


these four human studies validated our "*Cs-leucine oral administration paradigm for

quantifying long-lived protein kinetics.

Figure 4. Modeling SOD1 kinetics in human CSF. A) Schematic of the oral labeling
paradigm. Participants were placed on a prepackaged low leucine diet and administered
3Ce-leucine for 10 days, after which they resumed a normal diet. CSF and plasma were
collected at the indicated time points and total protein or SOD1 were isolated, digested,
and analyzed by GC-MS or LC/tandem MS, respectively. B) Data points with overlaid
best fit model curves (solid lines) of plasma free "*Ce-leucine, CSF total protein, and
CSF SOD1 for human subject 1, C) subject 2, D) subject 3, E) and subject 4.
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Half-life (d)

Subject1 Subject2 Subject3 Subject4 Average (xSD)

CSF total protein

CSF SOD

2.4 4.9 3.7 3.45 3.61.0

19.2 18.3 32.9 29.8 25.0x74

Table 2. CSF SOD1 and total protein half-life in human participants. Average half-
life was calculated for CSF total protein and CSF SOD1 from all 4 subjects.
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DISCUSSION

This approach marks the first time to our knowledge that a stable isotope of an
amino acid was administered orally for the purposes of measuring the turnover of a
long-lived protein in human CSF and expands the repertoire of oral tracers for studying
long-lived proteins in vivo. Similar to oral administration of heavy water, our oral 3Ce-
leucine administration paradigm resulted in detectable amounts of labeled amino acid in
the plasma and CSF, suggesting that this approach is reliable and suitable for
quantifying protein kinetics in tissues and CSF of animals and humans. The oral SILK
approach presents significant advantages. First, oral administration of the tracer amino
acid is technically easier than intravenous or intraperitoneal injections in humans or
rodents and achieves predictable labeling in plasma and tissue protein pools. Second, it
is much safer than using radioactively labeled amino acids. Third, the time scale over
which the labeling and tissue collection occurs facilitates the study of other long-lived
proteins. Fourth, the LC/tandem MS is highly specific for detecting and quantifying label-
incorporated SOD1 peptides after immunoprecipitation and digestion of soluble SOD1.
Oral administration of "*Cg-leucine was well tolerated with no adverse events reported
by the participants (data not shown), achieved detectable levels in both rodents and
humans, and displayed predictable kinetics. Isolation and LC/tandem MS detection of
tracer-incorporated SOD1 peptides enabled a high degree of specificity as a result of
both antibody specificity and predicted m/z ratios. Overall, this method provides a
specific, quantitative, and safe approach for quantifying long-lived protein turnover in

vivo with extensive applications to many areas of biology.
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The development of our SILK method allowed us to measure for the first time the
rate of SOD1 turnover in the CSF of human subjects. After optimization of the method in
humans, we found that SOD1 t42 in the CSF was approximately 25 + 7 days, a number
that reflects the long t1, of SOD1 WT in the CSF of transgenic rats. We also found that
the t12 of CSF total protein was 3.6 £ 1.0 days. Since the CSF total protein pool is
weighted heavily by few abundant proteins, this is not a representative sample of CNS
protein pools. However, our rat study did show that CSF and spinal cord SOD1 turnover
were not significantly different, suggesting that CSF SOD1 could be used as a proxy for
the spinal cord SOD1 pool. Determination of human SOD1 turnover in the CSF has
important implications for understanding SOD1 biology in ALS and for biomarker
development and monitoring therapy in patients treated with SOD1 ASOs (DeVos &
Miller 2013, Miller et al 2013, Winer et al 2013). By measuring the t1, of SOD1 in
human CSF, one can predict the optimal time to measure SOD1 CSF concentrations in
patients treated with SOD1 ASOs. The data also influence the timing and frequency of
dosing, as well as many other pharmacodynamic aspects of ASO therapy. Indeed, one
theoretical application of this technique involves labeling during ASO treatment to
monitor therapeutic effects of the drug on SOD1 clearance rates.

Although we have successfully measured SOD1 t4/, in healthy subjects, an
important future study will need to address mutant SOD1 ty; in ALS patients. Our rat
data and previous cell culture studies confirm that mutant SOD1 ti,; is significantly
shorter than WT and that the degree of t1,2 reduction may be mutant dependent
(Borchelt et al 1994, Hoffman et al 1996, Johnston 2000, Ratovitski et al 1999). The

autosomal dominant nature of SOD1-ALS means that patients have one copy of both

108



WT and mutant SOD1. A significant advantage in our LC/tandem MS SILK approach is
the ability to independently measure both WT and mutant SOD1 species in the same
patient, as single amino acid changes result in detectable changes in the m/z ratios of
predicted peptides. Future studies in these patients have the potential to determine
SOD1 turnover as a function of age, disease status (e.g. presymptomatic versus
symptomatic), and to what degree the SOD1 WT ty,2 is or is not influenced by the
presence of mutant SOD1.

In SOD1 WT and G93A rats, the tissues most affected in ALS (i.e. spinal cord
and cortex) possessed the slowest rate of turnover. Slow turnover may explain the
general susceptibility of the CNS in many neurodegenerative proteinopathies. Indeed,
global proteomics approaches using stable isotopes have shown that brain proteins
possess a slow turnover rate, even if identical proteins or protein complexes are
compared between tissues. (Price et al 2010, Savas et al 2012). This relative difference
between tissues agrees with our TCA-precipitated total protein data from cortex and
liver and suggests, but does not prove, that slower protein turnover in the CNS tissue
may result in misfolded SOD1 accumulation and pathology. Consistent with this, in
primary culture, slow protein turnover correlates with susceptibility to toxicity (Barmada
et al 2014, Tsvetkov et al 2013). As mutant SOD1 selectively kills motor neurons, it will
be important to determine the relative rates of SOD1 protein turn over in specific cell
types within the CNS.

Our SILK labeling method could be applied to study the kinetics of a wide variety
of long-lived proteins in both animal models and human CSF and plasma. We

hypothesize that most intracellular proteins in the CNS have a t1,, on the order of days

109



to weeks, making them ideal for the long-term labeling method developed here. Our
kinetic data from TCA-precipitated total protein from spinal cord and cortex support this
claim with a t12 of 7.9 and 3.9 days for SOD1 WT rats, respectively (Table 1).

It should be noted that D,O labeling has also been successfully used for
understanding kinetics of proteins in the CNS (Fanara et al 2012). We used oral *Cs-
leucine in this study because of the known safety of oral leucine and the high
enrichment of the label within a single M+6 isotopomer facilitating LC/tandem MS
analysis.

