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Fronto Temporal Lobar Degeneration (FTLD) and Amyotrophic Lateral Sclerosis
(ALS) are two fatal and rapidly progressing neurodegenerative diseases. A unifying
characteristic of these diseases is the mislocalization of an RNA-binding protein, TDP-43. In
unstressed cells, TDP-43 is predominantly nuclear and constantly shuttling to the cytosol; in
ALS/FTLD, TDP-43 is aggregated in the cytosol. Two lines of evidence suggest this shift is
a cause, rather than an effect, of disease. First, point mutations in the C-terminus of TDP-43,
which enhance its aggregation, are a rare cause of familial ALS. Second, animal models
which replicate the disease-linked redistribution of TDP-43 in motor neurons demonstrate the

progressive muscle weakness and loss of spinal cord mass seen in patients.
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However, little is known about the cellular insults that promote TDP-43
mislocalization. My graduate work makes two contributions to this understanding. First, |
elucidated a major determinant of normal TDP-43 trafficking. TDP-43 localization is
governed by the balance between nuclear import and nuclear export. While a model for
TDP-43 nuclear export had been proposed, there was no direct experimental evidence
supporting it.

| have shown that the proposed model of TDP-43 nuclear export is incorrect; the
putative nuclear export signal (NES) does not mediate nuclear export, and TDP-43 nuclear
export is XPO1 independent. Additionally, my data suggest no discrete trafficking signal
within TDP-43. Rather, | propose that TDP-43 nuclear export is primarily driven by
diffusion through the nuclear pore.

Second, I focused on an upstream event known to affect TDP-43 localization:
progranulin secretion. One genetic cause of FTLD is a single loss-of-function mutation in
GRN, which causes progranulin haploinsufficiency. For reasons that are still unclear, a
lifetime of progranulin haploinsufficiency in a patient causes FTLD with TDP-43
mislocalization. | focused on how a subset of GRN mutations- the signal sequence
mutations- prevent progranulin secretion. | found that the W7R and A9D mutations disrupt
co-translational recruitment of the targeting factor SRP (Signal Recognition Particle). This
triggers a quality control pathway called RAPP (Regulation of Aberrant Protein Production),
which results in degradation of both mutant protein and mutant mRNA. Thus, RAPP

mediates progranulin haploinsufficiency in these patients.
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CHAPTER ONE

Introduction and Literature Review

Neurodegenerative Disease

Neurodegenerative diseases (ND) are characterized by a progressive loss of neurons
which manifests as a gradual decline in nervous system function. NDs represent a huge
burden of morbidity and mortality in the developed world. In fact, two of the top fifteen
causes of death in the United States in 2014 were neurodegenerative diseases: Alzheimer’s,
#6, and Parkinson’s, #14 [1]. Moreover, as the population ages, the impact of these diseases
will only increase; increasing age is the primary risk factor for Parkinson’s and Alzheimer’s,
and is correlated with increasing incidence in other neurodegenerative diseases, such as ALS
(Amyotrophic Lateral Sclerosis) [2-4]. However, despite the threat posed by these diseases,
we still lack a detailed understanding of the pathological changes which drive them.

Neurodegenerative diseases share several unique features. First, rather than a diffuse
effect on the nervous system, most neurodegenerative diseases display a striking specificity
for a type of neuron; for example, dopaminergic neurons in the substantia nigra are
preferentially targeted in Parkinson’s disease [5]. Second, brain regions affected by a
neurodegenerative disease have characteristic intra or extra cellular protein aggregates:
accumulations of misfolded proteins. The makeup of these aggregates is not random; rather,

aggregates have a dominant protein that varies by patient, and segregates by disease. A
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critical question in the field is the role these aggregates play in disease. Do aggregates cause

toxicity in affected neurons, or are they merely a byproduct of disease?

The elaboration of the genetics of neurodegenerative diseases provided strong support
for the former. For all described NDs, a subset of cases are familial: directly inherited by a
parent. Detailed genetic analyses of these familial cases, as well as sporadic cases, has
yielded comprehensive lists of ND-causing mutations. Many of these mutations strongly
suggest an aggregate-driven mechanism. For example, the three fully penetrant mutations
which cause Alzheimer’s disease — in which aggregates are composed of the f-amyloid
protein-- are in APP, PSEN1, and PSENZ2, all genes involved in amyloid production or
processing[6]. However, not all ND-causing mutations have such obvious potential to induce
aggregate formation. Moreover, many patients with neurodegenerative diseases do not carry
any known disease-causing mutation. This suggests a role for additional environmental
factors or genetic modifiers.

In summary, neurodegenerative diseases share two unique features: specificity for a
select population of neurons, and characteristic aggregates within affected brain regions.
These features are critical for defining and distinguishing between the different
neurodegenerative diseases.

FTLD/ALS: Two sides of a spectrum

The neurodegenerative diseases FTLD (FrontoTemporal Lobar Degeneration) and
ALS (Amyotrophic Lateral Sclerosis) were originally classified as two distinct entities, due
to their differing clinical presentations: patients with ALS present with motor defects, while

patients with FTLD present with cognitive deficits [7, 8]. These presenting symptoms stem



directly from the type of neuron preferentially lost in disease; primarily motor neurons in
ALS versus cortical neurons in FTLD.

However, several advances have led to the reclassification of FTLD and ALS as two
extremes of a clinical spectrum [9]. Neurodegenerative diseases are distinguished from each
other by 1) the population of neurons affected 2) the protein component of aggregates and 3)
causative mutations, all of which co-segregate. In FTLD/ALS, all of these characteristics
present in a spectrum in the patient population.

First, FTLD/ALS patients rarely exhibit pure motor or pure cognitive deficits.
Around 50% of patients diagnosed with ALS demonstrate some degree of cognitive
impairment; in 15% of patients this impairment was severe enough to meet criteria for FTLD
[10]. Furthermore, clinical signs of motor disease are often seen in FTLD patients [9].

Second, the composition of aggregates in FTLD and ALS patients are very similar.

Historically, FTLD was divided into two pathological subtypes: FTLD-Tau, in which
aggregates are composed of tau, and FTLD-U, in which aggregates were composed of an
unknown, ubiquitinated protein [11]. Similarly, while rare ALS patients with SOD1
mutations had SOD1 positive aggregates, the majority of patients had aggregates composed
of an unknown ubiquitinated protein[12]. In 2006, an antibody-based screen revealed that
both types of aggregates were composed of the RNA-binding protein TDP-43 [13]. Several
large-scale follow up studies demonstrated that TDP-43 positive aggregates are found in the
majority of ALS and FTLD-U patients [14, 15]. Moreover, a sizeable minority of both

FTLD-U and ALS patients with TDP-43 negative aggregates have aggregates composed of



the related RNA-binding protein FUS [16]. However, there are still a small number of
patients whose aggregates are an unknown ubiquitinated protein (<1% FTLD patients) [17].

Finally, the genetics of FTLD and ALS are closely intertwined. Many of the
mutations which cause familial ALS (representing ~10% of total ALS cases) can also cause
FTLD, or a neurodegenerative disease with features of both ALS and FTLD [18]. For
example, a hexanucleotide repeat expansion in COORF72 is the most common genetic cause
of both ALS and FTLD [19]. Additionally, mutations in proteins involved in the ubiquitin-
proteosome pathways, such as UBQLNZ2, VCP, and CHMP2B, can cause both FTLD and/or
ALS [20-23].

There are some notable exceptions: SOD1 mutations are almost exclusively
associated with ALS, and Tau mutations are primarily associated with FTLD [12, 24].
However, the similarity of genetics and aggregate composition, and the symptoms of the
patient population, support the spectrum model of disease.

Therapeutic strategies for FTLD/ALS

FTLD/ALS is a fatal and rapidly-progressing neurodegenerative disease. Currently,
there are few therapies which slow the progression of FTLD/ALS; most existing therapies
are aimed at alleviating symptoms. One example of the former is riluzole, which is thought
to mitigate glutamate excitotoxicity, a pathological adaptation seen in dying neurons [25, 26].
Unfortunately, this drug only modestly extends life by 2-3 months [25]. To develop more
efficacious therapies, we need to target pathological processes which occur earlier in the

disease. One such process is the accumulation of protein aggregates.



TDP-43 aggregation is a mechanism of neurotoxicity in FTLD/ALS:

One of the earliest bases for subtyping FTLD and ALS came from the protein
component of aggregates. To a large degree, the identity of the ALS/FTLD- causing
mutations predicts the makeup of the protein aggregates (Table 1). For example, patients
with SOD1 mutations develop SOD1 aggregates, and patients with FUS mutations develop
FUS aggregates [27-29]. However, TDP-43 aggregation appears to be a more general
pathway.

TDP-43 mutations which increase the protein’s propensity to aggregate are a rare
cause of familial ALS/FTLD (~0.5% of ALS patients), suggesting TDP-43 aggregation is
sufficient to cause neurotoxicity [30, 31]. However, TDP-43 aggregates are not limited to
patients with TDP-43 mutations. The majority of ALS/FTLD patients have protein
aggregates composed of TDP-43: ~97% of ALS patients, and ~45% of FTLD patients.

These TDP-43 aggregates are seen both in patients with disparate ALS/FTLD causing
mutations (see table 1), and in patients with no known genetic cause of ALS/FTLD. The
intracellular aggregates and course of disease in these patients are identical, suggesting that
TDP-43 aggregation is a root cause of toxicity, and that TDP-43 aggregation can result from

many different environmental and/or genetic causes.



Table 1.1: Aggregates in FTLD/ALS

Main component of | Prevalence in | Associated Prevalence in | Associated
Aggregates ALS mutations in FTLD mutations in
ALS FTLD
TDP-43 97% Sporadic; 45% CI90RF72;
CI90RF72 PGRN;
VCP; VCP;
CHMP2B; OPTN
TDP-43;
ANG;
OPTN
UBQLN2
FUS <1% FUS 9% Sporadic [32]
UBQLN2 FUS
Tau None observed 45% MAPT
mutations
SOD1 2% SOD1 None observed
mutations
Unknown

ubiquitinated protein




Figure 1.1: TDP-43 aggregation in FTLD/ALS

TDP-43 aggregation- common mechanism of
disease in FTLD/ALS

TDP-43 mutations Environmental factors?
FTLD/ALS causing mutations in:

C90RF72, VCP, GRN, etc \ k /

Normal FTLD/ALS

TDP-43 function:

TDP-43 is a ubiquitously expressed and highly conserved RNA-binding protein, with
homologs in C Elegans, D Melanogaster, mouse, and rat [33]. Underscoring its importance,
germline loss of TDP-43 is embryonic lethal for mice and causes dramatic locomotive
defects in Drosophila [34-36]. TDP-43 overexpression is also toxic; mice overexpressing
either WT human TDP-43 or WT mouse TDP-43 in the CNS have motor defects and early
mortality, depending on the degree of overexpression[37-41]. In Drosophila, even modest
amounts of overexpression cause neuronal loss [42]. Thus, cellular health requires TDP-43
expression within a very tight window. To achieve this, TDP-43 mRNA stability is

autoregulated; nuclear TDP-43 protein binds the 3° UTR of TDP-43 mRNA and promotes its




8
degradation by enhancing the excision of the proximal poly A site [43]. This autoregulation

IS S0 robust that mice which are heterozygous for a TDP-43 null allele have same levels of
TDP-43 mRNA and protein as wild-type mice [34, 36].

The tight regulation of TDP-43 suggests that it plays a critical role within the cell.
However, the exact nature of this role has proved elusive. TDP-43 has long been known to
influence splicing; in fact, its role in splicing was described even before its involvement in
ALS. The genetic disease cystic fibrosis is caused by loss of a chloride transporter CFTR
[44-46]. One of the CFTR mutations which cause cystic fibrosis is an expansion of TG
repeats in exon 9, called the “T5” allele. In patients carrying the CFTR “T5” allele, TDP-43
is inappropriately recruited to CFTR mRNA, where it promotes aberrant splicing of exon 9
[47]. This aberrantly spliced mRNA encodes a nonfunctional protein [48]. The dose-
dependent effect of TDP-43 on exon 9 splicing of the T5 CFTR allele is the basis for a
widely-used assay to evaluate TDP-43 function. The CFTR exon 9 splicing assay uses a
CFTR minigene, created by Niksic et al, which contains exon 9 as well as flanking sequence.
This minigene generates two splicing products, and like endogenous CFTR, the ratio of the
two splicing products is dependent on the dose of TDP-43 [49].

After the role of TDP-43 in ALS was uncovered, follow up studies demonstrated that
TDP-43 regulation of transcriptome extended far beyond CFTR. In vitro studies
demonstrated that RNA-binding of TDP-43 is mediated by two tandem RNA Recognition
Motifs (RRMs), which preferentially bind long UG repeats. TDP-43 targets were determined
in vivo using RIP-Seq and CLIP-seq: TDP-43 was immunoprecipitated, and the associated

RNAs are sequenced. In CLIP-Seq, the interactions between TDP-43 and target RNAs were



stabilized by cross-linking, while in RIP-Seq they were not. The results of RIP-Seq of
cultured rat hippocampal neurons, CLIP-Seq of mouse brain, and CLIP-Seq of human brain
samples, all confirmed the in vitro studies: TDP-43 binds RNAs with a consensus motif of
(UG)n [50-52]. Interestingly, the results of all three experimental setups also suggested that
TDP-43 bound a huge number of mRNA targets (in the CLIP-Seq mouse brain study, just
under a third of the mouse transcriptome), and preferentially bound introns. However, the
effect of TDP-43 binding was not clear. One study attempted to address this by performing
parallel RNA-Seq on mouse brain treated with either control anti-sense oligos or anti-sense
oligos targeting TDP-43. There was no comprehensive fate of TDP-43 targets in the
absence of TDP-43; some targets were upregulated in the absence of TDP-43, some
downregulated, and some alternatively spliced [50].

However, a recent study has proposed a convincing role for TDP-43: repressing the
inclusion of cryptic exons in mature mMRNAs [53]. By inducing genetic deletion of TDP-43
in mouse ES cells, and taking advantage of the improvements in RNA-Seq, Ling et al
identified multiple cryptic exons in mES cells lacking TDP-43. Notably, some of these
cryptic exons were the intronic binding sites identified in earlier studies. Moreover, de-
repression of cryptic exons contributed to the toxicity of TDP-43 deletion; the toxicity of
TDP-43 knockout was partially rescued with expression of a TDP-43 fusion protein in which
the C-terminus was replaced by a repressor. To date, of all functions which have been
ascribed to TDP-43, repression of cryptic exons is the best described and understood.

TDP-43 has also been proposed to play a number of other roles within the cell. For

example, TDP-43 was first identified as a protein which bound regulatory sequences in HIV
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DNA, repressing HIV-1 gene expression [54]. TDP-43 has also been shown to bind DNA

and repress transcription of acrvl, a testes-specific mouse gene [55]. TDP-43 has been
shown to directly bind RNA granules in the cytosol, and enhance the transport of one of its
target mMRNAs, Nefl, down the axon [56]. However, whether these roles for TDP-43
generalize beyond these few described substrates is unclear. TDP-43 is also recruited into
stress granules, although it is not required for stress granule formation [57].

A critical question for the field is which, if any, of these functions are directly
disrupted by ALS/FTLD causing mutations. Around 30 ALS/FTLD-causing mutations in

TDP-43 have been documented (http://www.molgen.ua.ac.be/FTDMutations/). With very

few exceptions, these are all point mutations in the C-terminus of the protein. This region is
glycine-rich and unstructured, with some homology to fungal prion proteins. The C-terminus
is required for TDP-43 to be recruited into stress granules, and is required for recruitment
many of TDP-43’s protein partners: hnRNP A2/B1, hnRNP Al, and FUS [58-60].
Interestingly, some ALS/FTLD-causing mutations do increase association between TDP-43
and FUS [59], and some mutations have a small effect on stress granule dynamics [60].
Whether this plays a role in disease is still unknown.

The C-terminus is also required for TDP-43’s effect on CFTR exon 9 skipping, and
likely other splicing events [58]. None of the ALS/FTLD mutations tested disrupt exon 9
skipping [61]. However, transgenic mice expressing TDP-43 Q331K (ALS-linked mutant)
do show aberrant splicing of some TDP-43 targets [62]. Arnold et al postulated that these

aberrant splicing events were in part responsible for the toxicity seen in transgenic mice.
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However, the best-supported hypothesis for the toxicity of ALS/FTLD-linked TDP-

43 mutations is that they promote TDP-43 aggregation. All patients with TDP-43 mutations
have TDP-43 aggregates. With few exceptions, ALS/FTLD-linked mutations are in the C-
terminus, a very aggregation prone region of TDP-43 [31]. Moreover, many of the
ALS/FTLD causing mutations have been demonstrated to directly increase aggregation
propensity [31, 63] or increase the half-life of TDP-43 [59, 61].
TDP-43 aggregation and mislocalization are linked in ALS/FTLD

The discovery that TDP-43 is the primary component of ALS/FTLD ubiquitin-
positive aggregates led to another observation: neurons containing TDP-43 aggregates also
have a dramatic redistribution of TDP-43. In neurons that did not contain aggregates, as well
as those in unaffected controls, TDP-43 was highly expressed and predominantly nuclear.
However, neurons with TDP-43 aggregates had dramatically depleted nuclear TDP-43 [13].
Additionally, there is evidence that ALS/FTLD patients have loss of functional TDP-43 in
affected brain regions; post-mortem brain tissue from ALS/FTLD patients demonstrate high
rates of inclusion of cryptic exons [53]. In light of the critical role TDP-43 plays regulating
the transcriptome, this raised an important question: how much of the neurotoxicity seen with
TDP-43 aggregates is a direct result of the aggregate, and how much is due to the secondary
loss-of-function?

