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ABSTRACT OF THE DISSERTATION

Models of TDP-43 Proteinopathy in ALS / FTD and RNA targeting using
CRISPR/ Cas9

By
Elaine C. Pirie
Doctor of Philosophy in Biomedical Science
University of California, San Diego
Professor John Ravits, Chair
Professor Gene Yeo, Co-Chair

Misregulation of RNA processing is a major component of the related
neurodegenerative diseases Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration. TDP-43 is an RNA binding protein and the primary pathological
finding in both diseases. Post-translational modification of TDP-43 by direct S-
nitrosylation of cysteines 173 and 175 leads to disulfide bond formation and loss
of solubility in ALS / FTD models. Further, TDP-43 aggregation may be able to
induce nitrosative stress within the cell, leading to further loss of solubility. We
present models of TDP-43 aggregation that demonstrate TDP-43 is capable of
propagating between cells quantifiably, spreading disease-associated
aggregates. C9orf72 is the most common genetic cause of ALS / FTD, and here
we establish a CRISPR / Cas9 technology capable of tracking and degrading
RNA foci found in in myotonic dystrophy and C9 ALS. Our findings provide a
novel framework for therapeutics targeted at TDP-43 aggregation and RNA

toxicity.
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Introduction

Frontotemporal lobar degeneration (FTD) and amyotrophic lateral
sclerosis (ALS) are both age-related neurodegenerative diseases characterized
by localized neurodegeneration, eventually resulting in death (Chen-Plotkin, Lee,
& Trojanowski, 2010). The age-of-onset for both diseases is between 40 and 60
years of age. FTD is caused by deterioration of the frontal lobe often extending
into the temporal lobe, leading to cognitive decline, aphasia and dementia
(McKhann et al., 2001). It is thought to represent the second most common
cause of dementia under the age of 65 due to genetic mutation (McKhann et al.,
2001). ALS is a degenerative motor neuron disease in which both the upper and
lower motor neurons deteriorate, leading to muscle atrophy, and is the most
common form of neuromuscular disease in the world (E. B. Lee, Lee, &
Trojanowski, 2011). Both diseases feature protein aggregates in the cytoplasm of
affected cells (Neumann et al., 2006). Interestingly, about 50% of ALS patients
eventually develop cognitive decline, and 15% of FTD patients develop motor
neuron disease (Talbot & Ansorge, 2006). In 2006, it was discovered that a major
component of these aggregates in nearly all cases of ALS and in the most
common subtype of FTD was an RNA binding protein called trans-activation
response DNA binding protein 43 kDa, or TDP-43 (Neumann et al., 2006).

TDP-43 was first discovered as a repressor of HIV-1 transcription. While

TDP-43 is capable of binding DNA directly, it is now known to be a primarily



RNA-binding protein that regulates the repression, stabilization, and splicing of
many mRNAs (Winton et al., 2008). Structurally, TDP-43 is made up of two RNA
recognition motifs, RRM1 and RRM2, as well as a long glycine-rich tail (Fig. 1),
with the majority of known TDP-43 mutations in the C-terminal tail (Geser,
Martinez-Lage, Robinson, et al., 2009). There is no clear binding motif on the
RNA targets of TDP-43, but it appears to preferentially bind UG repeats in introns
(Tollervey et al., 2011).

As mentioned above, TDP-43 is also a major component of the inclusions
that characterize ALS, FTD, and a group of more rare disorders known as the
“TDP-43 proteinopathies.” Its exact role in these conditions is not known, but
mutations in the TDP-43 gene, TARDBP, have been found in both familial and
sporadic forms of these diseases, suggesting a causative role for TDP-43 rather
than a consequential one (Tollervey et al., 2011) (Dewey et al., 2012). There is
now emerging evidence that in addition to being a prominent feature in ALS and
some forms of FTD, TDP-43 pathology is a secondary feature in a wide variety of
neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and Huntington’s disease (HD) (Geser, Martinez-Lage, Kwong,
Lee, & Trojanowski, 2009). However the extent to which TDP-43 aggregation
impacts symptoms in these diseases is not known, and mouse models have so
far not been able to give good insight into the disease pathogenesis.

In human disease models, TDP-43 has been shown to be increasingly
insoluble and mislocalized to the cytoplasm rather than the nucleus (Dewey et

al., 2012). It may co-localize with cytoplasmic stress granules and is also more



highly phosphorylated and ubiquitinated. Evidence suggests that while
phosphorylation occurs early in the disease process, ubiquitination does not
occur until after aggregates form (Neumann et al., 2006) (Dewey et al., 2012). It
is unclear whether TDP-43 aggregates have a gain-of-function toxicity or simply
prevent TDP-43 from carrying out its normal role (Tollervey et al., 2011). The
mechanism causing TDP-43 aggregation is not known, and more research into
its causes and consequences may have a major impact on our understanding of
neurodegenerative diseases.

Aggregation of TDP-43 in ALS / FTD raises intriguing possibilities in
disease pathogenesis, considering TDP-43 itself exhibits substantial prion-like
qualities: The C-terminal domain of TDP-43 has a proposed prion-like structure
due to its asparagine and glutamine rich sequence (Fuentealba et al., 2010) and,
intriguingly, essentially all ALS-causing genetic mutations in TARDBP are
clustered in this 3" region (Pesiridis, Lee, & Trojanowski, 2009). Recombinant
TDP-43 has been shown to induce aggregation in cell culture via an apparent
seeding mechanism (Furukawa, Kaneko, Watanabe, Yamanaka, & Nukina,
2011), as has insoluble TDP-43 from FTD and ALS patient CNS ((Nonaka et al.,
2013). These reactions also resulted in toxicity and cell death in the target cells.
Although several models of TDP-43 mediated toxicity have been proposed
(Janssens & Van Broeckhoven, 2013; Nonaka, Kametani, Arai, Akiyama, &
Hasegawa, 2009) (Brettschneider et al., 2014), the mechanisms of TDP-43
propagation and aggregation are still unclear and very little attention has been

directed to elucidating the biology of its propagation. In particular, the



mechanisms of TDP-43 release and uptake remain unclear. It is important to
develop models for TDP-43 aggregation and prion-like propagation through the
nervous system to better understand the mechanisms of ALS pathogenesis and
tailor future therapeutic approaches.

That TDP-43 is an RNA binding protein cannot go unremarked, as
evidence increasingly implicates RNA misregulation in ALS / FTD. 1. The primary
/ only pathological hallmark of ALS is TDP-43 aggregation, with mutations in
TDP-43 being causative (Sreedharan et al., 2008) (Daoud et al., 2009). 2. RNA
binding proteins generally are associated in ALS pathogenesis, as many ALS-
causing mutations occur in RBPs, leading to RNA misregulation (Nussbacher,
Batra, Lagier-Tourenne, & Yeo, 2015) (Mohagheghi et al., 2016). 3. The most
common genetic cause of ALS / FTD is the C9orf72 hexanucleotide repeat
expansion, which triggers the production of RNA foci in the nucleus in the cells of
patients with the disease (DeJesus-Hernandez et al., 2011). The exact
mechanism by which this expansion induces ALS / FTD is not clear, but RNA foci
and other downstream effects of this RNA appear to play a major role in disease
pathogenesis (Belzil, Gendron, & Petrucelli, 2013). Appropriate regulation of
RNA, based either on correction of RBP pathology or other technologies, may
provide a major therapeutic benefit to patients with ALS / FTD.

RNA misregulation is at the root of other neurological / neuromuscular
diseases. The microsatellite repeat — expansion diseases are disorders produced
by an expansion of short repetitive nucleotide base sequences within the

genome, and result in accumulations of pathogenic RNA foci in affected cells



(Cleary & Ranum, 2014) (Usdin, 2008). These diseases include the C9orf72
repeat expansion discussed above, as well as myotonic dystrophy (Sicot &
Gomes-Pereira, 2013). Myotonic Dystrophy (DM) is a disease affecting multiple
organ systems in which pathology develops in skeletal and cardiac muscle in
addition to the CNS. The genome of DM patients contain an expansion of the
sequence CTG (DM1) or CCTG (DM2), and this expanded nuclear transcript is
maintained as RNA foci in the nucleus (Goodwin et al., 2015). These foci
sequester an assortment of proteins capable of binding RNA, including HNRP,
STAU1, CUGBP1 and ETR3-like (CELF), and muscleblind- like (MBNL) (K. Y.
Lee et al., 2013). The sequestration of MBNL and other RNA binding proteins
leads to misregulation of alternative splicing (AS) in an array of RNA transcripts,
which contributes to the multi-systemic nature of this disease (Goodwin et al.,
2015).

The C9orf72 hexanucleotide repeat is the most common genetic causes of
both familial and sporadic ALS (Talbot & Ansorge, 2006). There are three main
hypotheses regarding the mechanism of cell stress / death in the C9 repeat
expansion: 1. Loss of function of the C9orf72 protein. The function of C9orf72 is
not clear, but the protein has some homology with proteins involved in shuttling
(Mackenzie, Frick, & Neumann, 2014). There are multiple isoforms, as the
protein can be alternatively spliced (Almeida et al., 2013). However, C9orf72
knockout mice do not recapitulate the effects of disease (Koppers et al., 2015).
This makes loss of C9orf72 function an unlikely primary cause of the symptoms

of ALS / FTD. 2. Toxic RNA foci: The accumulated RNA foci may have a toxic



gain of function which induces cell stress, or may be sequestering required RNA
binding proteins in the nucleus, as in DM1 (Haeusler, Donnelly, & Rothstein,
2016). 3. Toxic dipeptide repeats: the expansion transcript is translated in both
the sense (GGGGCC) and antisense (CCCCGG) direction via repeat-associated,
non-ATG dependent (RAN) translation, five dipeptide repeats — three in each
direction (GP is present in both directions) (Mackenzie et al., 2013) (Cleary &
Ranum, 2014).

