups (Nup54
and Nup98) readily assemble into labile polymers, a property that may relate to selective
transport through the dynamic barrier within the central channel of the pore. Further, they
provided evidence that poly(PR) binds and stabilizes the fibrillar forms of Nup54 and
Nup98, which would be expected to reduce dynamics of the central channel and impair
nucleocytoplasmic transport. Moreover, when poly(PR) peptide was added to cells, it
accumulated in the central channel of the nuclear pore, resulting in a defect in nuclear
transport of RNA and protein, consistent with prior reports (Lee et al., 2016). The study not
only provides a satisfying explanation for how nucleocytoplasmic transport may be impaired
in C9 ALS-FTD, but may also illuminate a biophysical feature (disturbance of a biological
phase transition) that is relevant to the molecular basis of ALS-FTD pathogenesis more
broadly.

An Unanticipated Link Between the ESCRT Complex and

Nucleocytoplasmic Transport in ALS-FTD

Recent studies of the endosomal-sorting complexes required for transport (ESCRT) complex
identified an unexpected connection to nucleocytoplasmic transport that may contribute to
ALS-FTD. The ESCRT complex machinery is composed of five modules of protein
subunits: ESCRT-0, ESCRT-1, ESCRT-1I, ESCRT-III, and the AAA-ATPase VPS4,
Mutations in the ESCRTI1I-complex subunit CHMP2B are causative of ALS-FTD (Cox et
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al., 2010; Parkinson et al., 2006; Skibinski et al., 2005; van der Zee et al., 2008). The best
characterized function of the ESCRT complex is sorting ubiquitinated membrane protein
receptors into multivesicular bodies (McCullough et al., 2013). Importantly, recent
discoveries indicate that the sorting activity of the ESCRT complex may extend beyond the
endosomal system. Indeed, a recent study in yeast revealed a broad interaction network
between the NPC and the ESCRT complex machinery (Webster et al., 2014). Genetic
ablation of ESCRT-11l and VPS4 in yeast led to clustering of defective NPCs due to the mis-
assembly of NPC proteins, suggesting that the ESCRT complex may be responsible for
eliminating defective NPC assembly intermediates before they mature into a nonfunctional
NPC (Webster et al., 2014). In addition to a surveillance role in NPC assembly, ESCRT-I1I
may also play a role in the control of post-mitotic nuclear envelope reformation in
mammalian cells and in repair of nuclear envelope-rupturing events that are associated with
cellular migration or cellular aging (Denais et al., 2016; Olmos et al., 2015; Raab et al.,
2016). The link between the ESCRT complex and nuclear pore function was recent and
unanticipated, and it remains to be determined whether mutations in ESCRT-I11 that are
causative of ALS-FTD impact nucleocytoplasmic transport.

Nucleocytoplasmic Transport Defects in Other Neurodegenerative Diseases

Although extensively studied in the context of C9ORF72-mediated ALS and FTD, the role
of the NPC and nuclear transport has also been investigated in a number of other types of
neurological disease, particularly Huntington’s disease and Alzheimer’s disease. A hallmark
of Huntington’s disease is increased levels of polyglutamine-expanded huntingtin protein
(Htt) in the nucleus. Some evidence suggests that reduced nuclear export of Htt may be one
mechanism resulting in accumulation of the protein in the nucleus (Truant et al., 2007). The
N-terminal 17 amino acids of Htt compose a consensus exportin-1-dependent nuclear export
signal, which promotes shuttling between the cytoplasm and the nucleus (Maiuri et al.,
2013; Zheng et al., 2013). Interestingly, the N-terminal Htt fragment directly interacts with
nucleoprotein TPR (Figure 1), and this interaction is inhibited by the presence of a
polyglutamine-expanded repeat and Htt aggregation, thus decreasing Htt export to the
cytoplasm and increasing nuclear accumulation of mutant Htt (Cornett et al., 2005). Similar
results were reported in spinocerebellar ataxia type 7, another polyglutamine expansion
disease (Taylor et al., 2006).