However, this question has proven very difficult to answer, because TDP-43
aggregation and nuclear depletion are mechanistically linked; in cell culture, TDP-43
aggregates deplete nuclear TDP-43 within 72 hours [64]. Depletion of cytosolic TDP-43 is

expected, because once a TDP-43 aggregate forms remaining soluble protein is rapidly
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incorporated into it [31]. But how can an aggregate in the cytosol deplete soluble protein in

the nucleus? TDP-43, although predominantly nuclear, is constantly shuttling to and from
the cytosol [65]. Thus, the pool of soluble cytosolic TDP-43 is in dynamic equilibrium with
the pool of soluble nuclear TDP-43. So, over time all soluble TDP-43 — both cytosolic and
nuclear — is predicted to incorporate into the aggregate. Notably, the rate of nuclear
depletion should be limited by the nuclear export of TDP-43. Because depletion of nuclear
TDP-43 likely plays a role in the toxicity of TDP-43 aggregates, it is critical to understand
the determinants of TDP-43 shuttling and localization.

TDP-43 shuttling and localization:

Like many other proteins within the hnRNP family, TDP-43 is an RNA-binding
protein which is predominantly nuclear, but constantly shuttling to and from the cytosol [65].
While TDP-43 mutations which affect its RNA binding, dimerization, and protein partners
have subtle effects on TDP-43 localization, the major determinants of TDP-43 localization
are its nuclear import and nuclear export [65].

The nucleus is a membrane bound organelle, so all traffic between the nucleus and
cytosol is restricted to the nuclear pores [66]. Nuclear pores are large multi-protein
complexes which span both nuclear membranes and form a semipermeable barrier: small
proteins, ions, and water can diffuse through freely, while larger molecules can only
efficiently pass through with the aid of a karyopherin [67, 68]. Early studies of nuclear pores
suggested a hard size cutoff of 40 kDa for diffusion through nuclear pores[69]. However,
recent work suggests a soft ceiling to diffusion: even very large proteins (~130 kDa) can still

diffuse through the nuclear pore, although efficiency decreases as size increases [70, 71].



13
Active transport through the nuclear pore is mediated by the karyopherin family of

proteins. These can either selectively import proteins (from the cytosol to the nucleus),
selectively export proteins (from the nucleus to the cytosol), or both. The cargoes of
karyopherins are designated by small peptide sequences, called “Nuclear Localization
Signals” (NLS) if they mediate import or “Nuclear Export Signals” (NES) if they mediate
export; NLSs and NESs are directly recognized by a karyopherin [72]. NLSs and NESs must
be solvent accessible to recruit a karyopherin, so they are usually within an unstructured
domain[73]. Directionality of nuclear transport is conferred by the small G-protein Ran,
which is GTP bound in the nucleus and GDP bound in the cytosol [74, 75]. Importins only
bind cargo in the absence of Ran GTP, whereas exportins only bind cargo in the presence of
Ran GTP[75].

Nuclear import of TDP-43 has been shown to be mediated by importin o (KPNA)
binding to a nuclear localization signal (NLS) in the N-terminus of TDP-43. Knockdown of
its protein partner, importin 31 (KPNB), results in cytosolic TDP-43 accumulation [76].
Culturing tBN2 cells -- a cell line with a temperature sensitive Ran gradient (temperature
sensitive RCC1, Ran GEF) -- at the restrictive temperature also results in cytosolic TDP-43
accumulation [64]. Moreover, TDP-43 mutations in the NLS — lysine/arginine to alanine —
also result in cytosolic accumulation [64]. Finally, TDP-43 directly binds importin o
(KPNA) [76].

TDP-43 export has been less well characterized. In general, nuclear export is far less
understood than nuclear import. While there are seven known exportins, an NES consensus

sequence has only been described for XPO1[72, 77]. This consensus sequence is extremely
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loose; consisting mainly of regularly interspersed hydrophobic residues [78]. Thus,

discovering NESs based on sequence alone is fraught; the literature is filled with examples of
NESs, identified based on sequence alone, which were later discovered to play no role in
export [78]. One helpful rule of thumb is to take into account secondary structure as well as
sequence; a true NES is more likely to be solvent exposed and relatively unstructured [79].

Figure 1.2: Domain map of TDP-43
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The putative NES which mediates TDP-43 export was first identified based on
homology to the consensus sequence : ¢ - X23 - ¢ - X2.3-¢ - X - ¢, where ¢ is a hydrophobic
amino acid — Met, Val, Leu, or lle —and X is any amino acid . However, even on the surface
this NES seemed problematic. First, it is not predicted to bind XPO1 very well; one critical
component of an NES is the spacing between the last two hydrophobic residues. The
putative NES in TDP-43 does not maintain this spacing; it ends in LII, ¢ - ¢ - ¢ rather than ¢
- X - ¢. Second, even if the sequence were capable of recruiting XPO1, it is not predicted to

be solvent exposed. The NES is within a well-folded domain, RRM2; moreover, in an NMR
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solution structure of RRM1-RRM2, the hydrophobic residues predicted to directly bind

XPOL1 are instead buried in RRM2 [80].

This problematic NES was also not well-supported by experimental data. The only
supporting evidence that the putative NES mediated export was that TDP-43 putative NES
mutants — leucine/isoleucine to alanine — aggregate in the nucleus [64]. This was interpreted
as evidence that TDP-43 was accumulating in the nucleus. However, given the structural
data, a more likely explanation is that these mutations disrupt the core of RRM2, making it
more aggregation prone. The effect of these mutations on nuclear export itself was never
assessed.

Finally, the role of XPO1 in TDP-43 nuclear export was not well-supported.
Treatment of cells with a potent XPOL1 inhibitor, leptomycin B, led to the formation of
nuclear TDP-43 aggregates [64]. Again, this was interpreted as evidence that LMB inhibited
TDP-43 nuclear export, and the effect of XPO1 inhibition on TDP-43 nuclear export was
never directly assessed. Notably, XPOL1 inhibitors are tolerated fairly well, and are in
preclinical trials for some cancers and inflammatory diseases [81, 82]. Thus, if XPO1
inhibitors block nuclear export of TDP-43, they may have some therapeutic benefit for
ALS/FTLD patients.

In summary, despite the importance of TDP-43 nucleocytoplasmic shuttling for both
understanding the pathogenesis of, and potentially treating, ALS/FTLD, only nuclear import

has been satisfactorily described.
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Causes of TDP-43 aggregation and mislocalization in ALS/FTLD

The aggregation and mislocalization of TDP-43 is thought to play a causal role in
ALS for several reasons. First, point mutations in the C-terminus of TDP-43, which enhance
aggregation of the protein, are a rare cause of familial ALS/FTLD [30]. Second, TDP-43
aggregates are seen in the vast majority of ALS patients (~97%) and a plurality of FTLD
patients (~45%). Third, animal models which replicate the ALS-linked redistribution of
TDP-43 in motor neurons -- through overexpression of a cytosol- restricted TDP-43 mutant,
an ALS-linked TDP-43 mutant, or an aggregation prone TDP-43 truncation mutant--
demonstrate the progressive muscle weakness and loss of spinal cord mass seen in patients
[83-85].

There are parallels with other proteins in the hnRNP family. For example, FUS is
also genetically linked to ALS/FTLD [28]. Moreover, in unstressed cells without aggregates,
FUS is predominantly nuclear and continuously shutting; in a cell with a FUS aggregate,
soluble FUS is depleted from the nucleus [16]. Two types of FUS mutations cause
ALS/FTLD. The first are point mutations in its C-terminus which, like C-terminal TDP-43
mutations, increase propensity of FUS to aggregate [86]. The second type are point
mutations within FUS NLS (Nuclear Localization Signal) which disrupt nuclear import [87].
Although no NLS mutations in TDP-43 have been found in ALS/FTLD patients, animal
models which express TDP-43ANLS develop neuron loss and motor spasticity similar to
ALS/FTLD patients [83, 84].

The cellular insults that promote TDP-43 aggregation and redistribution are

incompletely understood. The C-terminal TDP-43 point mutations that cause familial
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ALS/FTLD have been demonstrated to increase its aggregation propensity, both in vitro and

in vivo [31, 63]. But the majority of ALS/FTLD patients with TDP-43 aggregation and
redistribution do not have TDP-43 mutations. While many genetic causes of ALS/FTLD
with TDP-43 aggregation have been described -- COORF72 repeat expansions, loss-of
function mutations in OPTN (optineurin), VCP (Valosin-containing Protein), and GRN
(progranulin) — whether these mutations directly affect TDP-43 localization and aggregation
is still unknown.
Progranulin mutations in FTLD/ALS

Progranulin is a cysteine-rich secreted protein linked to neurodegenerative disease
[88]. Progranulin secretion is canonical: the extreme N-terminus encodes a signal sequence,
which recruits the trafficking factor Signal Recognition Particle (SRP) during translation
[89]. When SRP binds its receptor on the ER membrane, the associate ribosome-nascent
chain complex docks onto the ER membrane, and progranulin is translated into the ER
lumen. From the ER lumen, progranulin trafficks to the Golgi, then a secretory vesicle, and is
eventually secreted outside of the cell [90]. During this process, progranulin is extensively
modified: in the ER, the signal sequence is cleaved by signal peptidase, cysteines are reduced
to form disulfide bonds, and the protein is N-glycosylated [89, 91]. Progranulin is further
modified in the extracellular fluid. Unusually, progranulin is composed of 7.5 repeats of the
~60 amino acid granulin domain [92]. Once in the extracellular fluid, progranulin is cleaved
by nonspecific proteases to release different granulins [93-97], which have distinct biological

functions [98-102].
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Progranulin is genetically linked to two neurodegenerative diseases: ALS/FTLD and

neuronal ceroid lipofuscinosis (NCL). A loss of function (LOF) mutation in one copy of
GRN causes ALS/FTLD with TDP-43 aggregates, while a LOF mutation in both copies of
GRN causes NCL, a multigenic lysosomal storage disease which causes neurodegeneration in
childhood [88, 103, 104]. Most LOF GRN mutations are either nonsense mutations or
frameshifts which result in a premature termination codon and trigger nonsense-mediated

decay (http://www.molgen.ua.ac.be/FTDMutations/). However, missense mutations have

also been described: A9D, which is in the signal sequence, disrupts secretion, and C139R and
C521Y disrupt disulfide bonds [105, 106].

As expected, patients with two LOF mutations have undetectable levels of plasma
progranulin, while those carrying a single LOF mutation have markedly decreased
progranulin levels, ~50% reduced compared to unaffected patients [107, 108]. Notably,
FTLD/ALS patients who do not carry progranulin mutations have the same level of secreted
progranulin as unaffected controls, suggesting progranulin deficiency is not a common
mechanism of disease [107].

NCL patients accumulate characteristic intracellular deposits of lipofuscin, a residue
of lysosomal digestion, and suffer from neurological symptoms such as seizure, ataxia, and
cognitive dysfunction. Interestingly, FTLD/ALS patients with GRN mutations share some
clinicopathological features of NCL, such as retinal degeneration and lipofuscin
accumulation [109]. Moreover, lysosomal function is impaired in fibroblasts from GRN

mutation carriers [109].


http://www.molgen.ua.ac.be/FTDMutations/
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The link between progranulin haploinsufficiency and lysosomal dysfunction suggests

a mechanism by which GRN mutations might predispose ALS/FTLD patients towards TDP-
43 aggregates. However, there is no direct evidence that lysosomes play a role in preventing
accumulation of TDP-43 aggregates.

A force opposing aggregation: Protein Quality Control

In the neurodegenerative field, the question of why affected neurons accumulate
protein aggregates has attracted a great deal of time and money. However, an equally
fundamental question is: Why don’t all cells accumulate protein aggregates? After all,
protein synthesis and folding are imperfect; and mutant and/or misfolded proteins are prone
to display hydrophobic surfaces and thus aggregate. In response to the threat posed by
aggregated proteins, cells have evolved quality control pathways to protect against
accumulation of aberrant proteins. These pathways fall into two broad categories: pathways
which find and degrade misfolded, mislocalized, or aggregated proteins, and pathways which
attempt to prevent the formation of these species.

Quality control pathways which attempt to prevent formation of misfolded proteins
center on the ribosome and translation. The mechanics of translation can help to identify an
aberrant mRNA: for example, stem-loop structures or a truncated mRNA may lead to stalling
and subsequent degradation. It is also increasingly being recognized that aberrant proteins
can be recognized during translation. For example, translation of a poly-lysine tract leads to
charge buildup inside ribosome, triggering quality control. More subtly, nascent chains

which are not recruiting their normal trafficking factors can also be recognized as aberrant.
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I will discuss the major characteristics of the quality control pathways centered on the

ribosome, or ribosome QC: Nonsense-mediated decay, No-Go decay, NonStop Decay, and
Regulation of Aberrant Protein Production. For each pathway, | will discuss the defect
sensed, the known machinery, and the fate of the mRNA and nascent chain. Finally, | will
discuss the role of these pathways in human disease.

Nonsense mediated Decay

NMD machinery and Defect sensed: Nonsense Mediated Decay (NMD) is triggered by an
mRNA with a termination codon in a suboptimal context, called a premature termination
codon. How a premature termination codon is distinguished from a normal termination
codon is still an area of active study. However, two features predispose a termination codon
to be recognized as a PTC: 1) a long 3’ UTR or 2) a downstream exon-exon junction (>50
nucleotides) [110].

The RNA helicase Upfl (Up Frameshift 1) is a master regulator of NMD; in both
yeast and mammalian cells, it is absolutely required for degradation of mMRNAs with PTCs
[111-113]. Upfl binding is stochastic and not specific for NMD targets; however, on
mRNAs without a PTC, Upfl binding does not initiate mRNA decay [110, 114-117]. In
order to initiate NMD, Upfl must directly contact eRF3 (eukaryotic release factor 3) on the
terminating ribosome [118, 119]. This recruits the kinase SMG1 (Suppressor with
morphological effect on genitalia 1), which phosphorylates Upfl [118, 120]. Phosphorylated
Upfl acts as a tag for target mRNAs; it recruits SMG5-SMG7, a heterodimer which

dephosphorylates Upfl and directs the mRNA to p-bodies for degradation [121, 122].
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Certain features of a normal mRNA antagonize the interaction between eRF3 and

Upfl, which is required for NMD activation. First, there is evidence that translation
termination at a normal termination codon is more efficient than at a PTC [123]. Efficient
termination reduces the probability of a stochastic Upfl binding in proximity to a terminating
ribosome. Second, if poly A binding protein (PABP) is in close proximity to a termination
codon, it suppresses NMD by interacting with eRF3 directly and shielding it from Upfl [124,
125]. Surprisingly, the suppressive effect of PABP on NMD requires eukaryotic initiation
factor 4G (elF4G) [126, 127]. This has led to the model that a mature cytoplasmic mMRNA is
in a closed-loop conformation -- with the 5 cap and poly-A tail in close proximity -- which
is resistant to NMD [128]. Conversely, in an mRNA with a very long 3’UTR (as might be
seen with a PTC), the spatial orientation of the termination codon, the 5’ cap, and the poly A
tail may not be conducive to assuming the closed conformation.

Just as NMD can be inhibited by the closed conformation of a normal mMRNA, it can
be stimulated by an exon junction complex (EJC) downstream of a termination codon. The
EJC is deposited approximately 24 nucleotides upstream of an exon-exon junction [129].
EJCs in the cytosol are bound by Upf2 and Upf3, but Upf2/3 are thought to be displaced
during the pioneer round of translation. However, a translating ribosome will not displace
Upf2/Upf3 if the EJC is far enough downstream of the termination codon. Experimental data
suggests this limit is~30 nucleotides; if an exon-exon junction is >~50 nucleotides
downstream of a termination codon, NMD is initiated [130, 131]

Fate of the mRNA: Upfl phosphorylation appears to be the critical signaling event which

triggers mRNA degradation. Phosphorylated Upfl can recruit many degradation factors so
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degradation can proceed along several different paths, depending on the substrate.