Both DM and C9 ALS/FTD are neurodegenerative diseases featuring RNA
foci accumulation in the nucleus (Belzil et al., 2013). While much about the
etiology of these diseases remains unclear, targeting of the RNA foci is an
intriguing research area.

Here, we present multiple models and techniques focused on the
regulation of RNA in ALS / FTD via RBPs and novel biotechnology. We show that
TDP-43 solubility is directly regulated by nitrosative stress, leading to
aggregation in cell models of ALS / FTD in a manner similar to that seen in FTD
patient brain. Further, we show that TDP-43 may be able to induce further
nitrosative stress within the cell, possibly inducing increasing aggregation. We
also establish a preliminary model for quantifying TDP-43 propagation in a cell
culture system, which may be used for downstream screens in order to better
understand TDP-43 spread. Finally, we characterize a novel biotechnology and
demonstrate its ability to track and degrade RNA foci in vivo, further establishing

its therapeutic potential in patients with microsatellite repeat diseases.



Chapter 1: S-Nitrosylation of TDP-43
1.1 Rationale

Recent evidence from the laboratory of Virginia Lee and John Trojanowski
suggests that oxidative stress (due to reactive oxygen species (ROS)) can cause
TDP-43 aggregation and decrease its activity in vitro (Cohen, Hwang, Unger,
Trojanowski, & Lee, 2012). This indicates that TDP-43 is a stress-responsive
factor and that therapeutic strategies for affected patients could possibly utilize
antioxidant-based treatments.

As first discovered by Dr. Lipton’s group and colleagues, S-nitrosylation
represents the reaction of a nitric oxide (NO) moiety with a protein thiol group
that regulates protein function (Akhtar, Sunico, Nakamura, & Lipton, 2012).
Under normal conditions ROS and reactive nitrogen species (RNS) are present
at low levels in the cell, functioning as signaling mechanisms in several
neuroprotective pathways (Nakamura & Lipton, 2013). In pathological conditions
production of ROS and RNS is increased, leading to oxidative and nitrosative
stress. NO-related species represent RNS that are known to covalently react with
a cysteine thiol group (or more properly thiolate anion) in a protein, causing a
post- translational modification and thus affecting protein activity (Akhtar et al.,
2012). Such proteins are known as “SNO-proteins” (representing Cys-S-NO).

Both exogenous and endogenous mechanisms can cause pathological
nitric oxide concentrations in the brain. Exogenous mechanisms include
environmental exposure to NO (e.g., nitrates or other RNS in air pollution and

high-density automobile traffic), and also to pesticides such as rotenone and



paraquat/maneb (Betarbet et al., 2000). Interestingly, epidemiological studies of
ALS patients have suggested a link between exposure to certain pesticides and
the development of ALS (Kamel et al., 2012).

One of the principal ways endogenous NO causes S-nitrosylation is via
activation of NMDA-type glutamate receptors (NMDARSs). Many excitatory
synapses in the brain contain NMDAR-operated channels activated by glutamate
(and co-agonist glycine or D-serine). Activation of these channels leads to
calcium influx into the neuron, which triggers activation of nNOS (neuronal nitric
oxide synthase) to convert L-arginine to citrulline, thereby producing NO (Sattler
et al., 1999). Pathological hyperactivation of NMDARs leads to the
overproduction of NO, resulting in aberrant S-nitrosylation reactions on proteins
that would not normally become S-nitrosylated and can thus compromise a
number of proteins critical to cell function (Nakamura & Lipton, 2013).0Once
nitrosylated, NO often represents a good “leaving” group in chemical parlance, as
NO will react with other electron donors if the Gibbs free energy is thereby
reduced. When this occurs, the NO group is often replaced by ROS reacting with
the same thiol group, which, presumably because of a conformational change in
the protein, is now more reactive (Sattler et al., 1999) (Lopez-Sanchez, Lopez-
Pedrera, & Rodriguez-Ariza, 2014).

Alternatively, if vicinal thiols are present, when NO leaves a thiol, a

disulfide bond may form (Hess, Matsumoto, Kim, Marshall, & Stamler, 2005).



Proteins with S-nitrosylated cysteines may then aggregate, for example, if
intermolecular disulfide bonds connect them.

Not all cysteines are capable of being S-nitrosylated. Cysteines that are
surrounded by a so-called amino acid “SNO-motif” are more likely candidates.
The SNO-motif is comprised of flanking acidic and basic amino acids, which
affect the deprotonation of the thiol to the thiolate anion, which is capable of
binding NO (Andre, dos Santos, & Rando, 2016; Hess et al., 2005).

Recently, oxidative stress was shown to cause TDP-43 aggregation in
vitro (Cohen et al., 2012). Along these lines, Cohen et al. determined that
exposure of COS7 cells to hydrogen peroxide and arsenite led to insoluble TDP-
43 formation. They went on to determine using 14-iodoacetate that cysteine
residues were the target of oxidative stress in TDP-43. They were unable to
determine which cysteine(s) were involved, nor through what mechanism of
aggregation occurred. Interestingly, another group determined that the use of
methylene blue could prevent TDP-43 aggregation in vitro (Yamashita et al.,
2009). Methylene blue is known to inhibit nitric oxide synthase, among other
actions. Taken together, these data support the notion that TDP-43 aggregates in

response to oxidative stress, and that NO might play a role in such aggregation.

Results
1.2 TDP-43 is capable of being S-Nitrosylated
We first exposed 14 day old rat primary cortical neurons to 200uM s-

nitrosocysteine, an exogenous NO donor produced by the reaction of cysteine



10

and sodium nitrite. After one hour the cells were assessed by a biotin-switch
assay: free thiols were blocked with MMTS, any nitric oxide was reduced away
using ascorbate, and the free thiols were biotinylated. Streptavidin pulldown and
subsequent western blot showed an increased amount presence of biotinylated
TDP-43 over control samples (Figure 1A), indicating this protein was being S-
nitrosylated. We next tested an endogenous model of S-nitrosylation using HEK
cells modified to express neuronal nitric oxide synthase. As calcium influx
activates nNOS, the cells were exposed to A23187, a calcium ionopore,
overnight at 37C. Subsequent biotin switch once again demonstrated increased
biotinylation of TDP-43 after treatment, indicating that it was S-nitrosylated
(Figure 1B). To further confirm the ability of TDP-43 to be S-nitrosylated by
endogenous NOS, we utilized the existing NMDA receptors on the rat primary
cortical neurons. We exposed 21 day old rat primary cortical neurons to 50uM
NMDA for 20 minutes and then allowed the cells to rest for three hours. Biotin-
switch again showed an increase in SNO-TDP-43 formation (Figure 1C).
Recombinant TDP-43, amino acids 1-265, was generated and exposed to s-
nitrosocysteine. SNO-TDP-43 was again detected by biotin switch (Figure 1D).
The recombinant protein was then exposed to s-nitrosocysteine and submitted
for top-down mass spectrometry, which does not require protein cleavage and
allows detection of post translational modifications. Mass spec detected a 29KD
shift in the treated recombinant TDP-43 sample, which is the expected size of an

addition of nitric oxide (Figure 1E).
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1.3 S-Nitrosylation of TDP-43 induces in Aggregation

Previous work has indicated that in the CNS of patients affected by ALS /
FTD, TDP-43 protein is concentration is increased in the insoluble fraction in cell
lysate (Ayala et al., 2008; Furukawa et al., 2011). To see if S-nitrosylation
induced TDP-43 aggregation, we treated 14 day old rat primary cortical neurons
with 200uM SNOC and fractionated the resulting cell lysate as in (Cohen et al.,
2012). Using western blot, we detected a substantial increase in TDP-43 in the
insoluble fraction, while the soluble fraction remained unchanged (Figure 2A).
We then exposed 21 day old rat primary cortical neurons to NMDA and
fractionated the lysate. Interestingly, there was an increase in the insoluble TDP-
43 fraction as expected, but this increase was attenuated in another sample
where L-NAME, an inhibitor of nNOS, had been added (Figure 2B). This
indicated that the insolubility of TDP-43 in these cells was the direct result of
NOS-mediated nitric oxide generation.

We next treated SH-SYSY cells, an immortalized glioblastoma cell line
(Xie, Hu, & Li, 2010), with SNOC and fixed them for immunofluorescence. An
antibody against TDP-43 detected the presence of TDP-43 outside the nucleus in
the treated cells. Intriguingly, TDP-43 co-localized with TIAR, an RNA binding
protein and stress granule marker (Figure 2C). Stress granules are aggregates of
RNA and protein that accumulate in the cytoplasm during cell stress and have
been implicated in the development of ALS / FTD (Dewey et al., 2012).

In order to establish if ALS / FTD associated mutations might make

patients more vulnerable to nitrosative stress, we treated hiPSC derived motor
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neurons from a control patient and three patients with ALS / FTD causing
mutations. As expected, SNOC treatment on these motor neurons induced an
increase in the insoluble TDP-43 detected in control condition and two of the ALS
/ FTD mutant lines. Unexpectedly, one line had an extreme reaction to SNOC
treatment, producing a surprisingly large amount of insoluble TDP-43, including
high molecular weight TDP-43 and cleaved fragments, both of which are seen in
patient fractions (Figure 2D). This indicated that genotype may be an important

determinant of a patients ability to cope with environmental nitrosative insult.