With this study, we have demonstrated a successful SILK design that utilizes oral
administration of a tracer amino acid for measuring long-lived proteins in rodents and
human subjects. This technique enabled us to show that SOD1 is a long-lived protein in
human CSF and that the t1, of SOD1 in the CSF correlates with that in the CNS in rats.
The method described here has wide ranging applications that could be applied to
measure protein turnover in a number of neurodegenerative diseases in both animals
and human CSF (or plasma) as well as monitor the pharmacodynamics of treatments

designed to modulate protein levels, such as ASOs, small molecules, or siRNA.
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Collision Energy

Sequence Precursors Product (V)

GLHGFHVHE 516.754 649.32 21
516.754 725336 21
516.754 748.388 21
519.764 655.34 21
519.764 725336 21
519.764 754409 21

KADDLGKGGNEE 616.791 543.277 24
616.791 690.305 24
616.791 803.389 24
616.791 1033.443 24
616.791 1104.48 24
619.801 549.297 24
619.801 690.305 24
619.801 809.409 24
619.801 1039.463 24
619.801 1110.5 24

SNGPVKVWGSIKGLTE 836.457 547.308 32
836.457 868.467 32
836.457 990.525 32
836.457 1089.593 32
836.457 1125.605 32
839.467 553.328 32
839.467 868.467 32
839.467 996.545 32
839.467 1095.614 32
839.467 1125.605 32

Supplemental Table 1. Transition ions used for LC/tandem MS
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Subject Age Gender Race

1 66 Male Caucasian
2 51 Male  Adrican
American
3 72 Male Caucasian
4 74 Male  African
American

Supplemental Table 2. Demographics of human participants labeled with 13Ce-

leucine.
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SOD1 WT Rat SOD1 G93A Rat
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Supplemental Figure 1. Immunoprecipitation of human SOD1 transgenic rats.
Western blot showing the successful immunoprecipitation of SOD1 from SOD1 WT and
G93A transgenic rat spinal cord using magnetic beads covalently coupled to anti-SOD1
antibodies. hSOD1 signifies human SOD1 and rSOD1 signifies rat SOD1.
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Supplemental Figure 2. Kinetic models developed for this study. In each model,

plasma leucine represents a central compartment where tracer freely exchanges with all

other measured compartments and whole body protein or is irreversibly lost from the
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system. From this central compartment, forward arrows indicate the forward exchange
of tracer into each tissue compartment. The reverse arrows indicate tracer return and
represent the FTR, expressed as pools per day, for each compartment. Dotted lines
represent irreversible loss of tracer from the system. A) Diagram of the compartmental
model accounting for plasma 3Ce-leucine, tissue-specific soluble SOD1, and total
protein over the full time course in SOD1 WT rats. B) Diagram of the compartmental
model accounting for plasma '*Cs-leucine, tissue specific soluble SOD1, misfolded
SOD1, and total protein over the full time course in SOD1 G93A rats. C) Diagram of the
compartmental model accounting for plasma free "*Cs-leucine, CSF total protein, and
CSF SOD1 over the full time course for human participants receiving a 10-day course of
3Ce-leucine followed by a normal diet.

116



Liver SOD1 Kidney SOD1

407 o GLHGFHVHE 207 o GLHGFHVHE
m  SNGPVKVWGSIKGLTE m  SNGPVKVWGSIKGLTE iy
304 [ 154 # u®
E & E nl =
© 20+ & © 104 °nm
— — 'l O
R ." X “I
104 " 51 ’=
0 T Ll T 1 0 Ll L L] 1
0 10 20 30 40 0 5 10 15 20
KADDLGKGGNEE (% Label) KADDLGKGGNEE (% Label)
Cortex SOD1 Spinal Cord SOD1
1597 e GLHGFHVHE 1597 e GLHGFHVHE
®  SNGPVKVWGSIKGLTE m  SNGPVKVWGSIKGLTE
| |
Em- '.'l g10- p‘ l.
© -" " © - ]
- -
<:,~\c> 54 o\o 5 n n
.p’ 1 ad
9
e .
e s"
O T T 1 0 T T T T 1
0 5 10 15 0 2 4 6 8 10
KADDLGKGGNEE (% Label) KADDLGKGGNEE (% Label)
Liver Misfolded SOD1 S pinal Cord Misfolded SOD1
507 o GLHGFHVHE 257 o GLHGFHVHE
m  SNGPVKVWGSIKGLTE o ®  SNGPVKVWGSIKGLTE .
404 m 20+ °
[ ]
— — [ |
2 30 g 2 154
© © m ©
- 20+ ° - 104 u °
© f L | | ?. '
01 o § of s paet
o]
0 T T T 1 0 T T T T 1
0 10 20 30 40 0 5 10 15 20 25
KADDLGKGGNEE (% Label) KADDLGKGGNEE (% Label)

Supplemental Figure 3. Correlations between the three leucine-containing SOD1
peptides used in this study. High correlations confirm the accuracy of mass
spectrometric quantification of tracer:tracee measurements for tissue-specific SOD1. R®
> 0.9199 and p < 0.0001 for all groups.
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Chapter 4

Summary and Future Directions
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Research into SOD1 ALS has been ongoing for over twenty years, resulting in
numerous hypotheses of disease mechanisms, multiple models organisms, and a
significant number of proposed treatments. The lack of a consensus on the
pathogenesis of ALS indicates that, even after two decades, much has yet to be
discovered for this multifaceted disease. This dissertation presents novel findings in two
different aspects of SOD1 mediated ALS — the initial biochemical characterization of
¢SOD1 in canine DM and insights into the tissue specificity of the disease. The

highlights of these findings and their future directions are described below.

SOD1 mutants in canine DM biochemically parallel human SOD1 and ALS

In Chapter 2, original work detailed the first characterization of cSOD1 mutants in
canine DM. This was a direct extension of work done by Joan Coates’ group that first
identified the cSOD1 E40K mutation in dogs with canine DM (Awano et al. 2009). Two
years later, a second mutation (T18S) was discovered in Bernese Mountain dogs with
canine DM (Wininger et al. 2011). Prior to these discoveries, only one paper had
unsuccessfully tried to link cSOD1 to canine spinal muscular atrophy, and only in terms
of genetic sequence (Green et al. 2002). The work described in this dissertation marks
the first characterization of the cSOD1 protein, the findings of which strengthen the
parallels between human ALS and canine DM.