Degradation can be initiated by endonucleolytic cleavage, by de-adenylation of the poly-A
tail, or by decapping [132-138]

Fate of the protein: In yeast, the protein product of NMD is subject to proteosome dependent
degradation, which is stimulated by Upfl [139]. However, in humans, there does not appear
to be a common fate for a nascent chain associated with Upf1; some of these truncated
proteins can be detected in mammalian cells, while others cannot [140].

Fate of the ribosome: The fate of the ribosome translating an NMD substrate is still unclear.
No-Go Decay and Non-Stop Decay:

Machinery and Defect sensed: Both No-Go decay (NGD) and Non-Stop decay (NSD) are
primarily ribosome-rescue pathways. In canonical translation, a ribosome is released from
an mMRNA once it reaches a termination codon; termination codons recruit the release factors
eRF1/eRF3, which cleave the tRNA from the nascent chain and promote ribosome
disassembly [141]. However, in the case of a truncated mMRNA with no stop codon (NSD),
or an mRNA with secondary structure that prevents ribosome translocation, such as a stem
loop (NGD), an alternative pathway to disassemble the ribosome is required. Without
ribosome rescue, ribosomes become trapped in non-productive complexes [142]. NGD and
NSD rescue ribosomes from non-productive complexes: they recruit factors to disassemble
the ribosome, degrade the mRNA, and ubiquitinate and degrade the nascent chain.

Both NGD and NSD rely on Dom 34 (Pelota in mammals) and Hbs1 for initial

recognition of a “trapped” ribosome [143]. Cryo-EM structures of Pelota/Hbs1 on the

ribosome provide a rationale for their recruitment in NSD. In both elongation and
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termination, the occupant of the “A” site of the ribosome depends on the codon in the mRNA

channel of the “A” site; in elongation, an aminoacyl tRNA with the correct anticodon, and in
termination, the release factor eRF1, which recognizes a termination codon (reviewed in
[144]). Pelota is homologous to eRF1, but contains a loop which extends deep into mMRNA
channel of the “A” site [145]. This explains why Hbs1/Pelota would be preferentially
recruited in the case of NSD, where the mRNA channel of the “A” site does not contain a
codon. This also fits with in vitro data suggesting Dom34/Hbs1 preferentially bind
ribosomes with a short 3” end [146].

However, how Pelota/Hbs1 is recruited in NGD, when there is a codon in the mRNA
channel of the “A” site, is less clear. Structures of stalled No-Go complexes isolated from a
cell-free translation system, and structures of reconstituted complexes demonstrate that
Pelota/Hbs1 do bind ribosomes with mRNA in the “A” site [145, 147]. Both structures
showed poor density in mRNA channel, suggesting that Pelota binding may actively re-
position the mMRNA [145, 147]. In the case of the reconstituted complexes, a high degree of
complex was formed, making it more likely that Pelota/Hbs1 binding promoted re-
positioning, rather preferentially binding a subpopulation of ribosomes in which mRNA was
displaced [145]. This re-positioning is likely necessary for downstream NGD events.

This presents a difficulty in understanding how Pelota/Hbs1 recognize ribosomes in
need of “rescue”. In the case of NSD, a vacancy in the mRNA channel of the “A” site allows
for substrate recognition. If, in NGD, as the data suggests, Pelota binding is a cause, rather
than a result, of the vacant mRNA channel of the “A” site, then how is an NGD substrate

recognized?
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One helpful piece of evidence is the various substrates which undergo NGD. The

first described NGD substrate was an mRNA containing a stable stem loop, sufficient to
overwhelm the helicase activity of the ribosome [148] [149]. While substrates like this have
a codon in the mRNA channel of the “A” site, one might imagine that due to the tension on
the mRNA, the codon might not be optimally positioned to recruit its cognate aminoacyl
tRNA. An additional NGD substrate is mMRNAs containing codons for which the cognate
tRNAs are rare, or have been depleted or mutated [149-151]. Again, in these cases the
cognate aminoacyl tRNA is inefficiently recruited. Together, these suggest a competition for
the “A” site of the ribosome between eRF1, aminoacyl tRNAs, and Pelota. If the mRNA
channel of the “A” site contains a termination codon, eRF1 is preferentially recruited; if the
MRNA channel contains another codon, the cognate aminoacylated tRNA is preferentially
recruited; if the mRNA channel is empty, Pelota is preferentially recruited. However, Pelota
can be recruited even when the “A” site contains mRNA, if neither aminoacyl tRNA nor
eRF1 are efficiently recruited. Fitting with this model, yeast treated with the Histidine
biosynthesis inhibitor 3-AT (3-amino-1, 2, 4-triazole) show widespread ribosome pausing at
His codons, and this is not exacerbated in the ADom34 strain[152]. These ribosomes, which
we would expect contain deacylated tRNAMS in the “A” site, are not recognized as NGD
substrates. This suggests that ribosome pausing does not promote NGD, as long as the “A”
site is not available for Pelota binding

If the occupancy of the “A” site is truly the signal for an NGD substrate, than the
kinetics of Pelota binding an “A” site containing mRNA are probably critical to

distinguishing between a physiologic translational pause and a translational stall.
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Translational stalls often occur to aid in folding of the nascent chain, or recruitment of co-

translational binding partners. For example, there is evidence that a translational “slow-
down” is required for a secretory protein to recruit the targeting factor SRP (Signal
Recognition Particle)[153]. This slow-down, which is mediated by a stretch of sub-optimal
codons, does not appear to trigger NGD.

Fate of mRNA: In both NSD and NGD, mRNA degradation requires an initial recognition of
the stalled ribosome by Pelota/Hbs1 [143]. In NSD, the mechanism of mMRNA decay varies
between yeast and mammalian cells, and has not been completely elucidated in the latter. In
yeast, it requires Ski7, a component of the exosome which is not conserved in mammals
[154, 155]. In mammals, the exosome also participates in mMRNA decay; Ski2, Mtr4 and
Dis3 are all required for efficient degradation of a non-stop reporter mMRNA in mammalian
cells [156].

In NGD, Pelota/Hbs1 stimulate an initial endonucleolytic cleavage and disassembly
of the ribosome [143]. The re-positioning of mMRNA by Pelota is likely crucial for this. The
identity of the endonuclease is still unknown. Although Dom34/Pelota was proposed to have
endonucleolytic activity, this activity was not required for NGD, suggesting it does not act as
the endonuclease[157]. After the initial cleavage of the mRNA, 5* and 3’ fragments are
degraded by the exosome and Xrn1, respectively[149].

Fate of the ribosome: In both NSD and NGD, the ribosome is dissociated into its component
40S and 60S subunits. Once Pelota has been accommodated in the “A”site, Hbs1 hydrolyzes
GTP, which promotes a conformational shift in Pelota. This triggers dissociation of Hbs1

from and recruitment of ABCEL, a member of the ATP Binding cassette (ABC) family of
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proteins [146]. The power stroke of ABCE1 leads to dissociation of the ribosome into 60 S

and 40 S subunits [158]. However, in in vitro studies this dissociation can only occur if the
mRNA downstream of the “P” site is less than 9 nucleotides [143]. This is strong evidence
for an ordered model of NGD, where the first event is Pelota/Hbs1 binding, which re-
positions MRNA, followed by mRNA cleavage, followed by dissociation of the ribosomal
subunits. This ordered model of NGD also suggests a convergence of NGD and NSD after
MRNA cleavage.
Fate of the nascent chain: In the case of normal termination, the peptidyl-tRNA is cleaved
and the peptide is released [144]. In contrast, in ribosome recycling initiated by Pelota — an
eRF1 homologue which doesn’t contain the GGQ motif required to cleave peptidyl-tRNA —
the peptide is not released [144]. In the case of a very small peptide, dissociation of the
ribosome leads to release of the intact peptidyl-tRNA into solution [143]. However, a larger
peptide will remain trapped on the 60S ribosome.

A peptide is not trapped on the 60S ribosome as a consequence of normal
termination, so this peptide is recognized as aberrant, and ubiquitinated and degraded [159].
The trapped peptide is recognized by an E3 ubiquitin ligase Ltn1, which preferentially binds
and ubiquitinates nascent chains associated with a 60S, but not an intact 80S, ribosome. In
fact, use of a GTPase deficient Hbs1, which traps the stalled 80S complex, precludes nascent
chain ubiquitination [159].

Regulation of Aberrant Protein Production

Machinery and Defect sensed: Unlike NMD, NGD, and NSD, which are primarily triggered

by an aberrant MRNA, Regulation of Aberrant Protein Production, or RAPP, is triggered by
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an aberrant nascent chain. Specifically, RAPP recognizes a nascent chain which fails to

recruit normal co-translational binding partners and triggers specific degradation of the
translating MRNA. To date, RAPP has only been demonstrated in the special case of ra
translating secretory protein which fails to recruit the targeting factor SRP (Signal
Recognition Particle) [160]. However, this may generalize to other co-translational

interactions.

RAPP is the most newly discovered ribosome QC pathway, and consequently very
little mechanistic detail is known. However, RAPP is clearly distinct from the other
described QC pathways. First, RAPP is triggered by the nascent chain sequence rather than
the mRNA sequence; frameshift mutations in a secretory mMRNA demonstrated that (-1) and
(-2) mutants, which had protein sequences drastically different from WT, were subject to
degradation, while the (-3) mutant was protected. Second, RAPP is clearly triggered by loss
of a co-translational interaction with the nascent chain; mutant secretory proteins which
abolished SRP binding were subject to degradation. Moreover, SRP knockdown led to
degradation of a majority of secretory and membrane protein mRNAs (unpublished results).
Finally, the machinery of RAPP, while still largely unknown, is clearly distinct from the
other pathways. RAPP does not require Upfl (required for NMD) or Pelota (required for

NSD/NGD) [160].

The only protein found to play a role in RAPP is Argonaute 2 (Ago2), studied in the
context of the model secretory protein preprolactin (PPL). Ago2 plays a role in RNA

silencing, but has not before been linked to protein quality control [161]. When in vitro
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cross-linking was performed with a range of PPL mutants with mutations of varying severity

(AL, A2L, A3L, and A4L), SRP crosslinking was inversely proportional to Ago2 cross-
linking. Moreover, an Ago2 immunoprecipitation pulled down preferentially A4L PPL
mMRNA and not WT PPL mRNA. Additionally, Ago2 overexpression and knockdown
affected PPL mRNA levels, although this could be explained by an effect on transcription

rather than mRNA turnover [160].

Fate of mMRNA: The mRNAs targeted by RAPP are selectively degraded. However,
the mechanism by which they are degraded is not well understood. There is some evidence
that mMRNA degradation is initiated by an endonucleolytic cleavage; the RAPP substrate PPL
A4L mRNA is associated with monosomes, while WT PPL mRNA is associated with
polysomes (our unpublished work). No endonuclease has been identified as cleaving RAPP

substrates.

Fate of nascent chain: No full-length mutant protein is observed, suggesting that mutant

nascent chains are degraded, but no details are known [160].

Quality control in genetic diseases:

A subset of genetic diseases are caused by loss of a critical protein. One common
mechanism for loss-of-function (LOF) mutations is the triggering of quality control pathways
which eliminate the mutant protein. For example, many nonsense mutations trigger NMD,
resulting in degradation of mutant protein; ~30% of mutations which cause a genetic disease

introduce PTCs [162]. Some examples include nonsense mutations in CFTR, which cause
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cystic fibrosis; nonsense mutations in dystrophin, which cause muscular dystrophy; and

nonsense mutations in SOX10, which cause Waardenburg syndrome type 4C [163-165].
However, mutations can also trigger other ribosome QC pathways. For example,
missense mutations of a stop-codon would be predicted to trigger NSD. In fact, there are
several disease causing mutations of stop codons, reviewed in Klauer et al [166]
Similarly, point mutations within the signal sequences of critical secretory proteins
might trigger RAPP, leading to a LOF genetic disease. A handful of genetic diseases caused

by signal sequence point mutations can be found in the literature (see table).



Table 1.2: Human diseases associated with signal sequence mutations

Disease Gene Signal sequence Citation
mutation
Familial isolated PTH C18R [167]

hypoparathyroidism

Crigler-Najjar type UGT1Al L15R [168]
I

Dentine dysplasia DSPP Y6D [169]
type Il

FrontoTemporal GRN A9D [106]

Lobar Degeneration

Ehlers-Danlos COL5A1 L25R [170]
syndrome L25P
Early-onset Type I POMC Al15G [171]

diabetes



CHAPTER TWO

ACTIVE NUCLEAR IMPORT AND PASSIVE NUCLEAR EXPORT ARE THE

PRIMARY DETERMINANTS OF TDP-43 LOCALIZATION

Abstract

ALS (Amyotrophic Lateral Sclerosis) is a neurodegenerative disease characterized by the
redistribution of the RNA binding protein TDP-43 in affected neurons: from predominantly
nuclear to aggregated in the cytosol. However, the determinants of TDP-43 localization, and
the cellular insults which promote redistribution, are largely unknown. Here, we demonstrate
that the putative Nuclear Export Signal (NES) is neither necessary nor sufficient for nuclear
export. Moreover, the “ANES” mutant disrupts hydrophobic residues in the core of an RNA-
binding domain, disrupting solubility and function. Furthermore, nuclear export of TDP-43
is independent of XPO1, the exportin with the broadest substrate specificity. Interestingly,
TDP-43 with a large tag (tdTomato), unlike TDP-43 with a small tag (Flag), is unable to
accumulate in the nucleus in the absence of active nuclear import. Moreover, nuclear export
of TdtTomato-TDP-43 is significantly retarded compared to Flag-TDP-43. Together, these

suggest that nuclear export of TDP-43 is predominantly driven by passive diffusion.
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Introduction
Amyotrophic Lateral Sclerosis (ALS) is an adult-onset neurodegenerative disease

which preferentially targets motor neurons, causing muscle weakness and eventually
paralysis[172]. ALS is rapidly progressive and ultimately fatal[172]. While the mechanisms
underlying the degeneration of motor neurons remain unclear, the RNA-binding protein
TDP-43 has emerged as a key player in ALS pathogenesis.

TDP-43 is ubiquitously expressed and highly conserved, with homologs in C
Elegans, D Melanogaster, mouse, and rat [33]. Underscoring its importance, germline loss
of TDP-43 is embryonic lethal for mice and causes dramatic locomotive defects in
Drosophila [34-36]. Many functions have been ascribed to TDP-43, but the best described
is its role in splicing, especially in repressing inclusion of cryptic exons [48, 50-53].

Multiple lines of evidence implicate TDP-43 aggregation in the pathogenesis of ALS.
First, the characteristic histopathology of ALS: affected neurons contain cytosolic protein
aggregates which are composed of ubiquitinated TDP-43, with only rare exceptions [13, 14].
Notably, TDP-43 aggregation is accompanied by loss of soluble TDP-43 from the
nucleus[13]. Second, point mutations in TDP-43 are a rare cause of familial ALS, and many
of these mutations have been demonstrated to increase the propensity of TDP-43 to aggregate
[30, 31]. Finally, animal models which replicate the ALS-linked aggregation and
redistribution of TDP-43 in motor neurons -- through overexpression of a cytosol- restricted
TDP-43 mutant, an ALS-linked TDP-43 mutant, or an aggregation prone TDP-43 truncation
mutant-- demonstrate the progressive muscle weakness and loss of spinal cord mass seen in

patients [83, 85].



33
Given the importance of TDP-43 localization in ALS, we sought to understand the

determinants of normal TDP-43 trafficking. TDP-43 is predominantly nuclear, but
constantly shuttling to and from the cytosol [65]. While TDP-43 mutations which affect its
RNA binding, dimerization, and protein interactions have subtle effects on TDP-43
localization, the major determinants of TDP-43 localization are its nuclear import and
nuclear export [65]. TDP-43 nuclear import is mediated by importin o, which binds to a
canonical K/R nuclear localization signal (NLS) in the N-terminus of TDP-43 (Fig 1A) [64,
76]. Nuclear export of TDP-43 has been proposed to be mediated by XPO1, the exportin
with the broadest substrate specificity, through direct binding to a nuclear export signal
(NES) within RRM2 [64]. However, there is little experimental evidence to support this
mechanism.

Here, we demonstrate that TDP-43 nuclear export is not mediated through the
putative NES in RRM2. Our structural analysis demonstrates that the putative NES is not
predicted to be solvent exposed, and therefore would not be available to recruit XPO1.