1.4 Cysteines 173 and 175 are the S-nitrosylated Cysteines on TDP-43

While TDP-43 contains six cysteines, previous work has shown that only
four are likely to be involved in cysteine oxidation (Cohen et al., 2012). To
investigate if these four cysteines (173, 175, 198, 244) were involved in TDP-43
S-nitrosylation, we generated plasmids with point mutations switching these four
cysteines with alanine, which is structurally identical to cysteine but is missing the
thiol group and is therefore not capable of being S-nitrosylated. We next
transfected these plasmids, along with a wild-type TDP-43 control, into SH-SY5Y
cells. Biotin-switch showed that when cysteines 173 and 175 were mutated to
alanines SNO-TDP-43 was not formed. This indicated that TDP-43 is S-

nitrosylated at these cysteines (Figure 3A).

1.5 Non-Nitrosylatable TDP-43 is less prone to aggregation, retains function

and prevents cell death.
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SH-SYSY cells were transfected with wild — type and non-nitrosylatable
TDP-43, exposed to SNOC and the lysate was fractionated. Western blot
showed that there was less insoluble TDP-43 in cells transfected with the mutant
(Figure 3B). HDAC6 mRNA is known to be stabilized by TDP-43, and so can be
used as a measure for TDP-43 activity. Cells were transfected with wild-type
TDP-43, non-nitrosylatable mutant TDP-43, SiTDP-43, and SiControl, then
exposed to SNOC. QPCR was used to assess the amount of HDAC6 mRNA
(Fiesel et al., 2010). As expected, knockdown of TDP-43 using Sl resulted in
HDACG reduction (Figure 3C). However cells transfected with non-nitrosylatable
mutant TDP-43 expressed significantly more HDAC6 mRNA after SNOC
treatment than those with wild-type TDP-43. This indicated that TPD-43
functionality was retained during nitrosative stress.

In order to assess whether non-nitrosylatable TDP-43 would protect cells
from nitric oxide induced cell death, we transfected SH-SYS5Y cells with both wild-
type and non-nitrosylatable mutant TDP-43 and exposed to SNOC at increasing
concentrations overnight. We then assessed cell death using a TUNEL assay,
where the ends of nicked DNA is labeled with a fluorescent dye. At low levels of
nitric oxide there was no difference in the amount of cell death observed between
the wild-type and mutant conditions. However at 100uM SNOC, significantly
more cell death was observed in the cells transfected with wild-type TDP-43
(Figure 3D). This indicated that non-nitrosylatable TDP-43 was protective against

cell death induced by nitric oxide.
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1.6 S-nitrosylation of TDP-43 Induces Reducing-Agent Sensitive High
Molecular Weight TDP-43

Rat primary cortical neurons were exposed to SNOC and fractionated,
then the lysate was run on a Western blot in reducing and non-reducing
conditions. In the non-reducing conditions, high molecular weight TDP-43 was
observed. Intriguingly this was not observed in reducing conditions (Figure 4A).
Similar high molecular weight TDP-43 was also observed in non-reducing
conditions in the recombinant protein (Figure 4B), indicating the HMW form of
TDP-43 was a direct result of being S-nitrosylated.

To directly test if the HMW TDP-43 is a product of SNO-TDP-43, we
treated rat primary cortical neurons with SNOC and isolated the lysate at 10 and
40 minutes. By biotin-switch, 10 minutes after treatment a substantial amount of
SNO-TDP-43 was observed, as was a small amount of HMW TDP-43. After 40
minutes the amount of HMW TDP-43 was significantly increased while the
amount of SNO-TDP-43 was reduced (Figure 4C). This indicated that SNO-TDP-
43 is the initial product of S-nitrosylation and further downstream affects result in
HMW TDP-43.

Nitric oxide is a well-known leaving group, and S-nitrosylation is known to
be a transient reaction (Hess et al., 2005). The free thiolate anion generated by
the cysteine once the nitric oxide moiety departs is capable of further oxidation
reactions, including disulfide bond formation. Disulfide bonds are easily broken

by most reducing agents (Begg & Speicher, 1999). For this reason we suspected
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the high molecular weight TDP-43 was the result of disulfide bond formation,

leading to aggregation.

1.6 Reducing Agent Sensitive TDP-43 is Detected in FTD Patient Brain
Cortex from three FTD patients and three controls was obtained and

lysate was processed for western blot. In non-reducing conditions, high

molecular weight smears are observed after probing for TDP-43. These smears

dissipate when the same lysate is run in reducing conditions (Figure 4D).

1.7 TDP-43 May Induce Nitrosative Stress

Aggregated protein is known to be a source of nitrosative stress in the cell
via ER stress and the UPR pathways (Nakato et al., 2015). In order to test if
aggregated TDP-43 was capable of inducing nitrosative stress, we transfected
TDP-43 plasmid in SH-SY5Y cells in order to overexpress it and induce
aggregation. Two days after transfection we tested the cell media for byproducts
of nitric oxide using the Griess reaction, a well-known assay used for detecting
NO2. The Griess reaction showed increased fluorescence in cells transfected
with TDP-43 (Figure5A). This fluorescence was attenuated in cells that had been
treated with the NOS inhibitor L-NAME. This indicated that TDP-43
overexpression was able to induce the formation of nitric oxide, probably via
endogenous NOS.

We further tested the ability of TDP-43 to induce nitric oxide production

using recombinant (1-265) TDP-43 protein. Recombinant protein was added to
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the media of rat primary cortical neurons and incubated overnight. The cells were
then subjected to DAF-FM, a fluorescent method for detecting nitric oxide
production within a cell. Interestingly, cells exposed to recombinant TDP-43
showed increased fluorescence during DAF-FM as opposed to cells exposed to a

control protein (Figure 5B).

1.8 Discussion

TDP-43 solubility and aggregation has been strongly implicated in the
pathogenesis of ALS / FTD, however the signaling mechanisms responsible for
these pathways are not well understood. Here we provide evidence that
nitrosative stress potentially plays a crucial role in the loss of TDP-43 solubility.
We demonstrate that TDP-43 is directly regulated by nitric oxide - induced
disulfide bond formation which reduces its functionality. Further, we have
presented evidence that TDP-43 is potentially involved in a feedback loop
whereby aggregates are able to induce nitric oxide formation within the cell,
leading to further loss of TDP-43 solubility (Figure 6). Thus, our data suggests
that S-nitrosylation of TDP-43 represents a mechanism which directly contributes
to the development of ALS / FTD.

Because nitric oxide represents a good leaving group, it is well known to
be an upstream event which is capable of inducing further oxidative
modifications, including disulfide bond formation. Intriguingly, nitrosative stress
both in vivo and in vitro resulted in reducing agent - sensitive high molecular

weight TDP-43, suggesting the presence of disulfide bonds. FTD patient cortex
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revealed similar disulfide bond crosslinked high molecular weight TDP-43. It is
not clear from our data whether these disulfide bonds are formed inter- or intra-
molecularly, however either bond could alter the TDP-43s structural conformation
resulting in increased aggregation propensity or increased kinase accessibility
(Chiang et al., 2016). Supporting this hypothesis is our data establishing
translocation of TDP-43 from the nucleus to the cytoplasm following nitrosative
stress, as cytoplasmic TDP-43 is widely regarded as a molecular hallmark of ALS
/ FTD.

We report that TDP-43 solubility is readily regulated by disulfide bond
formation at cysteines 173 and 175. This is consistent with previous reports
describing TDP-43 disulfide bond formation in ALS mouse model and patient
nervous system. Interestingly, (Lukavsky et al., 2013; Shodai et al., 2013)
uncovered significant NMR shifts in this region of recombinant TDP-43 protein
during stress, suggesting that the RRM1 induced aggregation may function as an
upstream aggregation event. Our findings that non-nitrosylatable TDP-43 was
less prone to nitric oxide - induced insolubility is bolsters this hypothesis.

Our data provides compelling evidence as to how S-nitrosylation may
contribute to the pathogenesis of TDP-43 proteinopathy as seen in ALS / FTD.
Previous work has identified NMDA activation by Abeta oligomers (Gu,
Nakamura, & Lipton, 2010), leading to calcium influx which is able to activate
nNNOS and contribute to Alzheimer’'s Disease pathogenesis. Intriguingly, (Fang et
al., 2014) demonstrated that oligomers of TDP-43 identified in FTD patient brain

could be detected using antibody against Abeta oligomers, suggesting similar
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structural morphology. We hypothesized that insoluble TDP-43 may be able to
induce similar nNOS activation. Indeed, our data robustly demonstrated that
overexpression of wild-type TDP-43 in SH-SYSY cells increase nitric oxide
metabolites detected in the media using the Greiss reaction. This increase was
abrogated by treating the cells with L-NAME, which inhibits NOS activity. We
further examined this hypothesis by measuring internal nitric oxide production in
rat primary cortical neurons treated with recombinant TDP-43. Surprisingly the
recombinant protein was not detected inside the target cells, however these cells
displayed a significant increase in nitric oxide production. This suggests that
TDP-43 may be able to interact with NMDA receptors in a manner similar to
Abeta, thereby inducing nitric oxide production. This suggests a compelling
mechanism whereby insoluble TDP-43, formed either by environmental stressors
or genetic vulnerability, is able to induce the production of aberrant nitric oxide
within the cell leading TDP-43 S-nitrosylation, disulfide bond formation, and
further aggregation.