Although these earlier reports largely focused on nucleocytoplasmic transport of the mutant
Htt protein itself, two recent studies have advanced the concept that mutant Htt is sufficient
to induce general defects in nucleocytoplasmic transport and that these deficits are indeed
central components of Huntington’s disease in humans (Gasset-Rosa et al., 2017; Grima et
al., 2017). Using a variety of models, including mouse, fly, iPSC-derived neurons, and
postmortem human tissues, these studies revealed highly abnormal NPC pathology in cells
expressing mutant Htt, including mislocalization and aggregation of Nups; GLE1 and
RanGAP1 were also mislocalized in mouse models expressing mutant Htt, apparently the
result of sequestration by intranuclear mutant Htt, leading to defects in mMRNA export.
Consistent with these findings, mislocalization of RanGAP1 and nuclear accumulation of
MRNA were also observed in postmortem tissue of patients with Huntington’s disease.
Given the parallels between these Htt-related findings and observations from wild-type
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aging neurons, which include a general decline in nucleocytoplasmic transport (see below),
the authors hypothesized that mutant Htt may accelerate cellular aging through its effects on
nucleocytoplasmic transport (Gasset-Rosa et al., 2017).

Notably, similar to hexanucleotide repeat expansion in C9 ALS-FTD, it was recently
demonstrated that the CAG repeat expansion in Huntington’s disease is associated with
RAN translation to produce four homopolymeric expansion proteins in addition to mutant
Htt itself (polyAla, polySer, polyLeu, and polyCys) (Banez-Coronel et al., 2015). These
sense and antisense HD-RAN proteins are also toxic to neural cells. Grima and colleagues
demonstrated that these RAN translation peptides impair nuclear import of protein in
primary neurons, suggesting that they may contribute to a nucleocytoplasmic transport
defect in Huntington’s disease. Remarkably, the toxic effects of mutant Htt and/or RAN
translation products could be mitigated by overexpression of Nups or pharmacological
treatment of neurons using small molecules that target the nucleocytoplasmic transport
pathway, supporting a potential role for these processes in pathogenesis (Grima et al., 2017).

More indirect evidence has been reported for Alzheimer’s disease. For example, neurons
from patients with Alzheimer’s disease have exhibited irregular nuclear morphology of FG-
Nup62 and mislocalization of importin-a.1 to inclusions (Lee et al., 2006; Sheffield et al.,
2006). Moreover, the prosurvival nuclear transcription factor NRF2, which is imported into
the nucleus by importin-a5 and importin-p1 (Theodore et al., 2008), was predominantly
cytoplasmic in hippocampal neurons from patients with Alzheimer’s disease, suggesting that
nuclear import of NRF2 is impaired in the brains of these patients (Ramsey et al., 2007).

Cerebral Aging and Nucleocytoplasmic Transport

Connections have been drawn between age-related neurodegenerative diseases and
physiologic aging. Prominent among the many cellular processes that decline with advanced
age is nucleocytoplasmic transport. The precise assembly, maintenance, and repair of the
NPC is critical to maintaining the health of the cell. Among the aspects of
nucleocytoplasmic transport that diminish or are altered with age, the strongest evidence
highlights alterations in the integrity of the NPC, although changes in expression of transport
factors and indirect effects from the accumulation of aggregated proteins have also been
implicated (Figure 5).

In dividing cells, NPCs disassemble during mitosis and reassemble with newly synthesized
proteins in newly forming nuclei (Rabut et al., 2004). However, in postmitotic cells such as
neurons, complete disassembly of all NPCs in a synchronous manner is impractical. Instead,
individual subcomplexes are exchanged slowly over time as new copies are synthesized.
Strikingly, scaffold Nups (nucleoplasmic/cytoplasmic rings and inner ring complex Nups,
Figure 1C) are extremely long-lived and are reported to remain incorporated in the NPC
during the entire cellular life span in Caenorhabditis elegans and in rat brains (D'Angelo et
al., 2009; Savas et al., 2012; Toyama et al., 2013). These long-lived proteins may represent
cumulative vulnerability of the NPC over time, as they are exposed to harmful metabolites
and/or chemicals throughout their lifespan. In fact, a subset of scaffolding Nups is
oxidatively damaged in aged cells, and this age-related deterioration of NPCs leads to
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increased nuclear permeability and the leaking of cytoplasmic proteins into the nucleus
(D'Angelo et al., 2009). This observation raises the intriguing possibility that defective NPCs
and dysregulated nucleocytoplasmic transport may contribute to aging and age-associated
diseases.

Changes in the expression levels of nucleocytoplasmic transport factors also occur with age.
For instance, nucleocytoplasmic transport factors such as importin a1, CAS, and RanBP1
were found to be downregulated in human fibroblasts obtained from old donors compared to
young donors, accompanied by a reduction in the protein import rate in fibroblasts from
older donors, suggesting an age-dependent nucleocytoplasmic transport defect (Pujol et al.,
2002).