Moreover, XPO1 binding assays demonstrate that even the exposed putative NES has low
affinity for XPO1. Finally, in vivo assays demonstrate that the RRM2 (which contains the
putative NES) is neither sufficient nor necessary for nuclear export of TDP-43. TDP-43
localization is further shown to be XPOL1 independent, both in cultured HeLa cells and
cultured primary hippocampal neurons. However, the fusion of a large (tdTomato) but not a
small (flag) tag to TDP-43 is sufficient to significantly retard nuclear export. Together, these

data support a model where TDP-43 nuclear export is largely diffusion driven.
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Results

The putative NES within RRM2 is not predicted to be solvent exposed, and when accessible is
incompetent to recruit XPO1

XPOL1 recognizes its cargo by directly binding a short peptide sequences, termed
Nuclear Export Signal (NES). XPOL1 can bind a wide variety of peptide sequences in either a
(+) or (-) orientation, thus the consensus sequence is very loosely defined by regularly
interspersed hydrophobic residues [173]. As a result of this very loose consensus sequence,
it is difficult to predict an NES based on sequence alone; predictions should take structural
data into account, and must be experimentally verified.

The putative NES within TDP-43 , “IAQSLCGEDLII” only poorly fits the consensus
sequence, as there are no spacers between the last three hydrophobic residues[173].
Moreover, unlike most NESs which are within unstructured domains, the putative NES in
TDP-43 is within a well-folded domain, an RNA Recognition Motif (RRM) (Fig 2.1a) [64,
78].

As a rough guide to whether this proposed NES might bind XPO1, we analyzed a
published NMR solution structure of the RNA binding domain (RRM1-linker-RRM2), (Fig
2.1b). The hydrophobic residues comprising the putative NES — which normally bind the
NES groove of XPO1-- are mostly hidden in a surface representation of the RNA binding
domain (Fig 2.1b)[80, 173]. In fact, calculating the solvent accessibility for the residues in
the putative NES for TDP-43 predicts that all except 1249 are predicted to be inside (Table
2.1). This suggests that these hydrophobic residues are critical for correct folding and

function of RRM2, rather than recruiting XPOL.
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Figure 2.1: Putative NES in TDP-43 is not solvent exposed and has a weak affinity for

XPO1
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a. Domain map of TDP-43, formatted using IBS Cuckoo [174]. NLS: Nuclear
Localization Signal, residues 82-98. RRM1: RNA Recognition Motif 1, residues
106-165. RRM2: RNA Recognition Motif 2, residues 191-257. “NES”: putative
Nuclear Export Signal, residues 239-250. “deINES”: set of point mutations reported
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to disrupt putative NES, 1239A, L243A, L248A, 1249A, 1250A. Glycine-Rich
domain: residues 270-414.
. Space-filling NMR solution structure of the TDP RNA binding domain (RRM1-
RRM2) [80]. Residues comprising the putative NES have been colored magenta.
Competition differential bleaching curves. Bleaching of a fluorescently labelled
control NES, FITC-NESpki, decreases with increasing XPO1 concentration (black
line). Bleaching of FITC-NESpk in the presence of fixed XPO1 and increasing
concentrations of MBP-NESpk; (blue line). Bleaching of FITC-NESek in the
presence of fixed XPO1 and increasing concentrations of MBP-NEStpp (red line).
. Invitro pull-down assay (Coomassie SDS PAGE) of purified human XPO1 binding
to immobilized GST-NESpk (on GSH agarose beads) or MBP- NEStpp (0n amylose
beads) in the presence of GSP1 (179ter, Q71L).



Table 2.1: Solvent Accessibility Surface of residues within TDP-43 putative NES

37

Amino Residue Total Apolar | Backbone | Sidechain | Ratio In/Out

Acid # (%)

ILE 239 27.06 27.06 2.75 24.31 16.5 i
ALA 240 2.18 0 2.18 0 0 i
GLN 241 64.27 14.33 8.15 56.13 39.1
SER 242 83.36 40 22.64 60.73 78.5 0
LEU 243 9.24 9.24 0 9.24 6.3 [
CYS 244 7.96 0.75 3.75 4.2 4.1 [
GLY 245 11.81 6.03 11.81 0 135 i
GLU 246 94.58 13.2 14.9 79.68 56.4 0
ASP 247 4.66 0.28 0.59 4.07 3.6 [
LEU 248 15.67 15.67 4.2 11.46 7.8 i
ILE 249 39.94 37.53 2.42 37.53 25.5
ILE 250 1.39 1.39 1.29 0.1 0.1 [




38

However, it is conceivable that these RRMs adopt an alternate structure to expose the
putative NES and facilitate export. In fact, there is NMR evidence that TDP-43 RRM2 can
adopt an intermediate structure [175]. To test the ability of the exposed putative NES to
recruit XPO1, the putative NES was expressed as a recombinant fusion protein in E Coli
(fused to maltose binding protein to improve solubility; MBP-NEStpp). In the case of TDP-
43, 3 additional amino acids on either side of the putative NES were added to provide context
for the NES, for a peptide sequence of DDQIAQSLCGEDLIIKGI.

First, XPO1 binding affinity was assessed using a competition differential bleaching
experiment, as previously described [173]. Briefly, the binding affinity of MBP-NES+pp for
XPO1 was calculated by its ability to compete with a labelled probe, FITC-NESpki. The
binding of FITC-NESpki to XPOL1 can be determined by the kinetics of FITC bleaching,
which are altered when the probe is bound to XPO1. The binding curve for the labelled
probe, FITC-NESpk, yielded a Kd of 73 nM, with 68.3% confidence interval [67, 79] (Fig
2.1c, black circles). The competitive binding curve of MBP-NESpk; with FITC-NESpk
yielded similar result, Kd of 58 nM [47, 70], demonstrating the internal consistency of the
assay (Fig 2.1c, blue circles). The competitive binding curve of MBP-NEStpp yielded an
affinity of 13 uM [11.3, 15.4](Fig 2.1c, red circles). While this affinity is much lower than
that of a strong NES such as NESpkj, it is within the range of affinities expected of a weak
NES [176].

To determine whether the weak affinity of the putative NES in TDP was sufficient to

recruit XPO1, in vitro XPO1 pull-down assays were performed. MAL-TDPnes was
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immobilized on amylose beads, and incubated with XPOL1 in the presence or absence of yeast

Ran-GTP. The TDP-43 putative NES was unable to pull down XPOL1 in the presence of
Ran-GTP, suggesting that even if RRM2 did adopt a conformation in which the putative NES
were solvent exposed, XPO1 binding would not be sufficient to mediate export. In contrast,
a control NES, GST-NESpk, immobilized on glutathione beads was able to pull down XPO1
in the presence but not the absence of Ran-GTP (Fig 2.1D).

TDP-43 RRM2 does not contain an NES: TDP-43 RRM2 is not sufficient for nuclear export

Our results have shown that the putative NES within TDP-43 is not predicted to be
exposed, and even when exposed binds XPO1 only weakly. However, this does not preclude
the possibility that RRM2 contains an alternate export signal. To determine whether RRM2
contained trafficking signals, we assessed whether RRM2 was sufficient and/or necessary for
nuclear export of TDP-43.

To determine whether RRM2 was sufficient for nuclear export, it was fused to a
reporter, 2x eYFP. As a small fusion protein, it should be able to diffuse through the nuclear
pore. If it contains no trafficking signals, it will be equally distributed between the cytosol
and nucleus. However, if it contains trafficking signals, steady-state localization will depend
on the relative strength of those signals; a stronger NLS will concentrate the reporter within
the nucleus, while a stronger NES will concentrate the reporter outside of the nucleus (Fig
2.2a). As a control for this assay, we assessed the localization of a fusion protein containing
a strong NES and a weak NLS, 2x eYFP-NESpk|-NLSsva40. As predicted, it is concentrated
outside of the nucleus (Fig 2.2b). However, when nuclear export is inhibited by treatment

with the XPO1 inhibitor Leptomycin B, then the weak NLS prevails, and the fusion protein
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accumulates within the nucleus. In contrast, the localization of 2x eYFP-RRM2 fusion

protein is diffuse throughout the cell, suggesting an absence of any export signals (Fig 2.2b).
Furthermore, introduction of the “ANES” point mutations causes the fusion protein to
accumulate in puncta, suggesting these mutations disrupt its solubility (Fig 2.2b). Indeed,
these mutations have been reported to disrupt the solubility of full-length TDP-43 as well
[64]. This supports the structural evidence that the residues within the putative NES are
stabilizing the core of the domain.
TDP-43 RRM2 does not contain an NES:RRM2 is not required for nuclear export of TDP-43
To test whether RRM2 is required for TDP-43 nuclear export, the heterokaryon
shuttling assay was used [177]. In these assays, a “donor” cell which expresses a tagged
protein of interest is fused with a “recipient” cell to make a heterokaryon containing both
nuclei. Cells are treated with the translation inhibitor, cycloheximide, to prevent newly
synthesized cytosolic protein from accumulating in the recipient nucleus. Thus, accumulation
of the tagged protein in the recipient nucleus indicates nuclear export from the donor nucleus
and re-import into the recipient nucleus (Fig 2.3a). The donor (HeLa Tet-on) and recipient
(3T3) nuclei can be distinguished by the distinctive speckling in 3T3 nuclei. To quantitate
shuttling, fluorescence in all nuclei of each heterokaryon were measured, and the ratio of
donor: recipient nuclear fluorescence was calculated, termed “Shuttling index” or SI.
To demonstrate the quantitation process, sample images of analyzed heterokaryons are

shown (Figure 2.3S).



41
Figure 2.2: RRM2 is not sufficient for nuclear export
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Figure 2. RRMZ2 is not sufficient for nuclear export

a. Schematic of predicted localization of small fusion proteins.

b. Direct fluorescence of HeLa Tet-On cells expressing the indicated fusion protein and
treated with nuclear stain Hoechst. Merged image (Hoechst and YFP), YFP, and a
close-up of Merged are shown. Scale bars are 10 um. Intensity plots for each image
are shown; intensity was measured across the arrow in “Merged Zoom” panel.
Intensity plots: y-axis is relative fluorescence, x-axis is distance. Indicated samples
were treated with the XPOL1 inhibitor Leptomycin B (LMB), 10 nmol for 12 hours.
Results are representative of >3 independent experiments.
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To confirm the integrity of the assay, YFP tagged hnRNPC was used as a negative
control; hnRNPC belongs to the same protein family as TDP-43 and FUS, but does not
shuttle [178]. As expected, YFP hNRNPC does not accumulate in the recipient nucleus (Fig
2.3b) and fluorescence of the recipient nucleus is only ~ 5% of donor nucleus fluorescence,
an Sl of 0.05 (Fig 2.3c). In contrast, WT TDP-43, which was previously shown to shuttle,
accumulates efficiently in the recipient nucleus (Fig 2.3c), with an SI >1[65].

If RRM2 contains the NES responsible for TDP-43 nuclear export, then we would
expect deletion of RRM2 to significantly decrease shuttling. However, TDP-43ARRM?2
accumulates in recipient nuclei to the same degree as wild-type. Moreover, the “ANES”
point mutations which have been assumed to abolish nuclear export do not affect TDP-43
shuttling; TDP-43”ANES” accumulates in the recipient nucleus to the same degree as WT
(Fig 2.3b, 2.3c). Together, the evidence that RRM2 is neither sufficient for nuclear export,
nor required for nuclear export of TDP-43, demonstrates that RRM2 does not contain an

NES.



Figure 2.3: RRM2 is not required for nuclear export, and “ANES” mutations do not

abolish export
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. Schematic of heterokaryon shuttling assay.

. Quantification of shuttling assay. For each heterokaryon counted, the ratio of
fluorescence in recipient nucleus/donor nucleus was plotted (normalized to
background). Results are shown in box and whiskers plot. Top: 3 independent
experiments. hnRNPC- 6 heterokaryons counted; WT TDP-43 -9 heterokaryons
counted; TDP-43ARRM?2 — 19 heterokaryons counted. * indicates significant
difference between groups, p <0.002 using Mann-Whitney Rank Sum Test. No
signicficant difference between WT and ARRM?2.

Quantification of shuttling assay as in 1b. Three independent experiments. hnRNPC-
22 heterokaryons counted; WT TDP-43- 24 heterokaryons counted; TDP-43 “ANES”
— 26 heterokaryons counted. * indicates significant difference between groups, p
<0.001 using Mann-Whitney Rank Sum Test. No significant difference between WT
and “ANES”.

Images of sample heterokaryons shown. Nuclei are stained with Hoechst. YFP-
hnRNPC is detected by direct fluorescence. Flag WT TDP-43, Flag TDP-43ARRM?2,
and Flag TDP-43 “ANES” are detected by immunofluorescence with Flag antibody.
Actin cytoskeleton visualized with phalloidin stain. Recipient nucleus (3T3)
indicated by arrow. Scale bars- 10 um
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Figure 2.3S: Quantitation of Heterokaryon shuttling assays
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a. Schematic demonstrating quantitation of heterokaryon shuttling assays.

b. Sample images from quantitation of heterokaryon shuttling assays. “B” : background
fluorescence, “D” : donor nucleus (HeLa Tet-On), “R”: recipient nucleus (3T3).
Shown in merged view: Left: Hoescht stain: blue, Actin skeleton: red, YFP-hnRNPC:
green. Right: Hoescht stain: blue, Actin skeleton: green, Flag TDP-43: red.
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“ANES” mutations disrupt TDP-43 function

The “ANES” mutations, contrary to what has been assumed in the literature, do not
disrupt nuclear export of TDP-43. However, this set of point mutations does ameliorate the
toxicity associated with TDP-43 overexpression, both in drosophila eye and in cell culture
systems [179, 180]. Because the “NES” residues reside within the core of RRM2, and
RRM2 “ANES” aggregates, we hypothesized that the “ANES” mutations disrupt TDP-43
function. This would explain the effect of these mutations on toxicity; RNA-binding is
required for TDP-43 toxicity [181].

To assess the effect of the “ANES” mutations on TDP-43 function, we used a well-
characterized assay of TDP-43 function: the CFTR exon 9 ssplicing assay. We performed in
vivo splicing assays using the reporter minigene previously described [182]. This reporter
was slightly modified; a silent mutation (1326A>G, K442>K) was introduced in order to
disrupt a cryptic splice site, decreasing formation of an intermediate splice product (also
observed in the original report [182]). This point mutation did not interfere with the TDP-43
dependent exon skipping (Figure 2.4S, Figure 2.4a).

As previously reported, WT TDP-43 mediated exon 9 skipping in a dose dependent
manner (Fig 2.4a, 2.4b). However, TDP “ANES” had no effect on exon 9 skipping, despite
adequate nuclear protein (Fig 2.4a, 2.4b). To more quantitatively assess the impact on
function, we developed gPCR primers specific to the two isoforms, +9 and -9. This allowed
us to more precisely quantitate each splice isoform, and also allowed us to normalize to TDP-
43 expression. With this method, we compared the “ANES” mutations with other mutations

known to disrupt function: ANLS, which shifts TDP-43 distribution into the cytosol[64];
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F147/9L, RRM1 mutations which disrupt key RNA-stacking interactions; and F229/331L,

RRM2 mutations analogous to F147/9L (Fig 2.4c) [48]. Electrophoretic mobility shift assays
have demonstrated that RRM1 is required for RNA-binding, while RRM2 is not [48].
Similarly, TDP-43 mutants with either RRM2 deletion or mutations (F229/331L) still have
residual function in the CFTR exon 9 splicing assay(~13% of WT), while RRM1 mutations
(F147/9L) completely abrogated function. However, the “ANES” point mutations, which
are within RRM2, also abrogate function. This suggested that these mutations disrupt more
than just the local folding environment of RRM2. Lukavsky et al suggested that one of the
residues within the putative NES, lle 249, participates in a crucial inter-RRM interaction,

which could explain the dramatic effect of the “ANES” mutations on TDP-43 function.
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Figure 2.4: “ANES” Mutations profoundly disrupt TDP-43 function
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a. CFTR exon splicing Assay. cDNA from HeLa Tet-On cells co-transfected with the
CFTR minigene and TDP-43 is PCR amplified and run on an agarose gel. Image is
representative of three independent experiments.

b. Western blot of cytosolic “C”, and nuclear, “N”, fractions of lysate from cells in 3A.