Overall this data suggests a novel regulatory mechanism impacting TDP-
43 solubility and pathogenesis of ALS / FTD. Targeting this feedback loop may

prove useful in therapeutics aimed at treatment of ALS / FTD.
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Figure 1: TDP-43 is Capable of being S-Nitrosylated

(A) Biotin-switch assay on 14 day old rat primary cortical neurons treated with
200uM SNOC for 1 hour. W/o asorbate is negative control, without MMTS
represents a positive control. Antibody against TDP-43

(B) Biotin-switch assay on HEK cells expressing nNOS, treated O/N with calcium
ionopore A27187. Antibody against TDP-43

(C) Biotin-switch assay on 21 day old rat primary cortical neurons treated with
50uM NMDA for 15 minutes, followed by 3 hours rest. Antibody against TDP-43

(D) Biotin-switch assay carried out on recombinant TDP-43 protein, amino acids
1-265, treated with 200uM SNOC for 20 min. Silver stain

(E) Top-down mass spec carried out on recombinant TDP-43 (1-265). Peaks
represent the presence of protein of a particular size. Recombinant protein is
present with and without initiating methionine. Top is control treated, bottom was
treated with 200uM SNOC for 10 minutes.
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Figure 2: Nitrosative Stress Increases TDP-43 Insolubility
(A) SHSYS5Y cells treated with 200uM SNOC for one hour were lysed in RIPA

buffer and fractionated into soluble (S) and insoluble (1) fractions. Antibody
against TDP-43.

(B) 21 day old rat primary cortical neurons were treated with 50uM NMDA for 15

minutes, then rested for 3 hours before harvest and fractionated. L-NAME is an
inhibitor of NNOS

(C) SHSYSY cells were treated with 200uM GSNO for 1 hour, then fixed and

probed with antibody against TDP-43 (green) and stress granule marker TIAR
(red). Arrows indicate cytoplasmic TDP-43.

(D) hiPSC derived motor neuron lines were treated with 200uM SNOC, then
fractionated. Insoluble TDP-43 was probed by western blot.
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Figure 3: Cysteines 173 and 175 are S-Nitrosylated

(A) Point mutants of TDP-43 with a V5 tag were generated mutating Cysteine to
Alanine. SHSYSY cells were transfected with mutant and wild-type constructs,
and after 24 hours the cells were exposed to 200uM SNOC for 1 hour. Cells were
then lysed and biotin switch was carried out. Analysis done via western blot,
using V5 antibody.

(B) Wild type TDP-43 and non-nitrosylatable TDP-43 mutant C173/5A were
transfected into SHSYSY cells, then exposed to 200uM SNOC for 1 hour where
indicated. Cell lysate was fractionated and probed by western blot with V5
antibody.

(C) Wild type TDP-43 and non-nitrosylatable TDP-43 mutant C173/5A were
transfected into SHSYSY cells, which were then exposed to increasing
concentrations of SNOC for 24 hours. Percent cell death was assessed by
TUNEL. Students T test, p=0.0024

(D) Wild type TDP-43, non-nitrosylatable TDP-43 mutant C173/5A, siTDP-43 and
siControl were transfected into SHSYS5Y cells. 24 hours after transfection cells
were exposed to 200uM SNOC for 1 hour, then rested for 12 hours. RNA was
extracted and subjected to QPCR using probe against HDAC6 mRNA. 18S was
used as housekeeping gene. Anova, p=0.00076



22

A
Reducing Non-reducing
o )
s S
© )
22 3 ¢
o w o ©w S——
I E E
 =|-on & &
= =
] 3 C 2 Q0
4 2 0 ©
e . S==e(—\ionomer 8 OZ,) %
Cortical neurons SNO-TDP-43 B —
1B: TDP-43
Reducing Non-reducing Input TDP-43
5 5 (Reducing)
Qo o
T o ﬁ 3 o (ﬁ et et e (— VlONOMEr
EO0 B EC®
o Z @ o Z2 @
O W I O B T
kDa +~HMW
98 —| Input TDP-43 — |—TDP-43
o — Dimer (Non-reducing) )
i et et W’ | — NONOMET
Cortical neurons
3| =
28—
Recombinant TDP-43 (1-265)
FTD Control FTD Control
HMW Mi
TDP-43 = £ N .
-, 1
= - — =— — =
venomer (D) U G | N O - -
Non-reducing Reducing

Figure 4: Nitrosative Stress Induces High Molecular Weight TDP-43

(A) 14 day old rat primary cortical neurons were treated with 200uM SNOC for 1
hour, then fractionated. The insoluble fraction was then probed for TDP-43 by
western blot, using either 10% b-mercaptoethanol loading dye(reducing
condition) or only loading dye (non-reducing condition).

(B) Recombinant 1-265 amino acid TDP-43 was treated with 200uM SNOC for
20 minutes, then loaded onto an SDS page gel in either 10% b-mercaptoethanol
loading dye(reducing condition) or only loading dye (non-reducing condition).
Analyzed by silver stain.

(C) Rat primary cortical neurons were treated with 200uM SNOC for either 10 or
40 minutes. SNO-TDP-43 formation was assessed by biotin-switch, while the
input control sample was run using either 10% b-mercaptoethanol loading
dye(reducing condition) or only loading dye (non-reducing condition).

(D) Frozen frontal cortex from FTD and control patients was lysed in RIPA buffer
and probed for TDP-43 by western blot using either 10% b-mercaptoethanol
loading dye(reducing condition) or only loading dye (non-reducing condition).
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Figure 5: TDP-43 Induces Nitrosative Stress

(A) SH-SYSY cells were transfected with wild-type TDP-43, then treated with L-
NAME where indicated. After 72 hours the media was aspirated and subjected to
the griess reaction. Fluorescence was measured on a plate reader at 625nm.

(B) Rat primary cortical neurons were treated with either 10ug recombinant 1-265
TDP-43 or control protein. After 24 hours cells were subjected to DAF-FM and
fluorescence was measured.
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Figure 6: Potential Mechanism of SNO-TDP-43 Feedback Loop

(A) 1. An endogenous or exogenous stressor induces aggregation of TDP-43,
which forms 2. aggregates or TDP-43 oligomers. These are able to 3. activate
nNOS via the UPR, which produces nitric oxide. 54 The increase in cellular nitric
oxide allows aberrant S-nitryoslation of TDP-43. 5. Nitric oxide leaves TDP-43,
forming a reactive thiolate anion. 8. Downstream disulfide bond formation results
in further aggregation of TDP-43
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Materials and Methods

1.9 Plasmids and cell culture

Human TDP-43 was cloned into pCDNA3.1/V5 vector, and site-directed
mutagenesis (QuickChange Lightning — Agilent) was used to create all cysteine
to alanine mutations at residues 173, 175, 198 and 244 in the combinations
indicated. Plasmids were transfected into SH-SYS5Y cells using LTX (Invitrogen)
as per the manufacturer’s protocols. SH-SY5Y and HEK stably expressing nNOS
cells were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% L-glutamate. TDP-43 siRNA sequence was as
follows: AACACTACAATTGATATCAAA and was transfected using RNAi Max
reagent (Invitrogen) per the manufacturer’s protocols. Primary neuronal cultures
were prepared from E16-18 Sprague-Dawley rats and maintained in culture.
Dissected cerebrocortices were treated with trypsin, and dissociated cells were
plated on poly-L-lysine coated plates in D10C medium containing 25 mM

glucose. Experiments were performed 14-21 days after plating.

1.10 Immunofluorescence

Cultured cells were plated using 100ng/uL fibronectin (Invitrogen).
Cultured cells were fixed in 4% paraformaldehyde for 10 minutes, rinsed 3x in
phosphate buffered saline, and permeabilized with 0.1% Triton X-100 in PBS for

15 minutes. Cells were then blocked in 5% bovine serum albumin and
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subsequently incubated with the primary antibodies of interest overnight at 4C.
Primary antibodies used for immunofluorescence were as follows: polyclonal
anti-TDP-43 (Proteintech) 1:500, mouse anti-TIAR (BD Biosciences) 1:5000,
polyclonal anti-V5 (Invitrogen). Secondary labeling was performed using Alexa
Fluor 488- and 594-conjugated secondary antibodies, and samples were
mounted using Vectashield mounting medium (Vector Laboratories).

TUNEL staining was carried out with the Click-iT® TUNEL Alexa Fluor® 488

Imaging Assay (Thermo Fisher) following the manufacturer’s protocols.

1.11 Biochemical Procedures

Biotin-Switch: After cell lysis, free thiols were blocked with methyl-
methanethiosulfonate. Cell extracts were precipitated with acetone and
resuspended in HEN buffer with 1% SDS. Nitrosothiols were selectively reduced
by ascorbate to remove the nitric oxide moiety and subsequently biotinylated with
1 mM biotin-HPDP (Pierce). Controls were performed without ascorbate to
ensure specificity of the observed biotinylated bands. The biotinylated proteins
were pulled down with streptavidin—agarose beads and analyzed by

immunoblotting.

Fractionation: Cells from six-well culture dishes were scraped into 300 ml
RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 0.5%
sodium deoxycholate, 0.1% SDS). Samples were mechanically separated using

needle aspiration, then centrifuged at 14,000 RPM for 10 minutes. The resulting
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insoluble pellet was washed 1x in RIPA buffer, then suspended in 100uL of urea

buffer (8M urea, 1% Triton X-100 in PBS).