Similar to hSOD1 mutants in human ALS and transgenic animals, | was able to
show that cSOD1 mutants exist as detergent insoluble aggregates in the spinal cords of
affected animals and that they accumulate with disease (Johnston et al. 2000, Wang et

al. 2003). This finding suggests that mutant cSOD1 possesses a similar mechanism to
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hSOD1 in the spinal cords of these animals, as an accumulation of SOD1 aggregates is
a defining pathological feature of SOD1 ALS. Using a variety of in vitro assays, | also
found that cSOD1 mutants are intrinsically less stable and prone to aggregation
compared to the wild-type protein. This finding recapitulates the reduced stability of
human SOD1 mutants as measured by many different biochemical assays (Munch &
Bertolotti 2010, Ratovitski et al. 1999, Tiwari & Hayward 2003). Importantly, | was able
to determine that both the cSOD1 E40K and T18S mutants were functional dimers with
full enzymatic activity. This was a critical finding, as, unlike human SOD1 ALS, a
majority of canine DM is autosomal recessive, raising the possibility of a loss of function
mechanism for pathogenesis. My findings lend strong support for the same toxic gain-

of-function mechanism seen in human ALS.

Canine DM offers an unprecedented new model to study the natural progression
of ALS

With the discovery of canine DM, the ALS field gained the first ever naturally
occurring model of disease. The fact that this disease occurs in dogs is an added
bonus, as the medical infrastructure for canine veterinary medicine in the United States
is well established. This facilitates the discovery of affected dogs and affords ample
opportunity for intervention and study, including canine clinical trials. Also, as the human
environment is frequently shared by canines, the opportunity for studying environmental
contributions to disease in a relatively controlled or quantified setting is unique.
Additionally, since canine DM is largely a disease of purebred dogs, the genetics of the

disease are closely monitored and a robust market for genetic testing exists. This

126



enables a large population of dogs to be accurately diagnosed and allows for early
detection of mutations in the offspring of carriers or affected animals.

A significant advantage to studying canine DM over existing transgenic animal
models is the natural occurrence of the disease in the setting of endogenous mutant
SOD1 levels. This closely parallels the endogenous levels of SOD1 seen in human
ALS, offering a more physiological window into the pathogenesis of disease. Even
though there exist transgenic animal models with levels of mutant SOD1 expression
below endogenous mouse SOD1, such as the SOD1 G85R, L126X, L126delTT, and
G127X mice, these animals still require multiple copies of the hSOD1 transgene for a
disease phenotype (Bruijn et al. 1997, Jonsson et al. 2004, Wang et al. 2005, Watanabe
et al. 2005). Canine DM allows for the study of SOD1 disease mechanisms without the
confounds of overexpression seen in transgenic models. Another advantage with canine
DM is the ability to further study the effects of age and environment on disease.
Although transgenic rodent models of SOD1 ALS technically develop disease with age,
the significantly shorter lifespan of a rodent, coupled with the dependence on SOD1
gene copy number for a disease phenotype, creates an artificial, if not temporally
convenient, system. Coupled with the biochemical similarities between human and
canine SOD1 mutants described in Chapter 2, canine DM offers one of the closest
approximations to human SOD1 ALS.

Dog models of disease are opportune candidates for testing therapies. This is
facilitated by the limited genetic diversity of many dog breeds, the shared environment
with humans, willing owners, significant veterinary infrastructure, and favorable market

forces for treatments. For example, naturally occurring canine cancers have been
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invaluable models for testing numerous treatments in clinical trials, as many canine
cancers share similar etiologies with human cancers (Rankin et al. 2012, Rowell et al.
2011). Dogs also show age-related changes in cognition and even have deposition of 3-
amyloid, offering opportunities for testing amyloid-lowering therapies in these animals
(Cotman & Head 2008, Head 2013). One promising therapy that has recently completed
a Phase | clinical trial in humans is the use of antisense oligonucleotides (ASOs)
against SOD1 (Miller et al. 2013). These drugs have shown enormous promise in
animal models of ALS, but the clinical trial process in humans is long and arduous.
Using these drugs in a canine DM model can expedite the search for safer, more
efficacious ASOs, as well as elucidating the best time to treat (e.g. early vs. late).

As described in Chapter 2, cSOD1 and hSOD1 share approximately 80% identity
and a propensity to aggregate when mutated. Coupled with overlapping clinical
presentations between human ALS and canine DM, it is reasonable to assume that
disease mechanisms are also shared. This paves the way for future experiments testing
current theories of human disease in the canine DM model. For example, the past few
years have seen the advent of work describing a prion-like spreading of mutant SOD1.
Such a mechanism had been theorized based on the geographic spread of the disease
through the neuroaxis, affecting motors neurons closest to the site of clinical
manifestation (Ravits & La Spada 2009). One study has shown that hSOD1 mutants,
once misfolded, can trigger further misfolding of intact SOD1 in vitro (Chia et al. 2010).
Cell culture systems have shown that exogenously applied aggregates of mutant
hSOD1 could be taken up by cells via macropinocytosis, causing endogenous mutant

SOD1 to misfold, aggregate, and self-propagate through subsequent cell divisions
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(Minch et al. 2011). Misfolded SOD1 can also be released from dying cells as a naked
aggregate or from live cells as exosome and spread to neighboring cells (Grad et al.
2014). It would be interesting to determine if mutant cSOD1 aggregates possess the
same properties of cellular uptake and SOD1 propagation. Additionally, further work by
another lab using antibodies against misfolded-specific SOD1 epitopes demonstrated
that co-expression of mutant hSOD1 with wild-type hSOD1 resulted in misfolding of the
wild-type protein (Grad et al. 2011). More importantly, this group showed that the
species-specific propagation of misfolding was dependent upon the tryptophan-32
residue. By mutating this residue, which is unique to hSOD1 (and equine SOD1), to
serine (as is found in most other species’ SOD1, including mouse, rat, and dog), the
propagation of misfolding was significantly reduced. Since cSOD1 lacks a tryptophan at
this residue, this implies that cSOD1 mutants will be unable to propagate within a cell. If
the prion-like hypothesis of SOD1 ALS is correct, then that would signify that the
mechanism for canine DM is dramatically different from human ALS. Therefore, further
study into the ability of cSOD1 mutants to propagate misfolding and spread from cell-to-

cell could offer support for or detract from a prion-like mechanism for disease.