GAPDH (Glycaraldehyde 3 phosphate dehydrogenase) acts as a marker and loading
control for the cytosolic fraction, while Histone H3 acts as a marker and loading
control for the nuclear fraction. Image is representative of three independent
experiments.

c. (PCR analysis of HeLa Tet-On cells co-transfected with the CFTR minigene and
TDP-43. The “+9” and “-9” isoforms were detected with sequence specific primers.
The specific activity: ((+9)/(-9))/(TDP-43) was calculated for each TDP-43 variant
and normalized to WT. * indicates significant difference between groups, p <0.001
using one-way ANOVA.
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Figure 2.4S: CFTR T5 minigene with 1326 A>G exhibits TDP-43 dependent CFTR exon
9 skipping.
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CFTR exon 9 splicing assay: HeLa Tet-on cells were cotranfected with TDP-43 and CFTR
T5 minigene (original or 1326 A>G). RNA was extracted and reverse-transcribed; cDNA
was PCR amplified and run on an agarose gel.
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Distribution of both endogenous TDP-43 and flag WT TDP-43 in HeLa cells is almost

exclusively nuclear

Our work has invalidated claims that the putative NES within RRM2 is mediating nuclear
export. However, we are still left with the question of how TDP-43 nuclear export is
mediated. The most likely candidate was XPOL1, the exportin with the broadest substrate
specificity. To determine whether TDP-43 nuclear export was dependent on XPO1, we
assessed endogenous TDP-43 localization in the presence or absence of XPO1 siRNA
(Figure 5Sa). However, endogenous TDP-43 is almost exclusively nuclear; cytosolic TDP-
43 levels were too low to visualize. XPO1 knockdown had no apparent effect on TDP-43
localization, but the indistinguishable cytosolic TDP-43 levels in untreated cells made this
result impossible to interpret. We also assessed the effect of LMB, an XPOL1 inhibitor, on
Flag WT TDP-43 localization(Figure 2.5Sb). Again, the extremely low cytosolic TDP-43
levels prevented a determination of whether LMB treatment diminished cytosolic TDP-43

(Figure 2.5Sh).
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Figure 2.5: TDP-43 localization and nuclear export is XPO1 independent.
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Direct fluorescence of HelLa Tet-On cells expressing fusion protein YFP-NESpk-
NLSsv40 on left. Immunofluorescence using Flag antibody on HelLa Tet-On cells
expressing Flag TDP-43ANLS on the right. Nuclei were stained using Hoechst.
Cells were treated with either Vehicle (Ethanol, - 0.1% of total volume) or
Leptomycin B (LMB) 10 nM for 12 hours. Scale bar- 10 um.

Left: direct fluorescence of HeLa cells undergoing mock shuttling assay, expressing
YFP-NESpki-NLSsva0. Cells were treated with either Vehicle (Ethanol, - 0.1% of
total volume) or Leptomycin B (10 nM) for the duration of the assay. Right:
Example heterokaryons from shuttling assay. Cells were treated with either Vehicle
(Ethanol, - 0.1% of total volume) or Leptomycin B (10 nM) for the duration of the
assay. Nuclei are stained with Hoechst. Flag WT TDP-43 is detected by
immunofluorescence with Flag antibody. Actin cytoskeleton visualized with
phalloidin stain. Recipient nucleus (3T3) indicated by arrow. Scale bars- 10 um
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c. Quantification of shuttling assay as in 1b. Two independent experiments. hnRNPC-
3 heterokaryons counted. Flag WT TDP-43, vehicle treated- 8 heterokaryons
counted. Leptomycin B treated- 10 heterokaryons counted. * indicates significant
difference between groups, p <0.002 using Mann-Whitney Rank Sum Test. No
significant difference between Vehicle and LMB treated heterokaryons, but
insufficient power to detect a difference.



Figure 2.5S: WT TDP-43 is predominantly nuclear and does not contain a nuclear
retention signal
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Domain Map of NESrev-TDP-43
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Top: direct fluorescence of HeLa Tet-On cells treated with XPO1 siRNA, expressing

reporter YFP-NESpki-NLSsva4o0. Bottom: Immunofluorescence of endogenous TDP-

43 in HelLa Tet-On cells treated with XPO1 siRNA. Images are representative of 3

independent experiments. Nuclei are stained with Hoechst. Scale bars 10 uM.

. Immunofluorescence of HelLa Tet-On cells expressing Flag WT TDP-43, in cells
treated either by vehicle (EtOH, <0.1% volume) or Leptomycin B ( 10 nM). Images

are representative of 3 independent experiments. Nuclei are stained with Hoechst.

Scale bars 10 um.

Domain map of fusion protein NESrev-TDP-43. Peptide sequence of REV NES is

detailed. Domain map formatted using IBS Cuckoo [174].

. Immunofluorescence of HelLat Tet-On cells expressing fusion protein NESrev-TDP-
43, detected using TDP-43 antibody. Indicated cells were treated with XPO1 siRNA

or Leptomycin B (LMB), 10 nM for 12 hours. Nuclei were detected using Hoechst

stain. Scale bars 10 um. Images are representative of 3 independent experiments.
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Distribution of the TDP trafficking mutant Flag TDPANLS is unaffected by LMB treatment

To visualize cytosolic TDP-43, we expressed Flag-tagged TDPANLS, which contains
mutations that disrupt the nuclear localization signal, or NLS [64]. As has been reported in
the literature, this mutant is not excluded from the nucleus [65] (Figure 2.5a). Therefore,
inhibition of TDP-43 nuclear export should result in an accumulation of TDP-43 ANLS in the
nucleus, and a visible depletion of cytosolic TDPANLS. Treatment with LMB had no effect
on cytosolic TDPANLS, suggesting that TDP-43 nuclear export is XPO1 independent (Figure
2.5a). XPOL1 inhibition was efficient; the reporter 2 X eYFP-NESpkI-NLSsv4o reporter
construct was nuclear in LMB treated cells (Figure 2.5a).
Shuttling of TDP-43 is unaffected by Leptomycin B treatment

To more directly test the effect of XPOL1 inhibition on TDP-43 nuclear export,
heterokaryon shuttling assays were performed in the presence or absence of the XPO1
inhibitor Leptomycin B. TDP-43 shuttled in the presence of LMB (Fig 2.5b,c). Again,
XPOL1 inhibition was assessed by localization of the 2 x eYFP-NESpki-NLSsvao reporter,
which was cytosolic in the vehicle treated cells and nuclear in LMB treated cells (Fig 2.5b).
YFP-hnRNPC was also used as a negative control for shuttling (Fig 2.5c).

TDP-43 might be non-responsive to XPO1 inhibitors because it does not contain an
NES, or because an NES is antagonized by a nuclear retention sequence. To distinguish
between these possibilities, we constructed a fusion protein NESgev-TDP-43 (TDP-43 fused
to an XPO1-dependent NES from the HIV protein Rev) (Figure 2.5Sc). This fusion protein

accumulated in the nucleus after LMB treatment, suggesting that TDP-43 does not contain
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any nuclear retention sequences (Figure 2.5Sd). . Thus, we conclude that TDP-43 does not

contain an XPO1-dependent NES.
Distribution of TDP-43 in rat hippocampal neurons is both cytosolic and nuclear and
unaffected by LMB treatment

While our results demonstrate that TDP-43 localization is XPO1 independent in HelLa
cells, it is possible that the mechanism of TDP-43 nuclear export might vary based on cell
type. Therefore, it was important to confirm the XPO1 independence in the most relevant
cell type, neurons.

To determine the correct dose of LMB to inhibit XPO1 in cultured hippocampal
neurons, we transfected neurons with the reporter YFP-NESpki-NLSsv40. While transfection
efficiency was low, the reporter was highly expressed in transfected cells, and was excluded
from the nucleus as predicted (Fig 2.6a). LMB treatment of 10 nM for 7 hours was sufficient
to redistribute the reporter from the cytosol to the nucleus (Fig 2.6a).

Next, we repeated these conditions and assessed endogenous TDP-43 localization
using immunofluorescence (Figure 2.6b). Unlike in HeLa cells, and in situ neurons, in
cultured neurons TDP-43 is evenly distributed between the cytosol and nucleus. Therefore,
inhibiting TDP-43 nuclear export should lead to a profound change in localization.

However, LMB treatment had no effect on TDP-43 localization, suggesting that TDP-43

localization is XPO1 independent in neurons (Figure 2.6b).
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Figure 2.6 TDP-43 localization in cultured neurons is XPO1 independent.
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Hippocampal neurons were isolated and cultured. Indicated neurons were
transfected with the reporter YFP-NESpki-NLSsv4o0 and treated with either vehicle
(Ethanol, 0.1% of total volume) or Leptomycin B (LMB) 10 nM for 7 hours. Nuclei
were stained with Hoechst and YFP-NESpki-NLSsv40 was detected with direct
fluorescence. Images are representative of three independent experiments. Scale
bar- 10 um.

Indicated neurons were treated with either vehicle (Ethanol, 0.1% of total volume) or
Leptomycin B (LMB) 10 nM for 7 hours. Nuclei were stained with Hoechst and
endogenous TDP-43 was detected with immunofluorescence using a TDP-43
antibody. Images are representative of three independent experiments. Scale bar- 10
um.
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Tomato tag disrupts passive but not active nuclear import of TDP-43

We had previously noted that the FlagTDP-43ANLS mutant is not excluded from the
nucleus. To confirm that this is a property of TDP-43ANLS, and not an artifact introduced
by the Flag tag, we made synonymous mutations in both WT TDP-43 and TDP-43ANLS to
confer resistance to an individual TDP-43 siRNA. Efficient knockdown of endogenous
TDP-43 and addback of resistant WT TDP-43 and resistant TDP-43ANLS was confirmed
with immunofluorescence (Fig 2.7b, Figure 2.7Sa, b). Addback experiments confirmed that,
like Flag TDP-43ANLS, untagged TDP-43ANLS is partially nuclear (Figure 2.7b).

There are two possible explanations for this: first, it is possible that TDP-43 is small
enough to passively diffuse through the nuclear pore. This would be consistent with some of
the recent literature regarding the size cutoff for diffusion through the nuclear pores [70].
Second, it is conceivable that TDP-43 contains a redundant NLS elsewhere. To distinguish
between these possibilities, we purchased a construct containing a TdTomato TDP-43 fusion
protein. TdTomato is ~50 kDa, so the fusion protein is predicted to be too large to efficiently
diffuse through the nuclear pore. We then mutated one site of the bipartite TDP-43 NLS (for
unclear reasons, this construct proved difficult to manipulate). However, despite the
incomplete mutagenesis of the NLS, tdTomato TDP-43ANLS was almost entirely excluded

from the nucleus (Figure 2.7c¢).
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Figure 2.7: Addition of a bulky tag on TDP-43 disrupts passive but not active nuclear
import.

a WT TDP-43 [l T ]
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Flag WT TDP-43 Flag TDP-43ANLS
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TdTomato WT TDP-43 TdTomato TDP-43ANLS
Merged TdTomato TdTomato Zoom Merged TdTomato TdTomato Zoom

a. Domains maps (to scale) of WT TDP-43 containing synonymous mutations which
confer resistance to TDP-43 siRNA (indicated by asterisk), Flag WT TDP-43,
tdTomato TDP-43. Formatted using IBS cuckoo [174].

b. Immunofluorescence of HeLa Tet-On cells expressing the indicated protein.
Selected samples were treated with TDP-43 siRNA to deplete endogenous TDP-
43. Resistant TDP-43 was visualized via immunofluorescence with TDP-43
antibody; Flag TDP-43 was visualized via immunofluorescence with Flag
antibody; tdTomato TDP-43 was visualized with direct fluorescence. Nuclei were
visualized using Hoechst stain. Scale bar- 10 um. Images are representative of 3
independent experiments.
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Figure 2.7S: Endogenous TDP-43 is efficiently depleted by TDP-43 siRNA, and C-
terminus of TDP-43 does not contain a redundant NLS.
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a Merged TDP-43 TDP-43 Zoom

Control siRNA
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YFP-TDP (271-345)

YFP-TDP (311-380)

YFP-TDP (346-414)

Immunofluorescence of endogenous TDP-43 in HeLa Tet-On cells treated with either
control sSiRNA or TDP-43 siRNA. Scale bars 10 um. Images are representative of 3
independent experiments.

Direct fluorescence of HelLa Tet-On cells expressing indicated fusion proteins.
Indicated cells were treated with Leptomycin B (LMB), 10 nM for 12 hours.  Scale
bars 10 um. Images are representative of 3 independent experiments.
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We also set out to formally exclude that possibility that TDP-43 contained an alternate

NLS, which was somehow occluded by the tdTomato tag (which is on the C-terminus, while
the flag tag is on the N-terminus). To do this, we created several additional fusion proteins
with various regions of the C-terminus fused to the reporter YFP, as in Figure 2.2. If any
region of the C-terminus contained an NLS, the reporter should be nuclear. However, all
fusion proteins were diffuse, suggesting the C-terminus does not contain an NLS (Figure
2.7S).
tdTomatoTDP-43 nuclear export is retarded relative to Flag TDP-43 nuclear export
Unlike active nuclear import and export, passive diffusion through the nucleus is

intrinsically bidirectional. Therefore, the observation that TDP-43 passively diffuses into the
nucleus implies that TDP-43 also passively diffuses out of the nucleus. We wanted to
determine the contribution of passive diffusion to nuclear export of TDP-43. To do this,
shuttling of Flag TDP-43 (which can passively diffuse through the nuclear pore) was directly
compared to shuttling of tdTomato TDP-43 (which diffuses much less efficiently).
Heterokaryon assays were performed in which donor cells co-expressed Flag TDP-43 and
tdTomato TDP-43. Shuttling index for Flag TDP-43 and tdTomatoTDP-43 was calculated as
above (Fig 2.6b). As seen earlier, Flag TDP-43 efficiently accumulates in the recipient cell,
with a shuttling index >1. However, tdTomato TDP accumulation in the recipient nucleus is
significantly lower, with a shuttling index of ~0.3. We used the paired Wilcoxon signed rank
test to compare the shuttling index of Flag TDP to tdTomato TDP for each heterokaryon.
The shuttling of tdTomato WT TDP-43 was significantly impaired compared to Flag WT

TDP-43 (p< 0.001).
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Again, we wanted to formally exclude the possibility that the C-terminus contained

an NES which was occluded by the large, N-terminal tdTomato tag. To do this, we assessed
the contribution of the C-terminus to export. Heterokaryon shuttling assays with Flag
TDPAC-terminus demonstrated that the C-terminus is not required for shuttling (Figure
2.8S). Together, these data suggest that the primary effect of the tdTomato tag on shuttling is
size dependent. As passive export, but not active export, is size dependent, this suggests that

the primary driver of TDP-43 nuclear export is diffusion.
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Figure 2.8: Addition of a bulky tag on TDP-43 disrupts nuclear export
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a. Example heterokaryons from a variation of the heterokaryon shuttling assay. HelLa
Tet-On cells were co-transfected with Flag TDP-43 and tdTomato TDP-43 and
shuttling assay was performed as in Fig 3. Heterokaryons were identified by presence
of Flag TDP-43 within a recipient nucleus. Flag TDP-43 was visualized via
immunofluorescence with Flag antibody, tdTomato TDP-43 was visualized via direct
fluorescence. Nuclei were detected using Hoechst stain. Images are representative of
4 independent experiments. Recipient nuclei are indicated by arrow. Scale bar-
10uM.

b. Quantification of shuttling assay as in 1b. Results are pooled from 4 independent
experiments. hnRNPC- 15 heterokaryons counted. Cotransfected with Flag TDP-43
and tdTomato TDP-43- 28 heterokaryons counted. * indicates significant difference
between groups, p <0.001. To compare hnRNPC vs Flag TDP-43, and hnRNPC vs
tdTomato TDP-43, Mann Whitney rank sum test was used. To compare Flag TDP-43
vs tdTomato TDP-43, Wilcoxon signed rank test was used.
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Figure 2.8S: C-terminus is not required for TDP-43 nuclear export
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a. Example images from heterokaryon shuttling assay. YFP-hnRNPC was detected
using direct fluorescence. Flag WT TDP-43 and Flag TDP-43 AC-terminus were
detected using immunofluorescence with a Flag antibody. Nuclei were detected using
Hoechst stain. Actin cytoskeleton was visualized using Phalloidin. Recipient nucleus
indicated by arrow. Scale bars- 10uM.

b. Quantitation of heterokaryon shuttling assay, as in Fig 3. Heterokaryons are pooled
from 2 independent experiments. hnRNPC- 15 heterokaryons counted. Flag WT
TDP-43- 22 heterokaryons counted. Flag TDP-43A C terminus- 18 heterokaryons
counted. * indicates significant difference between groups, p <0.001 using Mann-
Whitney Rank Sum Test. Scale bars- 10uM.
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Discussion

TDP-43 mislocalization plays a causal role in the toxicity of ALS, but the cellular
insults which lead to mislocalization are largely unknown. We sought to identify
determinants of normal TDP-43 trafficking in order to better understand and possibly disrupt
the forces that lead to TDP-43 mislocalization in ALS. Here, we have shown that TDP-43
nuclear export is not mediated by the putative XPO1 dependent NES previously reported.
We have further shown that TDP-43 localization is not XPO1 dependent, and that TDP-43
nuclear export is largely diffusion driven.

This has broad implications for the therapeutic strategies which might be used to
correct TDP-43 mislocalization. Because TDP-43 nuclear export is driven by diffusion
rather than requiring active transport, targeting nuclear export with a small molecule inhibitor
is not feasible. Moreover, it suggests that XPO1 inhibitors, which have been successful in
preclinical models of several cancers and multiple sclerosis, would not correct TDP-43
mislocalization in ALS[81, 82, 183, 184]. However, XPOL1 inhibitors may still ameliorate
the course of ALS, by modifying the localization of downstream mediators of toxicity.