Greiss Reaction: 72 hours after transfection with WT TDP-43, an addition
with L-NAME where indicated, 100uL of media was removed and treated with
Griess reagent (ThermoFisher). 30 minutes later color change was quantified

using a plate reader at 562nm.

Recombinant protein: Recombinant 1-265 TDP-43 was cloned from
pcDNA-TDP-43-V5 into pET28a-His plasmid using the following primers:
5-CGCGGGCCCGGGATCCATGTCTGAATATATTCGG-3' and 5
GTCGACCCGGGAATTCTTAATTGTGCTTAGGTTCGGCA-3'. Plasmids were
transformed into BL-21 ecoli and protein production was induced at O.D.600 of
0.7 via 1mM IPGAL overnight at RT. Bacteria were harvested by centrifugation
15 min 3,000xg at 4C and the cell pellet was lysed with 20mM HEPES (pH 7.5),
1M NaCl, 10% glycerol, 30mM imidazole and 5mM 2-mercaptoethanol. After
sonication and centrifugation for 20min at 20,000xg, the supernatant was
incubated with HisPur Colbalt Resin (Thermo Fisher) for 1hr at RT. Beads were
then washed 3x with tris buffer and protein was eluted using 50mM imidazole in

tris buffer. Protein was purified using Zeba desalting columns into TBS buffer.

Top Down Mass Spectometry: Measurements were performed on an LTQ-

Orbitrap mass spectrometer (Thermo Electron) in the positive ion mode.
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Recombinant 1-265 TDP was treated with 100uM SNOC for 20 minutes where
indicated and the sample was dissolved in methanol/water with 0.5% formic acid
immediately before analysis. Sample concentration was 100 fmol/ul. A sample
volume of 0.5 pl was delivered to the mass spectrometer using a NanoMate 100
system (Advion Biosciences, Ithaca, NY). Mass was determined by direct

calculation from the peak positions and charge states.

DAF-FM: Cortical neurons were incubated with 10ng recombinant TDP-43
overnight then washed 3x in PBS. Cultures were incubated with ACSF containing
2.5-5 yM DAF-FM diacetate for 15 minutes at room temperature in dark then
washed 2x with ACSF. Slices were then imaged with epifluorescence
deconvolution microscopy. Image analysis was performed using SlideBook

software (Intelligent Imaging Innovations) to acquire fluorescence intensity.

Quantitative RT-PCR: RNA was prepared from cell lysate using MirVana
(Invitrogen) cDNA synthesis kits (Superscript I, Invitrogen) according to the
manufacturer’s protocol. RT-PCR was carried out using the Roche LC480 PCR
System with Sybr Green. Q-PCR conditions used were 95°C for 10 min, followed
by 40 cycles of denaturing at 95°C for 15s, and annealing/extension at 60°C for 1
min, in 20yl reaction volume. All primers for QRT-PCR were from Applied
Biosystems (Tagman Gene Expression Assay System). Primers used were as
follows: HDACG6 forward: CGCACAGGGCTGGTCTATG, HDACG reverse:

TGGTGGCTGTCCCACAAGTT. 18S was used as reference gene.



Chapter 2: TDP-43 Propagation

2.1 Rationale

Clinically, ALS presents with a focal point of onset which proceeds to
spread along the neuroanatomical tract (Ravits & La Spada, 2009). The spread
of symptomology is mirrored by pathological spread of motor neuron
degeneration and cell death until the patient succumbs. This spread is
increasingly recognized as a characteristic of neurodegenerative disease.
Accumulating evidence has implicated prion-like pathogenesis in a variety of
neurodegenerative diseases, including ALS (Brundin, Melki, & Kopito, 2010).

Prion disease is a protein misfolding disorder characterized by self-
templating aggregation and propagation of PrP (Aguzzi, Heikenwalder, &
Polymenidou, 2007). These misfolded PrP polymers form distinctive structures of
amyloid cross beta sheets, which are able to seed further accumulations by
inducing monomers to adopt the same conformation. They are transmissible from
cell to cell, moving throughout the CNS and leading to neuronal degeneration
and eventually death (Kanouchi, Ohkubo, & Yokota, 2012). While the mechanism
of toxicity is unclear, the ability of misfolded protein to induce further aggregation
is increasingly emerging as an underlying theme in a wide variety of
neurodegenerative disease — associated proteins, such as Abeta and tau in
Alzheimer’s Disease, alpha-synucleain in Parkinson’s Disease, the polyglutamine

diseases, such as Huntington’s Disease, and, increasingly, TDP-43 in ALS

29
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(Fuentealba et al., 2010; J. L. Guo et al., 2013; Heilbronner et al., 2013;
Robinson et al., 2013).

Pathological cytoplasmic inclusions of the protein TDP-43, an RNA-
binding protein (RBP), are the pathological hallmark seen in virtually all sporadic
ALS, and mutations in the TARDBP gene that encodes TDP-43 are directly
linked to ALS. The protein itself exhibits substantial prion-like qualities:
Aggregation of TDP-43 in ALS / FTD raises intriguing possibilities in disease
pathogenesis, considering TDP-43 itself exhibits substantial prion-like qualities:
The C-terminal domain of TDP-43 has a proposed prion-like structure due to its
asparagine and glutamine rich sequence (Fuentealba et al., 2010) and,
intriguingly, essentially all ALS-causing genetic mutations in TARDBP are
clustered in this 3" region (Pesiridis et al., 2009). Recombinant TDP-43 has been
shown to induce aggregation in cell culture via an apparent seeding mechanism
(Furukawa et al., 2011), as has insoluble TDP-43 from FTD and ALS patient
CNS ((Nonaka et al., 2013). These reactions also resulted in toxicity and cell
death in the target cells. Although several models of TDP-43 mediated toxicity
have been proposed (Janssens & Van Broeckhoven, 2013; Nonaka et al., 2009)
(Brettschneider et al., 2014), the mechanisms of TDP-43 propagation and
aggregation are still unclear and very little attention has been directed to
elucidating the biology of its propagation. In particular, the mechanisms of TDP-
43 release and uptake remain unclear. It is important to develop models for TDP-

43 aggregation and prion-like propagation through the nervous system to better
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understand the mechanisms of ALS pathogenesis and tailor future therapeutic
approaches.

There is a specific need to assays that replicate the propagation of TDP-
43 in a high-throughput manner. To date, attempts to demonstrate TDP-43
propagation using cell culture models have either relied on protein transfection
reagents (Nonaka et al., 2013) or have been low — yield enough to be impractical
for use in a high-throughput manner (Feiler et al., 2015).

To this end, we have initiated the development of a high throughput TDP-
43 propagation technique that can be quantified using both immunofluorescence

and FACs.

Results
2.2 Stable Expression of TDP-43mCH in HEK FRT.

Transient transfection of TDP-43-mCH into HEK cells indicated that non-
transfected cells were capable of TDP-43 uptake, as mCH fluorescent granules
were observed in non-transfected cells (Fig 7A). In order to investigate this
model, we stably expressed TDP-43-mCH in HEK FRT cell lines. Stable,
doxycycline inducible overexpression of TDP-43-mCH resulted in a measureable

increase in insoluble TDP-43 after dox induction (Fig 7C).

2.3 Experimental Plan
We utilized both the TDP-43-mCH HEK FRT cell line and a previously

described HEK line where a GFP tag was inserted in the C-terminal end of
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G3BP. G3BP is a stress granule marker which is diffusely cytoplasmic, but
localizes to stress granules during periods of cell stress (Wheeler, Matheny, Jain,
Abrisch, & Parker, 2016). We co-plated both cell lines and examined G3BP-GFP
positive cells by both FACS and microscopy for co-localization of mCh and GFP

signal (Fig 7B).

2.4 TDP-43-mCH Localization in G3BP-GFP cells by Microscopy
TDP-43-mCH signal was detected in HEK cells expressing G3BP-GFP

(Fig 8A) using fluorescent microscopy. Intriguingly, when the cells were treated

with 500mM sodium arsenite for one hour, TDP-43-mCH was observed to co-

localize with G3BP-GFP positive stress granules.

2.5 TDP-43-mCH Localization in G3BP-GFP cells by FACS

Both cell lines were co-cultured for 3 days, then submitted for FACS
analysis. After gating, FACS showed that 0.8% of cells were by both red and
green channels. Cells that were stressed using 500mM sodium arsenite showed
a mild increase to 1.2% of cells. However, when cells were stressed and allowed
to recover for 72 hours before FACS sorting a significant increase in the number
of cells showing both fluorescent signals was detected (Figure 8B). In cells
exposed to 500mM sodium arsenite for 1 hour, 15% of cells had both mCH and
GFP signals. Those exposed to a milder stress, 200mM of sodium arsenite for

20minuts, 8% of cells were detected by both channels.
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2.6 Discussion

The propagation of misfolded TDP-43 has been strongly implicated in the
pathogenesis of ALS and FTD, however the mechanisms behind this propagation
are poorly understood (Kanouchi et al., 2012). Here we present both evidence
that TDP-43 is capable of significant intercellular transmission and also a model
that can be used to detect factors that contribute to TDP-43 propagation. By
stably expressing doxycycline-inducible TDP-43-mCh in HEK cells we can avoid
the use of transfection reagents, which may complicate any analysis of
downstream propagation mechanism. Also this model allows us to maximize our
signal detected by FACS, as all cells will either express mCH, GFP, or both
signals.