SILK is a viable method for successfully measuring SOD1 protein turnover
Chapter 3 of this dissertation described original work developing a stable isotope
labeling method with oral administration of "*Ce-leucine in both SOD1 transgenic rat
models and healthy human subjects. As SOD1 was hypothesized to be a long-lived
protein in the CNS, the labeling and chase period needed to be significantly long in

order to accurately model SOD1 turnover. This study marked the first time that stable
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isotopes were used to measure SOD1 turnover in multiple tissues in an ALS animal
model and in human CSF. The method of administering the stable isotope "*Cs-leucine
via the drinking water was validated by our ability to detect ample circulating free label
in plasma and incorporated label in total protein and SOD1 with minimal variation. The
pulse-chase paradigm employed for this study has significant advantages over more
conventional methods. First, oral administration of the tracer amino acid is technically
easier than injections in rodents and achieves predictable kinetics in plasma pools. It is
also much safer than using traditional radioactive isotopes. Second, the time scale over
which the labeling and tissue collection occurred (>60 days) facilitates the study of
longer-lived proteins. Third, the LC-MS method for detecting and measuring label-
incorporated SOD1 peptides is highly specific and quantitative.

Looking forward, this labeling method could be applied to other SOD1 mutant
models or neurodegenerative proteins. Canine DM would be an ideal model to apply
SILK, as this model avoids any artifacts due to transgenic overexpression that
characterize rodent models. Administration of "*Cg-leucine to dogs with canine DM
could be easily accomplished and the fact that most of the owners elect for euthanasia
affords an amount of control over when tissues are collected. For younger or
presymptomatic animals, cSOD1 turnover in the CSF could be monitored as a proxy for
the CNS. SILK would be a valuable tool for studying the turnover of other
neurodegenerative proteins, especially those with expression in multiple tissues, such
as TDP-43, FUS, huntingtin, androgen receptor, and others (Huang et al. 2010, Li et al.

1993, Ruizeveld de Winter et al. 1991, Sephton et al. 2010).

130



SOD1 turnover is significantly slower in the tissues most affected in ALS

SILK revealed that the tissues most affected in ALS possessed the slowest rate
of turnover. Specifically, the half-life of SOD1 WT in muscle (22.7 days), spinal cord
(15.7 days), and cortex (9.3 days) were significantly different than in kidney (3.4 days)
and liver (1.8 days). For SOD1 G93A, this relative difference was also seen, with SOD1
half-life in muscle (20.5 days), spinal cord (9.0 days), and cortex (6.7 days) significantly
different from kidney (3.7 days) and liver (1.4 days). Interestingly, these turnover rates
correlated with the pathological progression of disease noted in many ALS animal
models. Some of the earliest pathological changes in SOD1 animal models are seen in
muscle tissue. For example, muscle atrophy, NMJ loss, and mitochondrial vacuolization
and uncoupling in muscle fibers have been found to precede motor neuron loss in
zebrafish and mouse SOD1 models (Brooks et al. 2004, Dupuis et al. 2003, Leclerc et
al. 2001, Ramesh et al. 2010, Sakowski et al. 2012). Interestingly, selective expression
of SOD1 in muscle was found to be sufficient to cause muscle pathology and, in one
study, motor neuron loss in mice (Dobrowolny et al. 2008, Wong & Martin 2010). While
research into presymptomatic muscle function and pathology in human ALS patients is
sparse, some studies have shown mitochondrial uncoupling and reduced cellular
respiration in patients with disease (Dupuis et al. 2003, Echaniz-Laguna et al. 2006,
Krasnianski et al. 2005, Wiedemann et al. 1998). After mitochondrial changes in
muscle, the next tissue affected is the CNS with the majority of pathology seen in the
spinal cord with motor neuron loss and reactive gliosis. By correlating turnover rate with
the temporal order of pathogenesis, these data suggest that a reduced rate of protein

clearance may play an important role in the tissue specificity of the disease.
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Prior to this study, only one group looked at SOD1 turnover in vivo by
administering deuterium-labeled water to mice, chasing with normal water, and
measuring the clearance of labeled SOD1 WT-YFP or G85R-YFP in the spinal cord
over time (Farr et al. 2011). This group did find that the SOD1 WT half-life was relatively
long (approximately 22 days), which agreed with our SOD1 half-life data from SOD1 WT
rat spinal cords. They also found that the G85R mutant possessed accelerated
turnover, but to a much larger degree than what we found for G93A. This difference in
mutant turnover reflects the correlation between SOD1 mutant stability and half-life that
has been repeatedly demonstrated in cell culture, with more unstable mutants having
significantly reduced half-lives (Borchelt et al. 1994, Hoffman et al. 1996, Johnston et al.
2000, Ratovitski et al. 1999). Indeed, future SILK experiments in SOD1 mouse models
expressing more unstable mutants, such as G85R, G37R, and G127X, would most
likely show rapid turnover in each tissue in comparison to SOD1 WT and G93A. As
SOD1 ALS patients and animal models with these unstable mutations show the same
tissue specificity of disease, this implies that the absolute rate of SOD1 mutant turnover

is less important than the relative difference between tissues.

Misfolded SOD1 turnover is accelerated relative to total soluble SOD1

One of the advantages in using stable isotopes to examine SOD1 turnover in
vivo is the ability to look at multiple SOD1 pools within the same animal. When we
looked at mutant SOD1 in the spinal cord of SOD1 G93A rats, we found a 4.2-fold
increase in the turnover rate compared to the total soluble SOD1 G93A protein. As with

total soluble SOD1 G93A, this reflects the increased instability of the misfolded mutant
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protein, which is rapidly targeted for degradation. However, the magnitude of the
increase was surprising, as the misfolded pool in the spinal cord turned over faster than
kidney SOD1. This finding prompted us to isolate and measure labeled misfolded SOD1
in the liver, which has been previously shown to exist at very low levels compared to the
same pool in the spinal cord (Zetterstrom et al. 2007). As expected, the kinetics of this
pool revealed a half-life of only 19.2 hours, the fastest measured in this study and 2.7
times faster than the misfolded pool in the spinal cord. The fact that the misfolded pool
in the spinal cord is relatively slower than the same pool in the liver, despite significantly
faster kinetics in both pools, further supported the hypothesis that affected tissues clear
mutant protein less effectively than non-affected tissues.

The significantly faster turnover of the misfolded SOD1 G93A pool explains the
low steady state levels of this pool in the spinal cord and liver. As this is thought to be
the pathogenic species in SOD1 ALS, these low levels must be sufficient to cause
disease. Indeed, other more unstable SOD1 mutants, such as G85R, L126X,
L126delTT, and G127X, cause disease in animal models at levels below those of
endogenous mouse SOD1 (Bruijn et al. 1997, Jonsson et al. 2004, Wang et al. 2005,
Watanabe et al. 2005). The accelerated turnover rates of the more unstable SOD1
mutants in cell culture may reflect the relative population of these pools that is
misfolded. For example, many of the metal-binding region mutants, such as G85R and
H46R, exist mostly in the misfolded state as measured by proteinase K sensitivity
assays (Hayward et al. 2002, Ratovitski et al. 1999). It would be reasonable to
hypothesize that the relative difference between total soluble and misfolded pools with

these mutants would be substantially less than the relative difference observed for the
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G93A pools. This could be easily tested using the same misfolded-specific antibody
immunoprecipitation utilized in our study in a "*Ce-leucine mouse SOD1 G85R or

G127X model.