This finding also raises questions about the role of TDP-43 in the cytosol. Some roles
for TDP-43 in the cytosol have been identified, such as axonal transport of one of its target
MRNAs, association with translation and splicing machinery, and recruitment into stress
granules [56, 185]. However, it has also been recognized that TDP-43 is prone to cytosolic
aggregation, in a concentration dependent manner. Together, these would predict very tight
regulation of cytosolic TDP-43 levels. This is not consistent with the unregulated, diffusion

driven nuclear export of TDP-43 that we have observed. It is possible that cytosolic TDP-43
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levels are in fact controlled by nuclear import alone. It is also conceivable that the roles of

TDP-43 in the cytosol, which are not well-characterized, are not as general or as critical for
cellular function as has been proposed.

Finally, the finding that this putative NES within TDP-43 RRM2 is not a true export
signal raises questions about other putative NESs within RRMs, which have been predicted
in several other members of the hnRNP family: FUS, TAF15, EWSR1, hnRNPA1,
hnRNPA2B1[186]. For the most part, these predicted NESs have not been verified
experimentally, and it remains to be seen whether they are truly mediating export. Possibly,

nuclear export via passive diffusion is conserved throughout this family of shuttling proteins.
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Figure Contributions:

Figure 2.1C was performed with Ho Yee (Joyce) Fung, Ph. D., in the lab of Yuh Min Chook

Ph.D.

Figure 2.1D was the work of Tolga Cagatay, Ph. D., also in Yuh Min Chook’s lab.

Figure 2.4C. Hippocampal neurons were isolated with the help of Ying Li, M.D. Ph.D. and

Yemi Afuwape, M.D., Ph. D., both in the lab of Ege Kavalali Ph.D.
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Materials and Methods

Constructs—cDNA encoding human TDP-43 (accession number NM 007375) in the
plasmid pBUDCE was a kind gift from Jeffrey Elliot. tdTomato-TDP-43 was purchased
from Addgene (Catalog # 28205). The YFP-shuttle reporter, eYFPx2-PKI NES-SV40 NLS
fusion protein, was a gift from YuhMin Chook. CFTR T5 minigene was a gift from
Francisco Baralle. Human hnRNPC cDNA was purchased as a Ultimate ORF clone
(ThermoFisher Scientific Clone ID IOH7506). Vectors were modified as follows. Flag-
TDP-43 contains an N-terminal Flag tag. The T5 minigene was modified with the
synonymous mutation 1326A>G in an alternate splice acceptor site to reduce an intermediate
splicing product (Supplementary Figure 3). GFP-hnRNPC contains a C-terminal GFP tag.
Fusion proteins and deletions were generated using overlap extension PCR. Point mutations

were generated using site-directed mutagenesis. All cloning was confirmed by sequencing.

SiRNA resistant TDP-43 constructs contained the following synonymous mutations:

525C>T, 531 T>A, 534 T>A, 537T>C

With the exception of tdTomato-TDP-43, all TDP delNLS mutants contain the mutations

also referred to as “deINLS1/2”: K82A, R83A, K84A; K95A, K97A, RI98A.

tdTomato-TDP-43deINLS contains only a subset of these mutations:“deINLS 1: K82A,

R83A, K84A.

Rev NES TDP-43: contains an N-terminal NES from the HIV Rev protein “LPPLERLTL”.

Flag“Del C-term”: N terminal Flag Tag, TDP-43 residues 1-269
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Flag TDP delRRM2: N terminal Flag tag, TDP del 191-257

YFP-RRM2: eYFPx2 fused to TDP-43 residues, 185-269

YFP- C terminal constructs: eYFPx2 fused to TDP-43 residues 271-345, 311-380, or 346-

414.

Protein expression and purification

The TDP-43 putative NES with 3 surrounding residues,, was cloned into pMAL-TEV. PKI-
NES and TDP-43 “NES” were expressed in BL21 E. Coli, and induced at 25 degrees celsius
with 0.5 mM isopropyl B-D-1-thiogalactopyranoside for 10 hours. Cells were lysed in lysis
buffer ( 500 mM Tris pH 7.5, 200 mM NaCl, 10% glycerol, 2mM DTT, leupeptin,
benzamide, pefablock). Then PKI-NES and TDP “NES” were purified using affinity
chromotography with amylose beads and then ion exchange chromotography (HiTrap Q, GE
Healthcare Life Sciences) using a 0 to 15% NaCl gradient. Purified MBP-NESs were

concentrated and buffer exchanged overnight for use in downstream assays.

Ran and Crm1 were expressed and purified as previously described [173].

Pull down binding assays and competition bleaching experiments

Pull down binding assays and competition bleaching experiments were performed as
described in Fung et al [173]. Data for competition bleaching experiments was analyzed in

PALMIST, and binding curves were generated using GUSSI.
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Cell Culture
HeLa Tet-On and 3T3 cells were maintained in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin at 37 degrees in
bank percentage oxygen. Hippocampal neurons were isolated from C57/BL6 rat P2 pups and

cultured as previously described in Li et al [187].

Knockdown, transfection, Drugs, and antibodies

siRNAs targeting TDP-43 and XPO1 were synthesized by Dharmacon. For TDP-43, an
individual siRNA was used (D-012394-04, seq:GCAAACUUCCUAAUUCUAA). For
XPO1, a pool was used: M-003030-02-0005, seq: GAAAGUCUCUGUCAAAAUA,
GCAAUAGGCUCCAUUAGUG, GGAACAUGAUCAACUUAUA,

GGAUACAGAUUCCAUAAAU.

Cells were transfected with SiRNAs using Lipofectamine RNAiMax (ThermoFisher
13778150) according to manufacturer’s instructions. All transfections (including
hippocampal neurons) were performed using Lipofectamine 2000 (ThermoFisher 11668019)
according to manufacturer’s instructions. Leptomycin B was purchased from LC
Laboratories (Cat # L-6100), and stored as an ethanol solution at -20. HelLa Tet-On cells

were treated with 10 nMol for 12 hours, and hippocampal neurons with 10 nMol for 7 hours.

Primary Antibodies: GAPDH (Cell Signaling 2118), TDP-43 (Proteintech 10782-2-AP),

Histone H3 (Abcam ab1791), Flag (Sigma M2, F1804).
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Secondary Antibodies (for western blotting): IRDye 680RD Goat anti-Rabbit (LI-COR 926-

68071), IRDye 800CW Goat anti-Mouse (LI-COR 926-32210).

Secondary Antibodies (for immunofluorescence):Alexa Fluor 488 Goat anti-mouse (Life

Technologies A11001), Alexa Fluor 488 anti-rabbit(?)

CFTR Splicing Assay

HelLa tet-On cells were co-transfected with T5 CFTR minigene (containing blank mutation)
and either pBUD TDP-43 or empty vector. 24 hours later, RNA was harvested using the
Nucleospin RNA kit (Macherey-Nagel 740955.50) . cDNA was synthesized using high-
capacity cDNA reverse transcription kit (Applied Biosystems 4368814). Splicing was
assessed either a) by PCR amplification of CFTR exon 9 using flanking primers (see table)
followed by gel electrophoresis to separate splice variants, detected with ethidium bromide or

b) quantitative real-time PCR with splice specific primers (see table).

Quantitative real-time PCR and calculation of TDP-43 specific activity

Quantitative PCR was performed on blank machine using Power SYBR Green PCR Master
Mix (Applied Biosystems 4367659). HPRT was used as a loading control, and relative

transcript levels were calculated using the delta delta Ct method.

To calculate TDP-43 specific activity, each experiment contained cells co-transfected with
empty vector and three concentrations of WT TDP-43 (0.05 ug, 0.15 ug, and 0.5 ug). Cells
expressing all other TDP-43 variants were transfected with one concentration, 0.5 ug.

Transcript levels of TDP-43, CFTR +9, and CFTR -9 were calculated using quantitative
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real-time PCR, using the delta delta Ct method with HPRT as a loading control. For each

sample, normalized splicing index was calculated as : Normalized splicing index = (CFTR
+9)/((CFTR -9)(TDP-43)). The normalized splicing index for the three WT samples was
averaged. The specific activity of each TDP-43 mutant was calculated as : specific activity
of mutant = (normalized splicing index of mutant)/(average normalized splicing index of
WT). For each mutant, the specific activity is the average of at least three independent

experiments.

Nuclear and cytosolic fractionation

Fractionation was performed as described in Gagnon et al[188]. Briefly, cells were counted
and then lysed in a proportional volume of hypotonic lysis buffer (10 mM Tris, pH 7.4, 10
mM NaCl, 3 mM MgCl2, 0.3% NP-40, 10% glycerol, Protease inhibitor tablet and NaVO4)
with light agitation. After a low speed spin cytosolic fraction was removed, and NaCL was
added for a final concentration of 150mM Nacl. Intact nuclei were rinsed once more with
hypotonic lysis buffer, then resuspended in nuclear lysis buffer (20 mM Tris, pH 7.4, 150
mM NaCl, 3 mM MgClI2, 0.3% NP-40, 10% glycerol). Cytosolic and nuclear lysates were
boiled at 100 degrees celsius for 5 min in 1X Laemmli buffer, then run on a 10% Tris-Gly
gel and transferred onto a PVDF membrane (Millipore). Primary and secondary antibodies

used for detection listed above.

Blot was scanned using an Odessey cLx.
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Live cell imaging
HelLa tet-On cells were plated in 24 well dishes and transfected as usual 24 hour later. Cells
were incubated overnight, then nuclei were stained with Hoescht (Invitrogen 33342), and
nuclei and fusion proteins were detected with direct fluorescence. Images are from 20X or
40X objective, gathered using Nikon Eclipse TE2000-U microscope and Photometrics

CooISNAP ES2 camera. Path analysis was performed using the Nikon elements Software.

Immunofluorescence

HeLa tet-On cells or hippocampal neurons were plated on glass coverslips and treated as
indicated. Cells were processed for immunofluorescence as follows: 10 minute fixation in
4% Paraformaldehyde, 10 minute permeabilization in 0.5% Triton-X 100, 30 minute
blocking in 10% Normal Goat Serum (Invitrogen 50062Z). Cells were incubated with
primary antibodies overnight (listed above) and secondary antibodies for 1 hour at room
temperature,followed by Hoescht staining (Invitrogen 33342) and/or phalloidin staining(
Alexa Fluor 555 Phalloidin, Life Technologies A34055). Coverslips were mounted on glass
slides using Prolong Gold antifade mounting reagent (Life Technologies P36934) and
visualized using the 60X objective on the Nikon Eclipse TE2000-U. Images were obtained
using Photometrics CoolSNAP ES2 camera. Images were analyzed using Nikon Elements

software.
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Heterokaryon shuttling assay and calculation of shuttling index

HelLa-tet-On cells were transfected, and 24 hours later were co-plated with 3T3 cells on glass
coverslips. Cells were incubated for 3 hours, then cycloheximide was added (100 ug/ml) and
cells were incubated an additional 30 minutes. Then slides were inverted on 50% poly
ethylene glycol in serum-free media for 2 minutes to form heterokaryons. Slides were rinsed
in PBS and returned to cycloheximide-containing media. Cells were incubated an additional

3 hours then processed for immunofluorescence as usual.

Heterokaryons were confirmed by visualizing the actin cytoskeleton. At least 5
heterokaryons were counted for each condition during each experiment, with at least three

independent experiments.

Nuclear fluorescence was quantified by manually outlining the nuclei (Hoechst stained) and
comparing to a manually outlined control using NIS elements software. Shuttling index, or
“SI” was calculated as the normalized ratio of recipient nucleus fluorescence/donor nucleus
fluorescence: (3T3 fluorescence - background)/(HeLa tet-On nuclear fluorescence-

background).



Table 2.2: Primer Sequences
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Forward Reverse

gPCR: CFTR +9 GAT ACC ATC ATCCCA | AAGAGGCTGTCATCA
GGG ATTT CCATTAG

gPCR: CFTR -9 ATC ATC CCAGCTGTT GGT CAC CAG GAAGTT
CCTC GGTT

gPCR: TDP-43 TGC TGC TCT CCA CGG CAG CCG GAC ACCTCT
TTAC CATA

gPCR: HPRT CTG AGGATTTGG AAA | ATCTCCTTC ATC ACA
GGG TGTT TCTCGAG
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CHAPTER THREE

PATHOGENIC SIGNAL SEQUENCE MUTATIONS IN PROGRANULIN DISRUPT

SRP INTERACTIONS REQUIRED FOR MRNA STABILITY

Abstract

Proteins which accumulate in inappropriate cellular compartments can misfold or aggregate,
causing toxicity. In response, cells have evolved quality control pathways to prevent mis-
trafficking of proteins. One line of defense is coupling MRNA stability to the co-
translational trafficking of the associated nascent chain. Thus, if a protein fails to traffic
correctly, its mRNA is specifically degraded, preventing further production of the aberrant
protein. This recently described quality control mechanism is termed RAPP for Regulation
of Aberrant Protein Production. Data presented here demonstrate a natural RAPP substrate
in man. A mutant form of a secreted neurotrophic factor, A9D progranulin, is unable to
recruit the targeting factor Signal Recognition Particle (SRP). This triggers RAPP and the
resulting mutant progranulin mRNA degradation. As a result, patients carrying the A9D
mutation exhibit progranulin haploinsufficiency, which leads to neurodegeneration. Thus,
the trafficking factor SRP plays a central role in the molecular pathology of ASD

progranulin.
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Introduction

Proper protein trafficking is critical for mammalian cells. An incorrectly trafficked
protein can cause toxicity, either by its absence from the intended compartment, or by
misfolding into a toxic new conformation in the altered folding environment of a new
compartment.

The trafficking information for a typical secretory protein is embedded in its N-
terminal sequence, called a signal sequence[189]. Signal sequences are recognized by the
targeting factor SRP (Signal Recognition Particle) and directed to the ER membrane for
translocation [190]. This interaction occurs during translation -- soon after the signal
sequence emerges from the ribosomal tunnel -- and is the critical first step for secretion
[190].

Recent work has indicated SRP recruitment is also critical for stability of the
translating secretory mRNA. If a secretory protein fails to interact with SRP, it triggers the
quality control process RAPP [160, 191]. Engaging RAPP leads to selective degradation of
the translating mMRNA, preventing further futile production of the aberrant protein. RAPP
was discovered using engineered deletions in the secretory protein preprolactin [160].

To date, natural substrates for RAPP have not been reported, despite a preponderance
of human diseases associated with a mutation in the signal sequence of a critical secretory
protein (see discussion). One such example is the neurodegenerative disease FTLD
(Frontotemporal Lobar Degeneration), which in some patients is a result of inheriting a single
loss-of function mutation in the secretory protein progranulin. One common loss-of function

mutation is A9D, which resides within the hydrophobic core of the signal sequence [88].



78
This mutation was previously demonstrated to disrupt secretion in a cell culture system, and

is associated with a reduction of progranulin in the CSF of patients [107]. Two additional
polymorphisms within the progranulin signal sequence, V5L and W7R, have been reported.
Both have been found in FTLD patients, but their role in disease remained unclear [192,
193].

We hypothesized that A9D might prevent recognition of the progranulin signal
sequence by SRP, triggering RAPP. Additionally, we hypothesized that the disease
relevance of the two additional polymorphisms, V5L and W7R, depended on their fitness as
RAPP substrates. The data presented here demonstrate the far-reaching implications of the

recently discovered mRNA/protein quality pathway, RAPP, in human disease.
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Results

The progranulin signal sequence mutations W7R and A9D alter interaction with the
targeting factor SRP.

Signal sequences share a three domain structure: a basic “N” domain, a slightly polar
“C” domain, and a central, hydrophobic “H” domain [189, 194]. All three signal sequence
polymorphisms are within the “H”” domain of the progranulin signal sequence. Both W7R
and A9D introduce a polar amino acid, dramatically altering local hydrophobicity (Fig 3.1A).
These substitutions would thus be predicted to disrupt SRP recruitment, while the more
conservative V5L substitution would not.

To determine whether W7R and A9D impair SRP recruitment, we employed arrested
in vitro translation with site-specific photocrosslinking [160, 195]. This method can identify
proteins in proximity to the translating nascent chain, which are too ephemeral to detect in
cells. In brief, the method is based on incorporation of a photocrosslinking probe into the
nascent chain by use of a modified tRNA in an in vitro translation reaction of a truncated
mMRNA. When the translation reaction is exposed to UV light, the photocrosslinking probe
forms a covalent bond to proteins in close proximity (Figure 3.1B).The nascent chain
interactions detected using this method are highly dependent on a) the position of the cross-
linking probe within the nascent chain, controlled by positioning the amber stop codon within
the mRNA and b) the length of the nascent chain at the time of cross-linking, which the
researcher controls by truncating the mRNA. In the case of progranulin, we were guided by
the optimal conditions for the related protein PPL [195]. Reactions contained truncated WT

or mutant GRN mRNAs with an amber-stop codon in position 13, corresponding to the
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middle of the signal sequence. The mRNAs were truncated at codon 86 to produce

translationally-arrested ribosome-nascent chain complexes with about 50 amino-acid residues
exposed from the ribosome peptide exit tunnel. Translation reactions included S*-
methionine to radiolabel the nascent chains, and were separated by SDS-PAGE.
Photocrosslinking adducts were detected by the shift in electrophoretic mobility of the
radiolabeled nascent chain (Figure 3.1B).