Modeling studies suggest that age-dependent alterations eventually emerge as decreased
nucleocytoplasmic transport function. In one study involving human donors from a broad
range of ages, fibroblasts and induced neurons derived from aged donors exhibited impaired
nucleocytoplasmic transport compared with neurons derived from young or middle-aged
donors (Mertens et al., 2015). Comparison of the transcriptomes obtained from fibroblasts,
induced neurons, and cortex samples led to the identification of Ran-binding protein 17
(RanBP17), an importin-p family member, as a substantially downregulated gene in aged
cells. Remarkably, the knockdown of RanBP17in young fibroblasts resulted in
transcriptional changes similar to those found in aged cells (Mertens et al., 2015).

Recently, Woerner and colleagues provided evidence of a different, indirect impact of aging
on nucleocytoplasmic transport caused by accumulation of misfolded proteins (Woerner et
al., 2016). As proteostasis machineries become compromised during aging, aberrant protein
aggregates accumulate as toxic species (Taylor and Dillin, 2011), a process associated with
numerous neurodegenerative diseases including ALS and FTD. Woerner and colleagues
employed artificial p-sheet proteins to form cross-p structures with no evolved biological
function and demonstrated that their aggregation in the cytoplasm, but not in the nucleus, led
to defects in nuclear protein import and mRNA export. Similar nucleocytoplasmic transport
defects occurred in response to overexpression of mutant Htt protein and a C-terminal
fragment of TDP-43, both of which are pathogenic B-sheet proteins that form cytoplasmic
aggregates. Quantitative interactome analysis of these B-proteins identified the THO
complex, a member of the TREX complex (Figure 4), as a highly enriched B-protein
interactor. Indeed, THO complex subunit 2, importin-a 1, and importin-a.3 mislocalized in
cells containing cytoplasmic B-protein aggregates (Woerner et al., 2016). Taken together,
these reports suggest that the NPC and nucleocytoplasmic transport machinery may be
targets of cellular aging in models of normal and pathologic neuronal senescence, and
provide a mechanistic link between cerebral aging and neurodegenerative disease (Figure 5).

Concluding Remarks

Perturbation of nucleocytoplasmic transport has been identified as a central mechanism
underlying ALS-FTD, particularly those cases caused by mutations in C9ORF72, but also
other neurodegenerative diseases as well as normal aging. Although the observation that
most cases of ALS are associated mislocalization of TDP-43 was, in hindsight, the first clue
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that the pathomechanism of ALS might involve an abnormality in nuclear transport, the
temporal relationship between mislocalization of TDP-43, nuclear transport defects, and
neurotoxicity in ALS remains unclear. It is possible that a primary defect in nuclear transport
causes mislocalization and subsequent aggregation of TDP-43. It is also possible that
accumulation of cytoplasmic aggregates of TDP-43 drive a secondary defect in nuclear
transport.

Many additional questions remain. Despite the accumulation of experimental data indicating
impairment of nucleocytoplasmic transport through the NPC in disease models, evidence of
such defects in patients with ALS and other related diseases is thus far limited to
redistribution of NPC components in end-stage disease. In addition, the relative pathogenic
contribution of nucleocytoplasmic transport defects compared to impairments in other
cellular processes has not been fully evaluated. Moreover, the relative roles of the toxic
species causing damage to nucleocytoplasmic transport machinery — whether toxic RNA or
toxic DPRs — remains unresolved. While challenging, we anticipate that these issues will be
addressed soon in this rapidly moving field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial organization of nucleoporins in the nuclear pore complex
(A) Field emission scanning electron micrograph of an isolated Xenopus laevis oocyte

nuclear envelope showing the outer surface the outer nuclear membrane and the NPCs. (B)
Stimulated emission depletion (STED) image of nuclear pores in X. /aevis cells. The protein
gp210 (red) is arranged symmetrically around the central pore channel. In green, various FG
repeat nucleoporins were labeled with a pan-specific antibody. (C) A schematic cut-away
view showing half of an NPC embedded in the nuclear envelope. Nups that modify
CIORF72-mediated phenotypes in G4C,-repeat expanded flies and yeast are represented by
color-coded text: components in which loss of function (LOF) suppresses or in which gain
of function (GOF) enhances degeneration are labeled green, components in which LOF
enhances or GOF suppresses degeneration are labeled red. *Different studies have observed
opposite modifying effects of Nup50. Images reproduced with permission from (A) Martin
W. Goldberg and (B) Stefan W. Hell.
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Figure 2. Schematic model for the structural assembly of FG-Nups in the NPC channel
(A) According to the selective phase model, highly cohesive FG domains in FG-Nups