SOD1 is a long-lived protein in healthy human CSF

Chapter 3 also describes the development of a method to label healthy human
subjects with "*Cs-leucine and measure SOD1 turnover in the CSF. SOD1 is prevalent
in the CSF at measurable and stable levels, implying that measuring its turnover could
be used as a proxy for CNS SOD1 turnover (Jacobsson et al. 2001, Winer et al. 2013).
Since SOD1 turnover was relatively slow in rat CSF, we reasoned that human SOD1
would be at least as slow. Previous studies looking at B-amyloid turnover in the CSF,
which has a half-life of a few hours, have relied on continuous or bolus intravenous
infusions of "*Ce-leucine followed by CSF sample collection every hour from a catheter
installed in the base of the spine (Bateman et al. 2006, 2007). As our animal studies
demonstrated the success of oral administration of *Ce-leucine and that SOD1 turnover
in the CSF was on the order of days, we applied a modified version of our animal
protocol to healthy human subjects. This was not without its challenges, as no study
had previously used repeated oral doses of 3Ce-leucine in humans or had measured
remaining labeled protein so far out, where amino acid recycling would increasingly
contribute to TTR measurements. Oral administration of "*Cg-leucine in the setting of a
controlled low leucine diet for 10 days resulted in sufficient concentration of the tracer in
plasma, CSF proteins, and SOD1. We were able to construct a model from the data to

incorporate the changing "*Cs-leucine precursor pool over time as well as the
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contributions from tracer recycling. This study marks the first time that a stable isotope
was administered orally for the purposes of measuring the turnover of a long-lived
protein in human subjects and establishes a new labeling paradigm for studying long-
lived proteins.

The data from labeled human subjects confirmed the long half-life of SOD1 seen
in ALS rat CNS tissues and CSF. After optimizing our sample collection time points in
subjects, the SOD1 half-life was approximately 25 days compared and between 2-5
days for CSF total protein. This is comparable to the approximately 15-day half-life
calculated for SOD1 WT in rat CSF. Additionally, our animal data indicated that CSF
SOD1 turnover closely approximates spinal cord SOD1 turnover, meaning that the
SOD1 turnover rate measured in human subjects could be used as a proxy for turnover
in the CNS. This has important implications for future studies looking at CSF SOD1 as a
biomarker in disease and in potential treatments that modulate SOD1 levels, such as

SOD1 antisense oligonucleotides (Miller et al. 2013).

SILK could be used to measure additional SOD1 pools and age-related changes
in turnover

One pool that has yet to be measured in our labeled SOD1 G93A rat model is the
SOD1 aggregates. Indeed, the accumulation of detergent-insoluble SOD1 species is a
hallmark of disease in many animal models, including canine mutant SOD1 as
demonstrated in Chapter 2. An interesting future experiment would involve looking at
the turnover rates of mutant SOD1 in these aggregates in the spinal cord. Depending on

the shape of the kinetic curve, one could learn much about the nature of these
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aggregates. For example, if newly synthesized SOD1 was immediately incorporated into
an aggregate, the aggregate curve should rise in line with the soluble SOD1 curve. If
there was a delay in incorporation, then a delay in the appearance of labeled SOD1
species in the aggregate pool would be reflected in the curve. Additionally, the turnover
rate of SOD1 aggregates could be directly measured, addressing whether these
aggregates are permanent structures or exist in a state of flux. Taking this idea further,
one could measure adjustments in the turnover rate of all SOD1 species in response to
modulation of protein clearance mechanisms.

As mentioned previously, age is a major risk factor for the development of ALS.
High molecular weight species of SOD1 mutants as well as misfolded SOD1 pools
accumulate in the spinal cord with age (Crisp et al. 2013, Johnston et al. 2000, Wang et
al. 2002). Indeed, proteasome activity has been shown to decrease with age in normal
mice (Keller et al. 2000). One potential use of SILK is to examine the effects of age on
SOD1 turnover in both ALS rodent models as well as human subjects. The simplest
comparison would be between young and old animals, or between presymptomatic and
symptomatic. Not only could SOD1 turnover be analyzed, but global protein turnover as
well, allowing one to distinguish between a more specific or general reduction in SOD1

clearance with age.

Using SILK to measure SOD1 turnover in individual cell populations
A major limitation in analyzing SOD1 turnover in whole tissues is that the
homogenous mix of cell populations prevents looking at turnover at the level of specific

cell types. In ALS, motors neurons are uniquely affected, yet these cells only comprise
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4% of the volume of the spinal cord (Zetterstrom et al. 2011). This means that the
turnover rate measured for spinal cord derived SOD1 most likely reflects non-motor cell
populations. It is reasonable to assume that significant differences may exist between
motor neurons, non-motor neurons, and glia with respect to SOD1 turnover. In fact,
such differences have been shown with mutant huntingtin protein. Recent work using
optical pulse-chase labeling of huntingtin protein in primary culture has shown that
cortical neurons clear mutant huntingtin faster than striatal neurons (the cells affected in
Huntington’s Disease) and that faster clearance correlates with longer cellular lifespan
(Tsvetkov et al. 2013). This study provided the first indication of heterogeneity in
neuronal populations with regard to protein clearance and then linked poor turnover of
the ubiquitously expressed huntingtin protein to vulnerable cell populations.

| have already shown that the CNS, specifically the spinal cord, possesses a
significantly slower turnover rate of both soluble and misfolded SOD1 than non-affected
tissues. The next logical hypothesis is that different cellular populations within the spinal
cord have significantly different SOD1 turnover rates. If SOD1 turnover plays a role in
the cellular specificity of disease, then vulnerable motor neuron populations may have
the slowest turnover rate of all. After all, motor neurons expressing SOD1 mutants are
the most sensitive to proteasome inhibition and play a role in disease onset (Boillée et
al. 2006, Puttaparthi et al. 2004). In order to address these questions with SILK, floxed
SOD1 knock-in mice could be created and crossed to mice expressing Cre
recombinase under cell type specific promoters. These double transgenic mice would
then only express SOD1 in motor neurons (ChAT-Cre), all neurons (Thy1.2-Cre),

astrocytes (GFAP-Cre), or microglia (Iba1-Cre). Following our established "*Ce-leucine
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labeling paradigm, these animals would be labeled as described in Chapter 3. The
human SOD1 immunoprecipitated from tissue lysates would only be from the specific
cell types expressing the protein, enabling the measurement of SOD1 turnover in

specific cells in vivo.