In vitro translation reactions with WT PPL, WT GRN, A9D GRN, and W7R GRN
86-codon truncated mRNASs were performed in parallel. Some reactions were supplemented
with purified canine SRP. Consistent with earlier findings, the WT PPL nascent chain
formed an adduct with SRP54, the subunit of SRP which binds signal sequences (Figure
3.1B)[196, 197] . Because the GRN nascent chain is the same size as the PPL nascent chain,
a GRN-SRP54 photoadduct would migrate similarly to a PPL-SRP54 photoadduct. As
expected, WT GRN formed an adduct consistent with SRP54 (Figure 3.1B). In contrast, no
detectable adducts of that size were formed with the A9D or W7R nascent chains, indicating

that the disease-causing mutations inhibit this interaction (Figure 3.1B).
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Figure 3.1: W7R and A9D mutations disrupt SRP recruitment, leading to inefficient

expression and secretion
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A. Kyte-Doolittle plot of hydrophobicity of either WT (black), W7R (blue), or A9D (red)

GRN signal sequence.

B. Autoradiograph of electrophoresed photoadducts of 86 amino acid nascent chains- either
WT PPL, WT GRN, or A9D GRN. Indicated samples were supplemented with purified SRP.
C. Western blot of media and whole-cell lysate (WCL) of HelLa Tet-On cells transfected

with either WT, V5L, W7R, or A9D GRN.

D. Immunofluorescence of HeLa Tet-On cells transfected with either WT, V5L, W7R, or
A9D GRN. GFP, expressed from the same plasmid, is shown as a transfection control.



Figure 3.1S: A9D is RIPA-insoluble, not glycosylated, and accumulates in puncta
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A. Western blot of HeLa Tet-On cells expressing WT or A9D progranulin, extracted
sequentially with RIPA buffer and urea buffer

B. Western blot of HeLa Tet-On cells expressing WT PGRN. Indicated lysate was treated
with PNGase F.

C. Domain map of Flag-tagged GRN constructs.

D. Immunofluorescence of HeLa Tet-On cells expressing indicated Flag tagged GRN
E. Immunofluorescence of HelLa Tet-On cells expressing indicated Flag tagged GRN
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W7R and A9D mutations prevent secretion

To confirm that the inability of W7R and A9D to recruit targeting factor SRP impaired
trafficking, we evaluated expression and secretion of the four variants. GRN variants were
transiently expressed in HeLa Tet-On cells, and expression was evaluated by western blot
and immunofluorescence. As predicted, V5L was expressed and secreted at similar levels to
WT, while W7R and A9D were not detected in either cells or media (Figure 3.1C).
Moreover, immunofluorescence confirmed the presence of WT and V5L within the
secretory pathway, while W7R and A9D were not observed (Figure 3.1D).
Full-length AOD GRN accumulates in RIPA-insoluble puncta

To determine whether any A9D GRN protein was sequestered in RIPA insoluble
pellet, | performed sequential extraction of whole-cell lysate. | found that a small amount of
A9D GRN protein is seen in the urea soluble fraction, which is increased with MG132
treatment (Fig 3.1SA). A9D GRN migrated more quickly than WT GRN. Others have
shown that WT GRN is heavily glycosylated, and this glycosylation retards migration during
electrophoresis. When lysate containing WT GRN is treated with the glycosidase PNGase F,
WT GRN migrates more quickly as expected (Fig 3.1SB). A9D GRN migration is
unchanged with PNGase treatment (data not shown), suggesting that A9D GRN does not
reach the ER.

In order to visualize A9D GRN protein in the cell, I made several tagged fusion
proteins, in which a single domain of GRN was replaced by a flag-tag (Fig 3.1SC). I then
performed immunofluorescence on cells overexpressing either Flag-tagged WT GRN or flag-

tagged A9D GRN. The flag-tag did not affect localization of WT GRN (Fig 3.1SD). Flag
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A9D GRN, unlike WT, accumulated in puncta. These puncta were unchanged by addition of

MG132 (data not shown). These A9D GRN puncta also formed regardless of the location of
the flag tag, suggesting the puncta represent fully translated GRN. Thus, A9D GRN is fully
translated, but rather than trafficking normally, accumulates in RIPA-insoluble puncta.
W7R and A9D mRNA levels are decreased relative to WT and V5L

We hypothesized that the loss of an SRP interaction would trigger mRNA degradation. We
first compared mRNA levels of WT, V5L, W7R, and A9D GRN in transfected HelLa Tet-on
cells. Strikingly, the mRNA levels segregated into two groups: higher in WT and V5L,
which are efficiently secreted, and ~70% lower in W7R and A9D, which cannot efficiently
recruit SRP (Figure 3.2A).

Reduction in A9D mRNA is caused by a specific, transferable degradation

Reduced mutant mMRNA levels could result from either decreased transcription or increased
degradation. To distinguish between these two possibilities, we assessed both WT and A9D
MRNA turnover. WT and A9D GRN were transiently expressed under control of a
tetracycline responsive promoter in HelLa Tet-Off cells. PGRN transcription was inhibited
by doxycycline, and PGRN mRNA levels were assessed, as a function of time, using qPCR.
Notably, A9D PGRN mRNA was degraded significantly faster than WT, with a half-life of
1.7 hours ( £S.E. 1.6, 1.9) for the mutant versus 7.9 hours for WT and (= S.E. 6, 11.4)

(Figure 3.2B).
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Figure 3.2: W7R and A9D mRNA are subject to specific, transferable degradation
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A. gPCR analysis of steady state GRN mRNA levels in cells transiently expressing WT,
V5L, W7R, or A9D progranulin.

B. gPCR analysis of WT or A9D GRN mRNA levels over time after inhibition of
transcription in HeLa Tet-Off cells. Data were plotted on a natural log scale.

C.gPCR analysis of WT and A9D GRN mRNA levels after 8 hours of transcriptional
inhibition in HeLa Tet-Off cells expressing WT alone, A9D alone, or co-expressing WT and
A9D progranulin. GRN was detected using either WT or A9D specific primers.

D. gPCR analysis of WT GRN-PPL and A9D GRN-PPL mRNA fusion of GRN signal
sequence, either WT or A9D, to PPL mature protein sequence) in transiently transfected
HeLa Tet-On cells. Hybrid mRNAs were detected with PPL primers.
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The short half-life of ASD GRN mRNA, relative to WT, suggested that it was specifically

degraded. However, stress can affect mRNA turnover, and expression of an aberrant
secretory protein like A9D progranulin could provoke a nonspecific stress response. To
determine whether A9D mRNA was specifically targeted, the rate of WT and A9D mRNA
turnover was assessed in cells co-expressing WT and A9D GRN. As before, WT and A9D
GRN were transiently expressed in HeLa Tet-On cells, and then transcription was inhibited
by doxycycline. GRN mRNA levels were assessed at the time of doxycycline treatment and
8 hours later, using gPCR with sequence specific primers. The percent of WT mRNA
remaining after 8 hours of transcriptional inhibition was unchanged in the presence of A9D
MRNA, and vice versa (Figure 3.2C), consistent with mutant specific mMRNA degradation.
To determine whether the mutant signal sequence alone was sufficient to confer
instability to an mRNA, two fusion proteins were constructed: the signal sequence of
preprolactin was replaced by either the WT or A9D progranulin signal sequence (referred to
as WT PGRN-PPL or A9D PGRN-PPL). Chimeric proteins were expressed in cultured cells,
and PGRN-PPL mRNA was assessed using qPCR with PPL specific primers. As predicted,
the A9D PGRN-PPL mRNA was targeted for decay, while WT PGRN-PPL mRNA was not
(Figure 3.2D).
SRP protects WT GRN mRNA from degradation
The mRNA levels of four GRN variants -- WT, V5L, W7R, and A9D -- segregated with the
ability of the translating nascent chain to recruit SRP. To determine whether this segregation
was SRP dependent, steady-state mMRNA levels were assessed in control or SRP54 siRNA

treated cells. As seen earlier, in control siRNA treated cells, W7R and A9D mRNA levels
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were reduced compared to WT. However, in SRP54 siRNA treated cells, W7R and A9D

MRNA levels were unchanged while WT and V5L mRNA levels were dramatically depleted
(Figure 3.3A). As expected from the reduction in WT and V5L GRN mRNA, WT and V5L
progranulin protein levels were also reduced in SRP54 siRNA treated cells (Figure 3.3C).

To confirm that the decrease in WT mRNA levels after SRP knockdown was due to a
specific increase in turnover, WT and A9D GRN mRNA turnover were assessed in cells
treated with either control sSIRNA or SRP54 siRNA. As before, the TET-Off system was
used. Consistent with earlier results, the half-life for WT GRN mRNA was significantly
longer than that of A9D mRNA: 5.1 hours for WT (x S.E. 4.7, 5.7), 1.7 for A9D (£ S.E. 1.6,
1.8)) (Figure 3.3B). However, in SRP54 siRNA-treated cells this difference was no longer
seen; WT mRNA was degraded at the same rate as A9D: half-life of 1.6 hours for WT (£
S.E. 1.5,1.7) versus 1.8 for A9D (= S.E. 1.7, 2.1)) (Fig 3.3B). Thus, co-translational
recruitment of SRP54 is critical for WT mRNA stability.
Mutant mRNA degradation is translation dependent

To test whether translation was necessary for W7R and A9D mRNA degradation, we
used the elongation inhibitor cycloheximide (CHX). In CHX treated cells, where no nascent
chain was produced and exposed, W7R and A9D mRNA levels were restored to WT (and
V5L) levels (Figure 3.3D). As expected, translation inhibition by CHX was robust,
dramatically reducing progranulin protein (Figure 3.3E). This result demonstrates that the

MRNA degradation requires translation and may be initiated on translating ribosomes.
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Figure 3.3: Differential stability of WT GRN mRNA is SRP dependent and translation

dependent
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A. gPCR analysis of GRN mRNA levels in cells transiently expressing WT, V5L, W7R, or
A9D progranulin, in the presence or absence of SRP54 siRNA.

B. gPCR analysis of WT or A9D GRN mRNA levels over time after inhibition of
transcription, in HeLa Tet-Off cells treated with control SiIRNA or SRP54 siRNA.

C. Western blot of HeLa tet-On cells treated with control or SRP54 siRNA, transiently
expressing WT or A9D progranulin.

D. gPCR analysis of GRN mRNA levels in cells transiently expressing WT, V5L, W7R, or
A9D progranulin, in the presence or absence of CHX.

E. Western blot of HeLa tet-On cells treated with control or CHX, transiently expressing
WT or A9D progranulin.
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Based on these results, we conclude that W7R and A9D progranulin are RAPP
substrates, while VV5L is not. While we have not tested the function of V5L progranulin, the
signal sequence is generally cleaved in the ER [198], so we would expect secreted V5L to be
identical to secreted WT progranulin and therefore functional. Thus, we predict that V5L is a
benign polymorphism, while W7R, like A9D, disrupts progranulin secretion and causes
FTLD.

A9D progranulin triggers RAPP in patient-derived fibroblasts

To determine whether endogenous A9D GRN is a RAPP substrate in the context of
human disease, we obtained fibroblasts from an FTLD patient carrying the A9D mutation.
Sequencing confirmed that the fibroblasts are heterozygous for the A9D mutation (Figure
3.4A).

We inferred A9D GRN mRNA degradation in patient cells by assessing steady-state
WT and A9D mRNA levels. First, we used a previously employed [88] qualitative approach-
sequencing cDNA from patient cells and comparing WT and A9D peak heights, which
correspond to cDNA (and thus mRNA) abundance (Figure 3.4A). The WT and A9D peaks
were of similar height in the genomic DNA tracing, but the A9D peak was far smaller than
the WT peak in the cDNA sequencing tracing, consistent with the previous report [88]. In
addition, we used a more quantitative method: gPCR with WT and A9D specific primers. By
this method, only ~8% of the GRN mRNA in the patient fibroblasts is A9D (Figure 3.4B).
Together, these results demonstrate that A9D mRNA is significantly underrepresented in

patient fibroblasts.
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Figure 3.4: A9D mRNA is specifically degraded in patient derived cells, and mRNA

degradation is translation dependent.
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A. Sequence traces of PGRN from primary human fibroblasts. Patient had FTLD and was
carrying the A9D PGRN mutation. Top: genomic DNA, bottom: cDNA (mRNA).

B. gPCR analysis of GRN mRNA in patient fibroblasts, using genotype specific primers.

C. gPCR analysis of GRN mRNA levels in patient fibroblasts over time after inhibiting
translation with CHX. Genotype specific primers were used for WT (closed circle) and A9D
(open circle) GRN variants. GRN mRNA levels were plotted on a log 10 scale.

D. gPCR analysis of WT, A9D, and total GRN mRNA levels in patient fibroblasts treated
with either control virus or ShARNA SRP54 virus. SRP54 knockdown was confirmed via
qPCR.
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To test whether A9D mRNA reduction was translation-dependent, fibroblasts were

treated with CHX and WT and A9D mRNA levels were assessed over time, using qPCR.
While WT mRNA levels showed little response to CHX treatment, A9D mRNA levels
increased ~8 fold over 48 hours (Figure 3.4C). At the last time point, the percent of total
GRN mRNA which was A9D had more than quadrupled, to about 35% of WT from the
initial value of ~8%.

Finally, to confirm that the reduction in A9D mRNA is SRP dependent, | used a virus
carrying a ShRNA targeting SRP54 to knockdown SRP54 in patient fibroblasts (Fig 3.4D).
As predicted, both total GRN mRNA and WT GRN mRNA levels decreased. However,

A9D GRN mRNA levels were unchanged (Fig 3.4D.
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Figure 3.5: Model of RAPP (Regulation of Aberrant Protein Production)
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Discussion

Here, we present evidence that two mutant forms of progranulin, W7R and A9D, are
targeted by the RNA/protein quality control pathway RAPP. In patients carrying these
mutations, the consequence of RAPP activation is progranulin haploinsufficiency and the
neurodegenerative disease FTLD. Additionally, our study suggests that another signal
sequence mutation, V5L, is a benign variant. We have shown that both W7R and A9D
progranulin fail to recruit the targeting factor SRP, triggering the specific translation-
dependent degradation of their mMRNAs. Moreover, translation-dependent, mutant specific
MRNA degradation is also seen in FTLD patient-derived fibroblasts. This is the first
evidence that RAPP plays a role in the pathophysiology of human diseases caused by signal
sequence mutations.

Mutant progranulin is clearly subject to RAPP. However, there are some differences
between mutant progranulin and PPLA4L, the first described RAPP substrate. For example,
in the original report, PPL mRNA stability depended on the balance between two interactions
of the nascent chain: SRP and Ago2. This was based on evidence of proximity: Ago2
crosslinked preferentially to the mutant nascent chain, and an Ago2 IP pulled down
specifically mutant PPL mRNA. Additionally, there was functional evidence that Ago2
played a role in mMRNA degradation--overexpression decreased PPL mRNA, while
knockdown protected mutant PPL mRNA. By contrast, for progranulin, while SRP plays a
very similar role, we did not observe evidence of Ago2 participation. Neither Ago2

knockdown nor overexpression had measurable effect on either mutant or WT GRN mRNA
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turnover under the conditions employed (data not shown), suggesting the role of Ago2 may

be substrate specific.

The existence of natural RAPP substrates confirms the physiological relevance of this
quality control pathway. However, we anticipate that this expanded role for RAPP will be
central for many disparate genetic diseases. In fact, a survey of the literature demonstrates a
handful of disease-causing signal sequence mutations which would be predicted to disrupt
SRP recruitment. For example, the L15R mutation in UGT1A1, which causes Crigler-Najjar
Type 11 [168] and the L25R mutation in COL5A1, which causes Ehlers-Danlos [170], both
substitute a polar amino acid for a hydrophobic residue. Additional potential RAPP
substrates include C18R in PTH, which causes Familial isolated hypoparathyroidism [167]
and the Y6D mutation in DSPP, which causes dentine dysplasia type 11 [169]. There are also
signal sequence mutations would not be predicted to disrupt SRP recruitment, but are
nevertheless associated with loss of secretion, such as the A15G mutation in POMC,
associated with obesity [171]. This study of A9D progranulin reveals a new mechanism of

molecular pathology that likely underlies multiple genetic diseases.