Further, our evidence indicates that G3BP positive stress granules,
indirectly implicated in the early stages of ALS pathogenesis (Dewey et al., 2012;
Shukla & Parker, 2016), may be linked to TDP-43 propagation. Stress granules
are dynamic complexes of untranslated mRNA and protein that form when the
cell is experiencing a period of cytotoxic stress (Wheeler et al., 2016). RNA
misregulation is a major theme in ALS / FTD: 1. The primary / only pathological
hallmark of ALS is TDP-43 aggregation, with mutations in TDP-43 being
causative (Sreedharan et al., 2008) (Daoud et al., 2009). 2. RNA binding proteins
generally are associated in ALS pathogenesis, as many ALS-causing mutations
occur in RBPs, leading to RNA misregulation (Nussbacher et al., 2015)
(Mohagheghi et al., 2016). 3. The most common genetic cause of ALS / FTD is

the C9orf72 hexanucleotide repeat expansion, which triggers the production of
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RNA foci in the nucleus in the cells of patients with the disease (DeJesus-
Hernandez et al., 2011). Previous studies have suggested stress granules as a
site of the initiation of protein aggregation in ALS / FTD, as RNA binding proteins
which contain disease-causing mutations have also been shown to co-localize to
stress granules and may contribute to their stability (Aulas & Vande Velde, 2015;
K. H. Lee et al., 2016; Molliex et al., 2015). Our results indicate that non-native
TDP-43 may be able to co-localize with stress granules in target cells, which may
contribute to stress granule stability and the pathogenesis of ALS / FTD.

Sodium arsenite is a well-known oxidative / nitrosative stressor which acts
via multiple pathways within the cell and is known to promote both stress granule
formation and TDP-43 insolubility (Colombrita et al., 2009; McDonald et al.,
2011). Many markers indicative of oxidative stress are present in affected tissue
of patients with ALS / FTD (Islam, 2017; Liu-Yesucevitz et al., 2010). Our data
suggests that it may be a contributing factor in the pathogenic propagation of
TDP-43, as propagation in our model was positively associated with increasing
sodium arsenite stress.

Overall, we have presented evidence that TDP-43 is capable of
propagating in a quantifiable manner and that we can use our model to identify
factors contributing to TDP-43 spread. Future uses of this model include
quantifying the contributions of TDP-43 mutations to propagation and screening
other cytotoxic factors that may promote pathogenic propagation. Further, this
data suggests that screening for factors that reduce TDP-43 the transmissibility

of TDP-43 to spread to new treatments for patients with ALS / FTD.
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Figure 7: Rationale and Design of Experimental Plan 1A: Cells transiently
transfected with TDP-mCH show inclusions in non-transfected cells. 1B
Experimental plan: cells stably expressing TDP-43-mCH are co-plated with HEK
cells stably expressing G3BP-GFP. These co-plated cells can be assessed by
microscopy and FACS analysis. 1C: HEK line stably expressing TDP-43mCH is
exposed to increasing amounts of doxycycline, cell lysate is fractionated and
probed for TDP-43 (Proteintech) by Western Blot.
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Figure 8: Quantification of TDP-43-mCH inclusions in non-native HEK

2A: Cells expressing G3BP-GFP show TDP-43-mCH positive inclusions HEK
G3BP-GFP cells co-cultured with TDP-43-mCH are stressed with sodium
arsenite and demonstrate TDP-43-mCH co-localization with G3BP-GFP stress
granules. 2B: FACS data gating by PE-YG-A (red) and FITC-A (green). Cells
were stressed and immediately processed for FACS. 2C FACS data gating by
PE-YG-A (red) and FITC-A (green). Cells were stressed, allowed to recover for
72 hours and processed for FACS.
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Materials / Methods

2.7 Creation of HEK293-FRT Stable Cell Line : TDP-43-mCH was
generated from pcDNA3.1 TDP-43-V5, previously described. TDP-43-mCH was
then subcloned into the FRT backbone. FLP-In-293 cells were used (Thermo
Fisher). Cells were grown in DMEM supplemented with 10% FBS, and 1% L-
glutamine and passaged using TrypLE select (Thermo Fisher). For stable cell
line generation, 1x106 cells were plated into each well of a 6 well plate, then
transfected with Lipofectamine 3000 (Invitrogen) and 3ug of pOG44 + 1ug of
plasmid containing FRT TDP-43-mCH. 48 hours after transfection cells were split
into 10cm dishes and supplemented with 100ug/ml puromycin until colonies

appeared, which were then passaged and expanded.

2.8 Co-Culture: TDP-43-mCH expressing cells and G3BP-GFP cells were
passaged and plated 5x104 cells onto each well of a 24 well plate. They were

grown in DMEM supplemented with 10% FBS, and 1% L-glutamine.

2.9 Sodium Arsenite Treatment: 24 hours after cells were co-plated,
they were stressed with either 200mM or 500mM sodium arsenite for the times
indicated. After the time indicated, the media was aspirated, the cells were
washed 2x with PBS and fresh media was added. The cells were then allowed to

recover for the times indicated.
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2.10 Fractionation: Cells from six-well culture dishes were scraped into
300 ml RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM EDTA,
0.5% sodium deoxycholate, 0.1% SDS). Samples were mechanically separated
using needle aspiration, then centrifuged at 14,000 RPM for 10 minutes. The
resulting insoluble pellet was washed 1x in RIPA buffer, then suspended in
100uL of urea buffer (8M urea, 1% Triton X-100 in PBS).
FACS: cells were lifted from the plates using TryplE and resuspended 1mL PBS.
They were then passed through a 40uM cell strainer (Corning) to ensure single

cells. The were then sorted in FITC (green) and (red) channels using
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Chapter 3: Localization and Degradation of RNA foci using CRISPR / Cas9

3.1 Rationale

Microsatellite repeat-expansion diseases are disorders produced by an
expansion of short repetitive nucleotide base sequences within the genome, and
are nearly entirely neurological or neuromuscular in nature (Belzil et al., 2013).

Myotonic Dystrophy is a disease affecting multiple organ systems in which
pathology develops in skeletal and cardiac muscle in addition to the CNS (Cho &
Tapscott, 2007). Symptoms include myotonia, progressive weakness, cardiac
arrhythmias, ocular cataracts, insulin insensitivity, hypogammaglobulinemia,
hypersomnia, and cerebral atrophy. In an unaffected person, the DMPK gene
contains between 5-34 copies of the CTG repeat. In a DM1 patient, however, the
gene may have over 1000 CTG repeats (Krzyzosiak et al., 2012). DM2 patients,
a slightly less common DM variant, have expanded CCTG repeats in the ZNF9
gene (P. Guo & Lam, 2016). This expanded nuclear transcript is maintained as
RNA foci within the nucleus. These foci sequester a variety of proteins capable of
binding RNA, including HNRP, STAU1, CUGBP1 and ETR3-like (CELF), and
muscleblind- like (MBNL) (Goodwin et al., 2015). Sequestration of the MBNL-
family of proteins appears to be particularly disruptive, as MBNL KO mice
recapitulate many important aspects of DM1, while overexpression of MBNL1
leads to a reversal of symptoms in CUG repeat-expressing mice (K. Y. Lee et al.,

2013). The sequestration of MBNL and other RNA binding proteins leads to
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misregulation of alternative splicing, which contributes to the multi-
systemic nature of this disease (Vuong, Black, & Zheng, 2016).

The C9orf72 hexanucleotide repeat expansion occurs in the first intron in
the C9orf72 gene and is the most common genetic causes of both familial and
sporadic ALS (Mackenzie et al., 2014). Unaffected people may carry up to 30
copies of this repeat, while those with the repeat expansion may carry over 1000
(Dedesus-Hernandez et al., 2011). However in those affected, the number of
repeats does not correlate with disease onset or severity (Haeusler et al., 2016).
There are three main hypotheses regarding the mechanism of cell stress / death
in the C9 repeat expansion: 1. Loss of function of the C9orf72 protein. The
function of C9orf72 is not clear, but the protein has some homology with proteins
involved in shuttling (Mackenzie et al., 2014). There are multiple isoforms, as the
protein can be alternatively spliced (Almeida et al., 2013). However, C9orf72
knockout mice do not recapitulate the effects of disease (Koppers et al., 2015).
This makes loss of C9orf72 function an unlikely primary cause of the symptoms
of ALS / FTD. 2. Toxic RNA foci: The accumulated RNA foci may have a toxic
gain of function which induces cell stress, or may be sequestering required RNA
binding proteins in the nucleus, as in DM1 (Haeusler et al., 2016). 3. Toxic
dipeptide repeats: the expansion transcript is translated in both the sense
(GGGGCC) and antisense (CCCCGQG) direction via repeat-associated, non-ATG
dependent (RAN) translation, five dipeptide repeats — three in each direction (GP
is present in both directions) (Mackenzie et al., 2013) (Cleary & Ranum,

2014).These dipeptide repeats typically localize to the cytoplasm, where they co-
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localize with p62 but not TDP-43 (Mackenzie et al., 2013). The most common
DPR, GP, is correlated with disease severity (Cooper-Knock et al., 2015).
However, the DPRs localize to a wide variety of cell types, not just those
associated with disease, confounding attempts to elucidate disease mechanism.

Both DM1 and C9 ALS/FTD are neurodegenerative diseases featuring
RNA foci accumulation in the nucleus (Belzil et al., 2013). Much about the
etiology of these diseases remains unclear, however the targeting of the RNA
foci is an intriguing research area. We have recently reported a modified version
of CRISPR / Cas9 gene editing technology that is capable of binding RNAs.