Using SILK to measure SOD1 turnover in patients with dominantly-inherited ALS

Having verified a method to measure SOD1 turnover in the CSF of healthy
human subjects, the next step is to measure SOD1 turnover in patients with SOD1
mutations. This will allow us to look at the role of SOD1 turnover in disease as well as
monitor SOD1 antisense oligonucleotide therapy (Miller et al. 2013). The ease of orally
administering *Cs-leucine to human patients over 10 days becomes a significant
advantage to conventional intravenous methods, as mobilizing ALS patients to and from
the hospital becomes very difficult with advancing disease. Also, our data indicate that
we require four CSF collection time points at days 10-14, 26, 42, and 70-80, meaning
infrequent trips to the clinic.

Initial studies would involve patients with the SOD1 A4V mutation, as it is the
most prevalent in North America at 41% of SOD1 ALS (Andersen et al. 2003). This
would enable SOD1 turnover to be measured in a homogenous patient population, as
animal and in vitro data indicate that mutant turnover is dependent on the degree of
protein instability. One potential problem is that SOD1 patients possess both a wild-type
and mutant copy of SOD1. However, the A4V mutation occurs within a leucine-
containing peptide generated from endoproteinase Glu-C digestion, allowing the

differentiation by mass spectrometry of the A4V and WT peptides and thus

138



simultaneous measurement of both wild-type and A4V mutant protein in human CSF.
This would allow one to investigate the role of SOD1 turnover as a function of disease
state (i.e. presymptomatic versus symptomatic), age, environment, or mutation status.
Although one would expect to find an accelerated turnover rate for A4V relative to wild-
type protein in CSF, the more interesting questions relate to the status of the wild-type
protein. Wild-type protein is present in SOD1 aggregates, can form heterodimers with
certain SOD1 mutants, can be seeded to misfold in the presence of misfolded mutants,
and exacerbates disease when co-overexpressed with mutant protein in animal models
(Chia et al. 2010, Grad et al. 2011, Prudencio et al. 2010, Witan et al. 2008).
Additionally, some groups have observed misfolded SOD1 WT in sporadic ALS patients
and familial ALS due to TDP43 and FUS mutations (Bosco et al. 2010, Forsberg et al.
2010, Pokrishevsky et al. 2012). SILK would be a powerful technique to look at the role
of SOD1 WT protein in the setting of ALS mutations, familial ALS due to other genes,
and sporadic disease.

In closing, this dissertation has described original work in two different facets of
SOD1 ALS biology. Chapter 2 detailed the first biochemical characterization of the only
two cSOD1 mutants found in canine DM, drawing numerous parallels with hSOD1
mutants that further establish canine DM as an exciting new naturally occurring model
for ALS. This model holds immense promise for understanding aspects of the disease
that have not been forthcoming from traditional models, such as the role of age and
environment on disease, and the data gathered in this dissertation will hopefully serve
as a foundation for such future studies. Chapter 3 detailed the first use of SILK to

measure SOD1 turnover in both rodent animal models and CSF from healthy human
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subjects. In animals, the data indicate that SOD1 is a long-lived protein in the tissues
most affected in disease, suggesting a role for protein turnover in the tissue specificity
of ALS. In humans, applying the SILK method resulted in the first successful oral
labeling approach to measuring a long-lived protein in the CNS and replicated the
finding in animals that SOD1 is a long-lived protein in the CNS. Moving forward, SILK
will be a powerful tool for looking at SOD1 turnover in additional animal models and

human ALS patients with the goal of better understanding SOD1 biology.

140



REFERENCES

Andersen PM, Sims KB, Xin WW, Kiely R, O’'Neill G, et al. 2003. Sixteen novel
mutations in the Cu/Zn superoxide dismutase gene in amyotrophic lateral sclerosis:
a decade of discoveries, defects and disputes. Amyotroph. Lateral Scler. 4(2):62—
73

Awano T, Johnson GCGSCS, Wade CM, Katz ML, Taylor JF, et al. 2009. Genome-wide
association analysis reveals a SOD1 mutation in canine degenerative myelopathy
that resembles amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A.
106(8):2794-99

Bateman RJ, Munsell LY, Chen X, Holtzman DM, Yarasheski KE. 2007. Stable isotope
labeling tandem mass spectrometry (SILT) to quantify protein production and
clearance rates. J. Am. Soc. Mass Spectrom. 18(6):997-1006

Bateman RJ, Munsell LY, Morris JC, Swarm R, Yarasheski KE, Holtzman DM. 2006.
Human amyloid-beta synthesis and clearance rates as measured in cerebrospinal
fluid in vivo. Nat. Med. 12(7):856—61

Boillée S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins N a, et al. 2006. Onset
and progression in inherited ALS determined by motor neurons and microglia.
Science. 312(5778):1389-92

Borchelt DR, Lee MK, Slunt HS, Guarnieri M, Xu ZS, et al. 1994. Superoxide dismutase
1 with mutations linked to familial amyotrophic lateral sclerosis possesses
significant activity. Proc Natl/ Acad Sci U S A. 91(17):8292-96

Bosco DA, Morfini G, Karabacak NM, Song Y, Gros-Louis F, et al. 2010. Wild-type and
mutant SOD1 share an aberrant conformation and a common pathogenic pathway

in ALS. Nat Neurosci. 13(11):1396-1403

141



Brooks KJ, Hill MDW, Hockings PD, Reid DG. 2004. MRI detects early hindlimb muscle
atrophy in Gly93Ala superoxide dismutase-1 (G93A SOD1) transgenic mice, an
animal model of familial amyotrophic lateral sclerosis. NMR Biomed. 17:28—-32

Bruijn LI, Becher MW, Lee MK, Anderson KL, Jenkins NA, et al. 1997. ALS-Linked
SOD1 Mutant G85R Mediates Damage to Astrocytes and Promotes Rapidly
Progressive Disease with SOD1-Containing Inclusions. Neuron. 18(2):327-38

Chia R, Tattum MH, Jones S, Collinge J, Fisher EMC, Jackson GS. 2010. Superoxide
dismutase 1 and tgSOD1 mouse spinal cord seed fibrils, suggesting a propagative
cell death mechanism in amyotrophic lateral sclerosis. PLoS One. 5(5):e10627

Cotman CW, Head E. 2008. The canine (dog) model of human aging and disease:
dietary, environmental and immunotherapy approaches. J. Alzheimers. Dis.
15:685-707