Figure Contributions:

Figure 1B was the work of Andrey Karamyshev, Ph. D.
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Materials and Methods:

Cell Lines and Drug Concentrations

HeLa Tet-On (Clontech) and HeLa Tet-Off cells (Clontech) were maintained in Dulbeco’s
Modified Eagle Medium (DMEM, Sigma) supplemented with 10% Fetal Bovine Serum
(Gemini); 50,000 U Penicillin; and 50 mg Streptomycin (Gibco). Cultures were maintained
in 37 incubator with 5% CO2. Cells were treated with cycloheximide (CHX) at 50 ug/ml for
24 hours. Cells were treated with Doxycycline (Sigma) at 1 ug/ml for indicated times.

The patient fibroblasts were obtained from the NINDS Human Genetics Resource Center

DNA and Cell Line Repository (https://catalog.coriell.org/1/ninds) . NINDS Repository

sample numbers corresponding to the samples used are: ND40082. Untransformed
fibroblasts were cultured in Media X (4 parts DMEM to 1 part medium 199; Hyclone, cat.
no. SH3A1845.02) supplemented with FBS and antibiotics in coated flasks, and grown under
low oxygen (2% oxygen, 5% CO, and 93% nitrogen) at 37 degrees [199] . Fibroblasts were
subcultured with Trypsin/EDTA (Cascade Biologics, cat. no. R-001-100). All experiments
were performed on fibroblasts between p.9-12.

Fibroblasts were treated with cycloheximide at 10 ug/ml, for the indicated time period.

Plasmids, DNA Techniques, and tRNA

GRN cDNA was obtained from DNASU( HsCD00022162)and cloned into pBl-eGFP

(Clontech) vector using restriction sites for Sall and EcoRV.
V5L, W7R, A9D, and amber stop codons were introduced using site-directed mutagenesis

(see Supp Table 1 for primers). To generate the tet-dependent PGRN constructs, WT and


https://catalog.coriell.org/1/ninds
https://dnasu.org/DNASU/GetCloneDetail.do?cloneid=22162
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A9D PGRN were pcr amplified (see Supp Table 1 for primers) and subcloned into pTRE2-

hyg (Clontech) vector using BamHI and EcoRV restriction sites.

All constructs were sequenced to confirm.

DNA fragments for in vitro transcription were generated by standard PCR techniques. For in
vitro translation and photocrosslinking experiments mRNAs were transcribed in vitro using
SP6 RNA polymerase and PCR-produced DNA fragments of the desired length as before
[200] and purified using the RNeasy Mini kit (QIAGEN). N*-(5-azido-2-nitrobenzoyl)-Lys-
tRNA™ (s ANB-Lys-tRNA*™) was prepared as described earlier [200] and [201]. This
tRNA contains an anticodon that recognizes an amber stop codon in mRNA. Briefly,
tRNA™ was synthesized in vitro by T7 RNA polymerase, purified by chromatography on
MonoQ column, aminoacylated with [**C]Lys in vitro, purified again on the same column,
and chemically modified with ANB. This sANB-Lys-tRNA*™ was used for
photocrosslinking experiments.

cDNA Synthesis and gRT-PCR

RNA was extracted using the Macherey-Nagel Nucleospin kit according to manufacturer’s
instructions (740955). Samples were reverse transcribed using high-capacity cDNA reverse
transcription kit (Thermoscientific 4368813). gPCR was performed using a 7900HT Fast
Real-time PCR system (Applied Biosystems) and Power SYBR green master mix (Applied
Biosystems 4367659). Primer sequences can be found in Table 1. GFP was used as a
normalization control. Relative expression levels were determined using the AACT method.
All experiments use a minimum of three technical replicates per sample and at least three

biological replicates per analysis.



98
For the mRNA turnover experiments, mRNA quantity at each timepoint was normalized to

“time 0” using the AACt method, where GFP was used as a loading control. For both WT
and A9D, data points were fit onto a two-parameter exponential decay curve using SigmaPlot
12.0, y = a* exp (-b*x). Half-life was calculated as In (2/b). The standard error in half-life
was calculated using e, the standard error of b: In (2/b-e) and In (2/b+e).

SRP54 knockdown in patient fibroblasts

Fibroblasts were plated at ~50% density and treated with polybrene (5ug/ml) and either
control shRNA (SHC200V) or shRNA targeting SRP54 (TRCN0000278368), both purchased
from Sigma-Aldrich. Two days later, infected fibroblasts were selected with puromycin (1.5
mg/ml). Nine days after treatment with virus, total RNA was isolated as described earlier.
RNAi and PGRN mRNA Stability Experiments

The following siRNAs were synthesized by Dharmacon: SRP54 siRNA
(sense:GAAAUGAACAGGAGUCAAUITAT) [202]; Ago2 specific siRNAs, purchased as a
pool (Dharmacon siGENOME smartpool, Cat # M=004639-00), as published[203]. The
control sSiRNA used was purchased from Ambion, Silencer Negative Control #1 siRNA.

For the siRNA experiments, HeLa Tet-On cells were transfected using Lipofectamine
RNAiMax, according to manufacturer’s instructions. The next day, cells were transfected
with WT or mutant GRN plasmids using Lipofectamine 2000, according to manufacturer’s
instructions.

For the mRNA turnover experiments, HelLa Tet-Off cells were co-transfected with the
pTRE2hyg WT or A9D GRN and pBI-CMV2 AcGFP plasmid (for normalization). Thus,

WT and A9D GRN were under a promoter with a Tet-responsive element, while GFP was
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not. 20 hours after transfection, cells were treated with doxycycline (1 ug/ml) to inhibit

transcription of GRN. Cells were harvested, and total RNA collected, at 1,2,4, and 8 hours
after doxycycline treatment. Untreated cells were harvested at time 0 as controls. Total
RNA was purified using the NucleoSpin RNA 11 kit (Clontech). WT or mutant PGRN
MRNA levels were determined by gPCR.

The SRP knockdown experiments were performed identically, with the exception of SIRNA
transfection 48 hours prior to transfection of WT or A9D GRN.

Western Blots and Antibodies

Samples for western blotting were prepared as follows: Media was heated at 95 degrees
celsius for 10 min in 5X Laemmli buffer (0.3 M Tris-HCI pH 6.8, 50% glycerol (v/v), .05%
Bromophenol blue, 0.1 M DTT, 10% SDS(w/v)). Whole cell lysate was prepared either by
lysing cells directly in 2X Laemmli or in modified RIPA (1% (w/v)deoxycholic acid (Na
salt), 1% (v/v)Triton X-100, 0.1% (w/v)SDS, 50 mM Tris, 150 mM NaCl, pH 7.4, 1X
protease inhibitor (Roche 11836170001). Samples were separated by SDS-PAGE and
transferred onto PVDF membranes (Millipore Immobilon-FL IPFL00010). Blots were
probed with primary antibodies:PGRN ( Proteintech 18410-1-AP), Actin (Millipore JLAZ20),
GFP ( Clontech JL-8), SRP54 (BD Bioscience 610940). Secondary antibodies: LI-COR
Goat anti-Mouse (926-68070) and LI-COR Goat anti-Rabbit (926-32211). Blots were

visualized using the LI-COR Odyssey CLx or film.

Solubility and Glycosylation Analysis
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Sequential extractions were performed to compare the solubility profile of WT vs A9D

progranulin. Cells were washed with phosphate-buffered saline and lysed in ice cold RIPA
(containing protease and phosphatase inhibitors). Lysates were bath sonicated (4 rounds, 30
sec on 30 sec off) then spun at 100,000Xg for 30 min at 4 degrees. Supernatant was taken as
“RIPA” fraction. Pellets were resuspended in freshly-made urea buffer (7M Urea, 2M
thiourea, 4% CHAPS, 30 mM Tris, pH 8.5) and bath sonicated using the same protocol.
Lysates were spun again at 100,000 x g for 30 min at 4 degrees, and supernatant was taken as

the “Urea” fraction.

To determine migration of unglycosylated WT GRN, lysate from HelLa tet-On cells
transiently expressing WT progranulin was harvested as usual. 20 ul lysate was incubated

with 125U of PNGase F for 1 hour at 37 degrees.

For both sequentially extracted and PNGase treated lysates, 5X laemmli buffer was added
and samples were boiled at 95 degrees for 10 min. Western blotting analysis was performed

as described earlier.

Immunofluorescence Microscopy

HeLa Tet-On cells were cultured on coverslips using standard culture conditions. Then cells
were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X 100, and blocked
with 10% Normal Goat serum ((Invitrogen 50062Z). Antibodies against PGRN (
Proteintech 18410-1-AP) were applied at 1:50, in 10% normal goat serum. PGRN was
visualized using the secondary antibody Alexa 594-anti mouse (Thermo Fisher Scientific

A11005). Nuclei were stained with Hoescht (Invitrogen 33342). Coverlips were mounted
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with Prolong Gold antifade ( life technologies P36934), and imaged on a Nikon Eclipse

TE2000-U with NIS Elements software, under 60X magnification.

Sequencing of genomic DNA and cDNA

Genomic DNA was isolated from fibroblasts using Wizard Genomic DNA Purification kit
from Promega (A1120). Fibroblast cDNA was prepared as above. GRN gDNA was
amplified using specific primers used by [88], (see table). GRN cDNA was amplified using a
different primer set (see table). Cycling conditions were an initial denaturation of 95°x 2
min, followed by 30 cycles of 95° x 30 sec, 54.2° x 20 sec, 72° x 1 min; this was followed by
a final elongation step, 72° x 3min. Reactions were run on agarose gel, and the band was
gel-extracted (Using Promega Wizard SV Gel and PCR Clean Up System, A9281). The PCR
product was then sequenced in both directions by the McDermott Sanger Sequencing core,
using Life Technologies® (LT) Dye Terminator 3.1 chemistry and 3730XL Genetic

Analyzers. Tracings from the reverse sequence are shown.

Table 3.1: Primer Sequences

Mutagenesis Forward Reverse
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V5L catgtggaccctgttgagctgggtgge | gccacccagctcaacagggtccacatg
WT7R gaccctggtgagcagggtggccttaac | gttaaggccaccctgctcaccagggtc
A9D ggtgagctgggtggacttaacagcagg | gccctgctgttaagtccacccagcetcace
gc
subcloning ggactcggatccgccaccatgtggacc | gactcgatatcctacagcagctgtctcaagg
into pTRE2 ctggt
gPCR pBl GRN | gaaccgtcagatccgctagg acagggcagaactgaccatc
total atacctgctgccgagacaac aaacacttggtacccctggc
GRN
WT ctggtgagctgggtggce gccatttgtccagaagggga
specific
A9D cctggtgagcetgggtgga gccatttgtccagaagggga
specific
AcGFP gaagtagatcatgtgatcgcg ctgctgcccgataaccact
PGRN
cDNA atgtggaccctggtgagct gccatttgtccagaagggga
amplification
PGRN
gDNA gggctagggtactgagtgac agtgttgtgggccatttg
amplification
[88]
gPCR Actin caccttctacaatgagctgceg tagcacagcctggatagcaac
gPCR[160] PPL 3’ aagtttgccagggaatggatc acaactgctaagcccacattcat
gPCR[160] PPL exon | caaattcgttgaacatttccg ctgccaggtatcccttcgagac

2-3




103
CHAPTER FIVE

Conclusions and Recommendations

The rapid progression of FTLD/ALS, combined with a lack of disease-modifying
therapies, make this a truly devastating diagnosis. The development of an even moderately
efficacious therapy would have a significant impact on these patients. However, a
therapeutic strategy must be informed by the underlying pathological changes, which as of
now are not well-understood. This can be improved by focusing on two areas: First, the
causes and consequences of a common pathological change in FTLD, the aggregation and
mislocalization of TDP-43. Second, the quality control mechanisms which combat
aggregation, such as RAPP (Regulation of Aberrant Protein Production).

Mislocalization and aggregation of the RNA-binding protein TDP-43 is commonly
seen in FTLD/ALS patients. In an unstressed cell, TDP-43 is predominantly nuclear, but
constantly shuttling to and from the cytosol. In ALS/FTLD, TDP-43 is aggregated in the
cytosol and depleted from the nucleus. Converging lines of evidence suggest that cytosolic
aggregation and nuclear depletion of TDP-43 are a cause of toxicity in FTLD/ALS, although
the contribution of each of these to toxicity is still a matter of debate. Thus, facilitating
nuclear import and/or inhibiting nuclear export of TDP-43 are attractive potential therapeutic
strategies.

Despite this, there is relatively little known about normal trafficking of TDP-43. In
this work, 1 have made contributions to our understanding of the steady-state trafficking of
TDP-43. TDP-43 trafficking is comprised of nuclear import and nuclear export. In the

course of my initial experiments on TDP-43 nuclear trafficking, | found that the published
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mechanism of nuclear export was incorrect: TDP-43 nuclear export did not require the

putative NES (Nuclear Export Signal), or did it appear to be XPO1 dependent. After
determining that no region of TDP-43 was required for its export, and performing a few
fortituous experiments with differently sized tags, | came to a surprising conclusion- TDP-43
nuclear export appeared to be driven by passive diffusion through the nuclear pore.

The phenomenon of diffusion through the nuclear pore has been largely ignored.
Initial studies in the 70s with differently sized beads indicated that most proteins are unable
to diffuse through; this led to the oft-repeated statement through the literature that any protein
larger than 40 kDa cannot diffuse through the NPC. Additionally, the observation that many
proteins much smaller than contain trafficking signals — for example, the 13kDa Rev protein—
suggested that even small proteins could only traffic efficiently with the aid of a karyopherin
[204].

However, more recently this finding has been re-examined, with several studies
suggesting that in fact much larger proteins have the capability to diffuse through the NPC.
My study provides, to my knowledge, the first practical example that a protein can shuttle
efficiently without active nuclear export. My study suggests that other members of the
hnRNP family of proteins, which also contain dubious NESs, may also exit the nucleus via
passive diffusion. Moreover, my study offers an experimental paradigm to test this
hypothesis: assess nuclear export of protein of interest fused to tags of various sizes.

While the passive nuclear export of TDP-43 is interesting from a scientific
standpoint, from a therapeutic standpoint it is rather disappointing. Blocking nuclear export

with small molecules is not only feasible, but is well-tolerated by patients. By contrast,
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inhibiting passive nuclear export is likely both technically challenging and toxic. However,

| hope the insight I provide into the steady-state trafficking of TDP-43 can help answer the
critical next questions: what are the fundamental events that incite pathological
mislocalization and aggregation of TDP-43? And are there any cellular events which directly
affect TDP-43 import, export, or aggregation, that might play a part in either inciting or
propagating these pathological states?

There is also a great deal of work to be done in understanding quality control
pathways, which have evolved to curb accumulation of potentially toxic misfolded and
mislocalized proteins. Our lab recently described the quality control pathway RAPP
(Regulation of Aberrant Protein Production). This quality control pathway acts to prevent
formation of mis-localized proteins by specifically degrading mRNA of proteins which fail to
recruit the correct trafficking factors during translation. This was originally demonstrated in
the case of a mutant secretory protein, PPLA4L (preprolactin) which could not recruit the
trafficking factor SRP (Signal Recognition Particle).

| extended our understanding of RAPP by demonstrating an endogenous, disease-
related substrate: GRN A9D (progranulin). Patients which carry a single loss-of-function
mutation in progranulin develop the neurodegenerative disease FTLD. Most of the FTLD-
causing GRN mutations are nonsense, but one of the most common mutations is A9D, a
missense mutation within the signal sequence. | showed that A9D GRN is a RAPP substrate
when transiently expressed in cultured cells. Moreover, A9D GRN is a RAPP substrate in
culture fibroblasts isolated from an FTLD patient. This demonstrates that RAPP plays a role

in suppressing the expression of mutated secretory proteins in disease. A preliminary
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literature search suggests that this may be a general mechanism of genetic diseases caused by

loss of a critical secretory protein.

However, many questions about RAPP remain unanswered. First, there are
mechanistic details: how are RAPP substrates recognized? What is the eventual fate of the
nascent chain and translating ribosome? And what are the nucleases and other protein
players in this process? Second, there are physiological questions about RAPP: is
suppression of mutant secretory proteins, such as A9D GRN, helpful or harmful? And what
are the consequences, for the cell and the organism, of loss of RAPP?

The most pressing question is which proteins/RNAs are involved in sensing and
mediating RAPP. | and previous lab members have already done a candidate-based search,
looking at proteins involved in other QC pathways: NSD, NGD, and NMD. The logical next
step is to do an unbiased screen for RAPP mediators. This could be a sSiRNA screen, a small
molecule screen, or a CRISPR screen. Because this RAPP is an RNA decay pathway,
proteins involved in RNAI mediated silencing may play a role in RAPP, so a CRISPR screen
may be preferable. A small molecule inhibitor of RAPP would be very useful for answering
key questions about RAPP, so conducting a small molecule screen in parallel is worth

consideration.
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