As was shown in (Nelles et al., 2016), rCas9 fused to GFP is capable of
tracking endogenous mRNA into stress granules — RNA dense structures which
form during periods of cell stress — in live cells. This RNA tracking method is
superior to previously established RNA visualization techniques: It allows unique
specification in the transcriptome, does not rely on delicate microinjection
procedures, and targets endogenous, unmodified RNA. The system primary
relies on correctly targeted guide RNAs, meaning it is extremely adaptable for a
wide range of applications.

rCas9’s programmable targeting make it an ideal candidate to bind and
modify disease-associated RNA foci in live cells. The exact mechanisms by
which RNA foci in C9 ALS / FTD and DM1 induce cell toxicity are not clear, but
by targeting these foci we may be able to reduce the associated cytotoxicity.
Further work into the uses of rCas9 in RNA targeting may yield important findings

relevant to the treatment of many microsatellite repeat expansion diseases.



42

Results
3.2 rCas9 is capable of localizing DM associated repeat foci

We first tagged rCas9 utilized the rCasGFP construct described in (Nelles
et al., 2016) (Fig. 9A). After transfection with CTG150 repeats and CCTG300
repeats, COSMG6 cells were probed by FISH. As a control, we used guide RNA
targeted to a sequence which does not exist in eukaryotic cells. When rCas9GFP
was co-transfected with CTG and CCTG repeats, the GFP signal was diffusely
cytoplasmic and did not co-localize with RNA foci. However when rCasGFP was
transfected with correctly targeting guide RNA it was able to co-localize with the
RNA foci (Figure 9B). PAM sequence was not required for this co-localization.
rCasPIN is able to eliminate RNA foci

In order to facilitate possible degradation of disease-causing RNA foci, we
fused the PIN domain, an endonuclease which cleaves single-stranded RNA, to
rCas9 (rCasPIN) (Fig 9A). As in the rCasGFP experiments, when rCasPIN
transfected with nontargeting guide resulted in minimal disruption to RNA foci.
When cells transfected with CTG, CCTG and GGGGCC RNA repeats were
transfected with rCasPIN and correctly targeted guide, we observed efficient
depletion of RNA foci by FISH (Figure 10A,B,C). To confirm our quantification,
we carried out northern blots to probe for the repeat RNA signal (Fig 10 E,F,G). A
strong signal was detected when non-targeting guide was used, which was
almost completely depleted using a guide targeting the indicated repeat

sequences.
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3.3 rCasPIN can eliminate RNA foci in patient cells

In order to target endogenous RNA foci in a MRE context, we utilized
primary DM1 myoblasts from patient muscle biopsy and primary DM2 fibroblasts.
We constructed lentiviral vectors carrying the indicated guide RNA (U6 promoter)
and rCas9PIN (EFS promoter). Patient cells were infected with lentivirus carrying
either nontargeting or MRE targeting guide then selected using puromycin. While
the use of nontargeting guide lentivirus did not reduce the number of cells
expressing RNA foci observed by FISH, the patient cells infected with targeting
rCas9 lentivirus displayed a dramatic loss of observed RNA foci (Figure 11 A, C).
This was confirmed by northern blot, where MRE RNA levels reduced to levels
comparable to control cells (Fig. 11B). This demonstrates that our rCas9PIN and
guide targeting system is able to almost completely eliminate endogenous RNA

foci in the context of MRE patient cells.

3.4 rCas9PIN Corrects Toxic Effects of RNA Foci

MBNL1 sequestration by CUG repeat RNA in the nucleus is a major
contributing factor to DM1 pathogenesis, resulting in the loss of MBNL1 splicing
function and widespread alternative splicing (AS) dysregulation. In order to
determine if degradation of the DM1 associated repeat RNA foci would reduce
MBNL1 sequestration, and subsequently reduce AS, we first transfected COSM6
cells with CTG repeats and GFP-tagged MBNL1. We then co-transfected these

cells with rCasPIN and targeting or nontargeting guide RNA. In the nontargeting
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condition we observed that MBNL1 co-localized with the RNA foci, however it
regained its typical diffuse pattern in the targeting condition (Figure 12A). This
indicated that degradation of RNA foci using rCasPIN may be able to rescue cells
from toxic downstream effects of RNA foci.

We further observed in patient myoblasts infected with lentiviral rCasPIN
and the indicated guides that endogenous MBNL1 was redistributed in the
targeting guide conditions (Figure 12B). By conducting RT-PCR on patient
myoblasts using primers flanking known alternatively spliced exons in DM1, we
were able to observe a correction of the DM1 specific AS pattern to that of
control cells when targeting guides were used (Figure 12C). This indicates that

rCasPIN is able to correct toxic downstream events via MRE RNA degradation.

3.5 rCas9 mediated RNA degradation is mediated by direct RNA binding

In order to address whether rCas9 is directly binding repeat RNA, we
mixed cell lysate containing radiolabeled CUG RNA with lysate containing
rCasGFP and guide RNA, then used a GFP antibody for pull down. Only when
using correctly targeting guide did we observe CUG RNA pull down with
rCasGFP, indicating it is being directly bound (Figure 13A).

To determine if rCas9 was inhibiting RNA foci development via DNA
binding, we assembled guide RNA targeting the non-template DNA strand in the
CTG repeat expansion, a sequence present only in the encoding DNA and not in
the transcribed CTG repeat RNA. We chose three DNA-targeting guide RNAs

that target the highest-quality non-canonical PAMs present on the non-template
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DNA strand: 5-CTG and 5-TGC. We compared the ability of these sgRNAs to
mediate the loss of CTGexp RNA foci compared to the sgRNA targeting CUGexp
RNA used elsewhere in this work. We observed no loss of RNA foci in the

presence of the DNA-targeting sgRNAs (Figure 13B).

3.6 Discussion

To date, no FDA approved treatments targeting RNA foci in MRE diseases
exist. Symptomatically targeted treatments are unable to address disease
etiology and therefore do not impact patient mortality, highlighting the need for
potential therapeutics that directly engage RNA foci in MRE disorders
(Wojciechowska, Taylor, Sobczak, Napierala, & Krzyzosiak, 2014). Antisense
oligonucleotides have demonstrated potential in mouse models and ASOs
against the C9orf72 repeat expansion are being developed by lonis
Pharmaceuticals (Jiang et al., 2016). However, targeting ASOs to the correct
tissue type has proved challenging and has contributed to lonis’ recent phase 2
failure using ASOs targeting DM1 repeat sequences. RNAi can be packed into
viral delivery systems, but the RNAIi does not efficiently target MRE RNA foci
(Wang et al., 2015).

The mechanisms of MRE RNA toxicity are widely varied and highly
dependent on their sequences, genomic context, length, and protein binding
capabilities (Jazurek, Ciesiolka, Starega-Roslan, Bilinska, & Krzyzosiak, 2016;
Shukla & Parker, 2016). Repeats can be in coding or noncoding regions, a

variety of sizes, induce alternative splicing of nearby proteins, sequester other
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proteins, be RAN translated into dipeptide repeats, and can interfere with nuclear
— cytoplasmic shuttling (Cleary & Ranum, 2014; P. Guo & Lam, 2016; Krzyzosiak
et al., 2012; Mackenzie et al., 2014; Sicot & Gomes-Pereira, 2013). This
extensive diversity of disease mechanism within the MRE disorders can be
addressed using a therapeutic which directly targets the toxic RNA.

We first set out to evaluate the use of rCas9GFP, previously characterized
in Nelles 2016 tracking endogenous mRNA in living cells, to target repeat RNA
sequences. Using guide RNAs with multiple frames targeting both CTG and
CCTG DM associated repeat sequences, we were able to observe co-localization
of rCasGFP and RNA foci by FISH, suggesting rCas9 is a technique
generalizable to RNA foci (Figure 9B). Only one guide frame allowed co-
localization with the CTG repeats, and two guides with the CCTG repeats,
suggesting that secondary structure of the foci may limit access to guide RNAs
depending on the targeting frame. Furthermore, we noted that cells transfected
with high concentrations of rCasGFP resulted in the suppression of RNA foci
formation. This may be due to binding of rCas9GFP resulting in destabilization of
the necessary RNA and protein interactions required for foci establishment.

We next sought to determine if rCas9 could be used to cleave MRE RNA
foci. To this end, we replaced the GFP from rCasGFP with a PilT N-terminus
domain (PIN), an RNA endonuclease from SMG6 which was been previously
shown to cleave RNA fused to an RNA binding protein. We observed that
transfection with rCasPIN and the correct guide RNAs mediated loss of MRE

RNA fociin CTG, CCTG and GGGGCC conditions. Additionally, treating DM1
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patient myoblasts and DM2 patient fibroblasts with lentiviral rCas9PIN and the
appropriate guide RNAs resulted in near eradication of endogenous foci as seen
by FISH and northern blot (Figure 10).