Crisp MJ, Beckett J, Coates JR, Miller TM. 2013. Canine degenerative myelopathy:
Biochemical characterization of superoxide dismutase 1 in the first naturally
occurring non-human amyotrophic lateral sclerosis model. Exp. Neurol. 248:1-9

Dobrowolny G, Aucello M, Rizzuto E, Beccafico S, Mammucari C, et al. 2008. Skeletal
muscle is a primary target of SOD1G93A-mediated toxicity. Cell Metab. 8(5):425—
36

Dupuis L, di Scala F, Rene F, de Tapia M, Oudart H, et al. 2003. Up-regulation of
mitochondrial uncoupling protein 3 reveals an early muscular metabolic defect in

amyotrophic lateral sclerosis. FASEB J. 17:2091-93

142



Echaniz-Laguna A, Zoll J, Ponsot E, N'Guessan B, Tranchant C, et al. 2006. Muscular
mitochondrial function in amyotrophic lateral sclerosis is progressively altered as
the disease develops: A temporal study in man. Exp. Neurol. 198:25-30

Farr GW, Ying Z, Fenton W a, Horwich AL. 2011. Hydrogen-deuterium exchange in vivo
to measure turnover of an ALS-associated mutant SOD1 protein in spinal cord of
mice. Protein Sci. 20(10):1692-96

Forsberg K, Jonsson PA, Andersen PM, Bergemalm D, Graffmo KS, et al. 2010. Novel
antibodies reveal inclusions containing non-native SOD1 in sporadic ALS patients.
PLoS One. 5:

Grad LI, Guest WC, Yanai A, Pokrishevsky E, O’Neill M a, et al. 2011. Intermolecular
transmission of superoxide dismutase 1 misfolding in living cells. Proc. Natl. Acad.
Sci. U. S. A. 108(39):16398—403

Grad LI, Yerbury JJ, Turner BJ, Guest WC, Pokrishevsky E, et al. 2014. Intercellular
propagated misfolding of wild-type Cu/Zn superoxide dismutase occurs via
exosome-dependent and -independent mechanisms. Proc. Natl. Acad. Sci. U. S. A.
111(9):3620-25

Green SL, Tolwani RJ, Varma S, Quignon P, Galibert F, et al. 2002. Structure,
chromosomal location, and analysis of the canine Cu/Zn superoxide dismutase
(SOD1) gene. J Hered. 93(2):119-24

Hayward LJ, Rodriguez J a, Kim JW, Tiwari A, Goto JJ, et al. 2002. Decreased
metallation and activity in subsets of mutant superoxide dismutases associated with

familial amyotrophic lateral sclerosis. J. Biol. Chem. 277(18):15923-31

143



Head E. 2013. A canine model of human aging and Alzheimer’s disease. Biochim.
Biophys. Acta. 1832:1384—-89

Hoffman EK, Wilcox HM, Scott RW, Siman R. 1996. Proteasome inhibition enhances
the stability of mouse Cu/Zn superoxide dismutase with mutations linked to familial
amyotrophic lateral sclerosis. J Neurol Sci. 139(1):15-20

Huang C, Xia PY, Zhou H. 2010. Sustained expression of TDP-43 and FUS in motor
neurons in rodent’s lifetime. Int. J. Biol. Sci. 6:396—-406

Jacobsson J, Jonsson P a, Andersen PM, Forsgren L, Marklund SL. 2001. Superoxide
dismutase in CSF from amyotrophic lateral sclerosis patients with and without
CuZn-superoxide dismutase mutations. Brain. 124(Pt 7):1461-66

Johnston J a, Dalton MJ, Gurney ME, Kopito RR. 2000. Formation of high molecular
weight complexes of mutant Cu,Zn-superoxide dismutase in a mouse model for
familial amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci. 97(23):12571-76

Jonsson PA, Ernhill K, Andersen PM, Bergemalm D, Brannstrom T, et al. 2004. Minute
quantities of misfolded mutant superoxide dismutase-1 cause amyotrophic lateral
sclerosis. Brain. 127(Pt 1):73-88

Keller JN, Hanni KB, Markesbery WR. 2000. Possible involvement of proteasome
inhibition in aging: implications for oxidative stress. Mech. Ageing Dev. 113(1):61—
70

Krasnianski A, Deschauer M, Neudecker S, Gellerich FN, M??ller T, et al. 2005.
Mitochondrial changes in skeletal muscle in amyotrophic lateral sclerosis and other

neurogenic atrophies. Brain. 128:1870-76

144



Leclerc N, Ribera F, Zoll J, Warter JM, Poindron P, et al. 2001. Selective changes in
mitochondria respiratory properties in oxidative or glycolytic muscle fibers isolated
from G93AhumanSOD1 transgenic mice. Neuromuscul. Disord. 11:722-27

Li S-H, Schilling G, Young WS, Li X-., Margolis RL, et al. 1993. Huntington’s disease
gene (IT15) is widely expressed in human and rat tissues. Neuron. 11(5):985-93

Miller TM, Pestronk A, David W, Rothstein J, Simpson E, et al. 2013. An antisense
oligonucleotide against SOD1 delivered intrathecally for patients with SOD1 familial
amyotrophic lateral sclerosis: A phase 1, randomised, first-in-man study. Lancet
Neurol. 12:435-42

Munch C, Bertolotti A. 2010. Exposure of Hydrophobic Surfaces Initiates Aggregation of
Diverse ALS-Causing Superoxide Dismutase-1 Mutants. J. Mol. Biol. 399(3):512—
25

Munch C, O’Brien J, Bertolotti A. 2011. Prion-like propagation of mutant superoxide
dismutase-1 misfolding in neuronal cells. Proc. Natl. Acad. Sci. U. S. A.
108(9):3548-53

Pokrishevsky E, Grad LI, Yousefi M, Wang J, Mackenzie IR, Cashman NR. 2012.
Aberrant localization of FUS and TDP43 is associated with misfolding of SOD1 in
amyotrophic lateral sclerosis. PLoS One. 7:

Prudencio M, Durazo A, Whitelegge JP, Borchelt DR. 2010. An examination of wild-type
SOD1 in modulating the toxicity and aggregation of ALS-associated mutant SOD1.