interact multivalently with each other to form a sieve-like hydrogel. The mesh size sets an
upper size limit for free passage of cargos. Nuclear transport receptors (importins for
proteins and NXF1-NXT1 for mRNPs) not only bind FG motifs but also disengage repeat-
repeat interactions. This transiently opens meshes in the immediate vicinity of nuclear
transport receptors and allows a nuclear transport receptor with its cargo to pass through the
FG hydrogel. (B) Left panel: Metal-shadowed electron microscopy image of the nuclear
envelope of the newt Notophthalmus viridescens. Image courtesy of Joseph G. Gall. Right
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panel: Image of the nuclear envelope of X. /aevis as obtained by super-resolution stimulated
emission depletion microscopy. Nuclear pore outer ring complexes are visualized by staining
for gp210 (green); central channels of the nuclear pores are shown by staining for
poly(PR)20 (red). Image courtesy of Zehra F. Nizami.
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Figure 3. Schematics of protein movement through the nuclear pore complex
(A) The Ran gradient arises due to asymmetric distribution of Ran regulators, which dictate

whether GTP or GDP is bound to Ran. Nuclear RanGEF (RCC1) promotes the dissociation
of GDP from Ran and allows the binding of GTP. Ran in the nucleus is predominantly in the
GTP-bound form. When RanGTP leaves the nucleus, the cytosolic RanGAP induces GTP
hydrolysis by Ran in cooperation with RanBP. In the cytoplasm, the RanGTP concentration
is low and the RanGDP concentration is high. Pi, inorganic phosphate. (B) In the cytoplasm,
importin-B binds cargo via the adaptor protein importin-a, forming a trimeric complex.
Importin-p then carries cargo through the NPC. Some importin-ps directly bind cargo,
forming a dimeric complex that transports cargo into the nucleoplasm. In the nucleus,
binding of RanGTP induces a conformational change in the importin, causing it to dissociate
from its cargo. This process results in two complexes: a trimeric complex composed of
importin-a, its nuclear export factor CAS, and RanGTP, and a dimeric complex composed
of importin-B and RanGTP. These complexes translocate into the cytoplasm, where RanGTP
is hydrolyzed. Importin-a and importin-f are released from CAS-RanGDP and RanGDP,
respectively, and are available to transport the next cargo. (C) Exportin recruits its cargo
when bound to RanGTP in the nucleus. This ternary export complex crosses the NPC to the
cytoplasm, where GTP undergoes hydrolysis, triggering the release of the cargo. Proteins
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known to modify CIORF72-mediated phenotypes in G4Co-repeat expanded flies and yeast
are represented by color-coded text as follows: components in which LOF suppresses or in
which GOF enhances degeneration are colored green, components in which LOF enhances
or GOF suppresses degeneration are colored red. *Different studies have observed opposite
modifying effects of RCC1.
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Figure 4. Export of mMRNPs through the nuclear pore complex

A single pre-mRNA is bound to multiple RNA-modifying proteins, including the cap-
binding complex (CBC), serine-arginine-rich (SR) proteins, and the exon-junction complex
(EJC). An mRNA containing an error in 3" end processing, splicing, or packaging into

1duosnue Joyiny

MRNPs is directed to the exosome complex by the exosome cofactor complexes TRAMP
and NEXT. The TREX and TREX2 complexes are recruited to a mature mRNP that passes
quality control. NXF1 and NXT1 are then recruited to the mRNP, and the cargo mRNP is
transferred to the nuclear basket, which initiates the translocation of the cargo mRNP
through the NPC. In the cytoplasm, GLE1 and InsPg activate DBP5, which binds to the
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mMRNA and alters the structure of the mRNP, thereby removing the NXF1-NXT1 complex in
an ATP-dependent manner.
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Figure 5. Cellular aging, disease, and nucleocytoplasmic transport
The dysfunction of nucleocytoplasmic transport is observed during aging and

neurodegenerative diseases. Age-related transcriptome changes, in particular the
downregulation of nuclear transport factors (e.g., karyopherins and RanBP1), lead to
dysfunction of nucleocytoplasmic transport that results in the accumulation and aggregation
of proteins in the cytoplasm. Cytosolic aggregates, in turn, cause structural abnormalities in
the NPCs and further compromise nuclear import and export of proteins and mRNAs.
Disease-associated proteins take the same route as aging to target and perturb the function of
the NPC.
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