Muscular dystrophy is a spliceopathy — sequestration of MBNL1 leads to
alternative splicing of many different mRNAs, resulting in the myriad of DM
symptoms (K. Y. Lee et al., 2013). Immunofluorescence carried out in both
transfected COSM6 and transduced patient myoblasts demonstrated that
rCasPIN mediated cleavage of RNA foci allowed MBNL1 to regain its diffuse
localization (Figure 11). RT-PCR on several exons known to be alternatively
spliced in DM showed a decrease in the alternative form (Figure 11C). This
demonstrates that treating patient cells with rCas9 can lead to a reduction of
disease phenotype and rescue the cell from toxic downstream effects of MRE

RNA foci.
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CCTG- _
300

Figure 9: Targeting MRE RNA foci using rCas9

(A) Schematic demonstrating the experimental plan to track and degrade RNA
foci, depending on rCas fusion state

(B) GFP fluorescence and RNA fish co-localization in COSM®6 cells transfected
with CTG150, along with rCasGFP and either nontargeting guide or CTG
targeting guide, as indicated indicated

(C) GFP fluorescence and RNA fish co-localization in COSM®6 cells transfected
with CTG150, along with rCasGFP and either nontargeting guide or CCTG
targeting guide, as indicated.
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Figure 10: Degradation of RNA foci via rCasPIN

(A) RNA FISH in COSMG6 cells transfected with CTG150 and either nontargeting
or CTG targeting guide where indicated, with and without PAMmer

(B) RNA FISH in COSMG6 cells transfected with CCTG300 and either
nontargeting or CCTG targeting guide where indicated, and either rCasPIN or
wild-type Cas9

(C) RNA FISH in COSMG6 cells transfected with GGGGCC and either
nontargeting or GGGGCC targeting guide where indicated, and either rCasPIN or
wild-type Cas9

(D) Quantification of foci by FISH containing COSMG6 cells after transfection with
the indicated MRE, guides, and CRISPR / Cas9 plasmids

(E) Northern dot blot probing for CTG RNA in COSM6 cells transfected as
indicated with MRE, guides, and CRISPR / Cas9

(F) Northern dot blot probing for CCTG RNA in COSMG6 cells transfected as
indicated with MRE, guides, and CRISPR / Cas9

(G) Northern dot blot probing for GGGGCC RNA in COSMG6 cells transfected as
indicated with MRE, guides, and CRISPR / Cas9
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Figure 11: Degradation of RNA foci in Patient Cells

(A) RNA FISH and rCasPIN-HA immunofluorescence in DM1 myoblasts
transduced with lentivirus containing rCasPIN, nontargeting or CTG targeting
guide as indicated

(B) Northern dot blot quantifying CTG RNA in DM1 patient myoblasts transduced
with lentivirus containing rCasPIN, nontargeting CTG targeting guide as
indicated.

(C) RNA FISH signal in DM2 patient fibroblasts transduced with lentivirus
containing rCasPIN and nontargeting or CTG targeting guide as indicated

(D) Quantification of RNA FISH signal in DM1 myoblasts and DM2 fibroblasts
transduced with lentivirus containing rCasPIN and nontargeting or CTG targeting
guide as indicated
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Figure 12: rCas9 Rescues From Effects of RNA Foci

(A) RNA FISH and GFP fluorescence in COSMG6 cells transfected with CTG MRE
and MBNL1_GFP plasmids, along with nontargeting or CTG targeting guide as
indicated

(B) Colocalization of RNA FISH and immunofluorescence of MBNL1 in DM1
myoblasts transduced with lentivirus containing rCasPIN, nontargeting CTG
targeting guide as indicated.

(C) RT-PCR of alternative splicing in DM1 myoblasts
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Figure 13: rCas9 RNA Degradation Mediated by RNA Binding

(A) Northern dot blot probing for CTG MRE RNA in COSMG6 cells after
transfection with CTG105, rCasPIN, and nontargeting, CTG, or CAG guide as
indicated

(B) Immunoprecipitated anti-GFP pull down of P-32 labeled CTG105 RNA with
rCasGFP and nontargeting or CTG guide as indicated
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Materials and Methods
3.7 Cell Culture

COSM®6 immortalized cells were cultured in DMEM with 10% fetal bovine
serum. They were passaged using TrypLE (Invitrogen). Primary myoblasts were
grown in complete SKGM-2 media (Lonza) and differentiated by plating at 90%
confluence in DMEM + 2% horse serum (GIBCO) on a collagen coated 6- or 12-
well plate. Fibroblasts were maintained in DMEM + 12% FBS. Cells were seeded
in a 6-well plate prior to lentivirus infections. Myoblasts, myotubes and fibroblasts
were transduced with 100X concentrated lentivirus and selected with 2ug/mL

puromycin at 48 hours.

3.8 Transfections

COSMG cells were seeded into 4-chambered glass slides at 5x10*4 cells
per well for FISH. 50ng MRE, 250ng guide RNA and 250ng rCas9 plasmid was
transfected in OptiMEM using Lipofectamine 3000 (Invitrogen) following the
manufacturer’s protocol. For GGGGCC repeats, 25ug of repeat was transfected
with 250ng rCas9 (1:10 ratio). For rCasGFP imaging, 100ng of repeat was used
with 50ng of rCasGFP to prevent foci degradation.
For RNA isolation 6-well plates were used, seeding cells 3x10%5 cells per well.
150ng of MRE repeat was transfected, along with 500ng of guide RNA and

rCas9 plasmids. For GGGGCC, 50ng of repeat was used.
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3.9 RNA Florescence in-situ hybridization (FISH)

Cells were rinsed 1x with PBS, fixed for 10min with 4%PFA, then rinsed
3x with PBS and incubated overnight at 4C in 70% ethanol. Ethanol was
removed and the cells were rehydrated with wash buffer (40% formamide and 2X
SSC buffer). Cells were then incubated for 20min at 37C (65C for GGGGCC
repeats) in prehybridization buffer (10% dextran sulfate, 2mM ribonucleoside
vanadyl complex, 2X SSC pH 5, 50% fresh & deionized RNase-free formamide,
200 ug/mL BSA, 1 mg/ml yeast tRNA, DEPC-treated water to attain final target
volume) in a hybridization oven. The probes were denatured for 10minutes at
100C. The probe was then added to cold prehybridization buffer for a final
concentration of 500pg/uL (1ug/uL for GGGGCC), which was immediately added
to the cells. Cells were incubated with the probe for 2 hours at 37C (65C for
GGGGCC) in a hyb oven. After hybridization, the cells were washed 3x for 30min
each with wash buffer, then washed 1X with PBS and mounted with mounting

medium containing DAPI.

3.10 Northern Blot

RNA was isolated using trizol and concentration was measured on the
Nanodrop spectrophotometer. 1-5ug of total RNA was diluted in TmM EDTA, pH
8.0 to 50ul. 30ul 20X SSC and 20ul 37% formaldehyde was added for RNA
denaturation. The samples were incubated for 30 minutes at 60C, then moved to
ice. Dot blots were carried out using the Biorad Bio-dot apparatus according to

the manufacturer’s protocol using Hybond N+ nylon membrane (GE healthcare).
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The membrane was rinsed with 100ul of 20X SSC / well. The RNA samples were
then pulled through the slots by the vacuum, and the membrane was again
rinsed with 20X SSC. The membrane was crosslinked in the UV stratalinker
(Stratagene). Expresshyb (Clonetech), pre-warmed at 50C, was used for
prehybridization at 55C for 60 minutes. During prehybridization, the probe was
labeled with gamma-P32 ATP (Perkin Elmer) and T4-PNK (NEB) at 37C for 30
minutes, filtered through a G-50 lllustra spin column (GE Healthcare), denatured
at 100C for 10 minutes, and placed on ice. The probe was then added to the
prehybridization solution at a concentration of 1Tug/mL. Hybridization was done
overnight and the membrane was washed with 1X with 1X SSC, 0.1 % SDS at
55C and 2X with 0.5X SSC, 0.1 % SDS at 55C. The membrane was developed
with autoradiography film (Thermo Fisher) with an intensifying screen (Kodak) at

-80C overnight (~16 hours).

3.11 In Vitro transcription and Immunoprecipitation

In vitro transcription of CUG repeats was carried out with MAXIscript SP6
in vitro transcription kit (Thermo) and alpha P-32 UTP (Perkin EImer). COSM6
were transfected wither either nontargeting guide RNA and rCasGFP or CTG-
targeting guide RNA and rCasGFP. 48 hours after transfection, cellular extracts
were prepared in Tris-HCI pH 7.0, 0.1% Igepal and sonicated in a bioruptor.
Equal amounts of RNA was mixed with cellular extract and 1mg/ml yeast tRNA
for 60 minutes at 37C. Dynabeads M-280 sheep anti-rabbit (Thermo) were

incubated with anti-GFP antibody (Abcam Ab290) and immunoprecipitation was
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carried out for 2 hours at RT. The beads were washed with Tris-HCI, 0.1% lgepal
5X or until the IgG control sample had no detectable radiation as measured by a
Geiger counter. The RNA was eluted with Proteinase K in PK buffer for 30
minutes at 37C and was blotted on Hybond N+ membrane using the Bio Dot
apparatus as described above. The membrane was washed 1X with 1X SSC and
developed with autoradiography film (Kodak) with an intensifying screen at -80C
for 2-4 hours.

Chapter 3 is a modified adaptation of the material as it appears in:
Elimination of Toxic Microsatellite Repeat Expansion RNA by RNA-Targeting
Cas9. Ranjan Batra, David Nelles, Elaine Pirie, Steven Blue, Ryan Marina,
Harrison Wang, Issac Alexander Chaim, James Thomas, Nigel Zhang, Vu
Nguyen, Stefan Aigner, Sebastian Markmiller, Guangbin Xia, Kevin Corbett,
Maurice Swanson, Gene Yeo. The dissertation author was the second author of

this paper.
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