Hum Mol Genet. 19(24):4774-89

145



Puttaparthi K, Wojcik C, Rajendran B, DeMartino GN, Elliott JL. 2004. Aggregate
formation in the spinal cord of mutant SOD1 transgenic mice is reversible and
mediated by proteasomes. J. Neurochem. 87(4):851-60

Ramesh T, Lyon AN, Pineda RH, Wang C, Janssen PML, et al. 2010. A genetic model
of amyotrophic lateral sclerosis in zebrafish displays phenotypic hallmarks of
motoneuron disease. Dis Model Mech. 3(9-10):652-62

Rankin KS, Starkey M, Lunec J, Gerrand CH, Murphy S, et al. 2012. Of dogs and men:
comparative biology as a tool for the discovery of novel biomarkers and drug
development targets in osteosarcoma. Pediatr Blood Cancer. 58(3):327-33

Ratovitski T, Corson LB, Strain J, Wong P, Cleveland DW, et al. 1999. Variation in the
biochemical/biophysical properties of mutant superoxide dismutase 1 enzymes and
the rate of disease progression in familial amyotrophic lateral sclerosis kindreds.
Hum Mol Genet. 8(8):1451-60

Ravits JM, La Spada AR. 2009. ALS motor phenotype heterogeneity, focality, and
spread: deconstructing motor neuron degeneration.

Rowell JL, McCarthy DO, Alvarez CE. 2011. Dog models of naturally occurring cancer.
Trends Mol Med. 17(7):380-88

Ruizeveld de Winter JA, Trapman J, Vermey M, Mulder E, Zegers ND, van der Kwast
TH. 1991. Androgen receptor expression in human tissues: an
immunohistochemical study. J. Histochem. Cytochem. 39(7):927-36

Sakowski S a, Lunn JS, Busta AS, Oh SS, Zamora-Berridi G, et al. 2012.
Neuromuscular effects of G93A-SOD1 expression in zebrafish. Mol. Neurodegener.

7(1):44

146



Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P, et al. 2010. TDP-43 is a
developmentally regulated protein essential for early embryonic development. J.
Biol. Chem. 285(9):6826—-34

Tiwari A, Hayward LJ. 2003. Familial amyotrophic lateral sclerosis mutants of
copper/zinc superoxide dismutase are susceptible to disulfide reduction. J Biol
Chem. 278(8):5984-92

Tsvetkov AS, Arrasate M, Barmada S, Ando DM, Sharma P, et al. 2013. Proteostasis of
polyglutamine varies among neurons and predicts neurodegeneration. Nat. Chem.
Biol. 9(9):586—-92

Wang J, Slunt H, Gonzales V, Fromholt D, Coonfield M, et al. 2003. Copper-binding-
site-null SOD1 causes ALS in transgenic mice: aggregates of non-native SOD1
delineate a common feature. Hum Mol Genet. 12(21):2753—-64

Wang J, Xu G, Borchelt DR. 2002. High Molecular Weight Complexes of Mutant
Superoxide Dismutase 1: Age-Dependent and Tissue-Specific Accumulation.
Neurobiol. Dis. 9(2):139-48

Wang J, Xu G, Li H, Gonzales V, Fromholt D, et al. 2005. Somatodendritic accumulation
of misfolded SOD1-L126Z in motor neurons mediates degeneration: alphaB-
crystallin modulates aggregation. Hum. Mol. Genet. 14(16):2335-47

Watanabe Y, Yasui K, Nakano T, Doi K, Fukada Y, et al. 2005. Mouse motor neuron
disease caused by truncated SOD1 with or without C-terminal modification. Brain

Res. Mol. Brain Res. 135(1-2):12-20

147



Wiedemann FR, Winkler K, Kuznetsov A V, Bartels C, Vielhaber S, et al. 1998.
Impairment of mitochondrial function in skeletal muscle of patients with amyotrophic
lateral sclerosis. J. Neurol. Sci. 156:65-72

Winer L, Srinivasan D, Chun S, Lacomis D, Jaffa M, et al. 2013. SOD1 in cerebral
spinal fluid as a pharmacodynamic marker for antisense oligonucleotide therapy.
JAMA Neurol. 70:201-7

Wininger FA, Zeng R, Johnson GS, Katz ML, Johnson GC, et al. 2011. Degenerative
myelopathy in a Bernese Mountain Dog with a novel SOD1 missense mutation. J
Vet Intern Med. 25(5):1166-70

Witan H, Kern A, Koziollek-Drechsler |, Wade R, Behl C, Clement AM. 2008.
Heterodimer formation of wild-type and amyotrophic lateral sclerosis-causing
mutant Cu/Zn-superoxide dismutase induces toxicity independent of protein
aggregation. Hum. Mol. Genet. 17(10):1373—-85

Wong M, Martin LJ. 2010. Skeletal muscle-restricted expression of human SOD1
causes motor neuron degeneration in transgenic mice. Hum. Mol. Genet.
19(11):2284-2302

Zetterstrom P, Graffmo KS, Andersen PM, Brannstrom T, Marklund SL. 2011. Proteins
that bind to misfolded mutant superoxide dismutase-1 in spinal cords from
transgenic amyotrophic lateral sclerosis (ALS) model mice. J. Biol. Chem.
286(23):20130-36

Zetterstrom P, Stewart HG, Bergemalm D, Jonsson PA, Graffmo KS, et al. 2007.

Soluble misfolded subfractions of mutant superoxide dismutase-1s are enriched in

148



spinal cords throughout life in murine ALS models. Proc. Natl. Acad. Sci. U. S. A.

104(35):14157-62

149



CURRICULUM VITAE

Matthew J. Crisp

Washington University in St. Louis
School of Medicine
Phone: 314-616-3147
crispm@wusm.wustl.edu

Education

Washington University in St. Louis School of Medicine, St. Louis, MO
MD/PhD candidate (Expected May 2016)
Medical Scientist Training Program
Graduate Program: Neuroscience

Washington College, Chestertown, MD
Bachelor of Science (May 2006)
GPA: 3.973
Majors: Biochemistry, Behavioral Neuroscience
Minor: Chemistry

Research Experience

Medical Scientist Training Program 2008-
Present
Washington University School of Medicine, St. Louis, MO
Pl — Timothy Miller, MD PhD
Dissertation: Superoxide dismutase 1: Novel insights on disease models and
tissue specificity in amyotrophic lateral sclerosis

Intramural Research Training Award Post-baccalaureate Fellow 2006-2008
National Cancer Institute/NIH, Bethesda, MD
Pl — Munira Basrai, PhD
Project description: Determining how the centromere-specific
histone variant Cse4p regulates mitotic fidelity

Interdepartmental Senior Research Thesis 2005-2006
Washington College, Chestertown, MD
Pl — Michael Kerchner, PhD
Honors Thesis: Effects of a 5-HT3 agonist and antagonist on inter-male
aggression in Mus musculus

Summer Internship Program in Biomedical Research Summer 2005
National Institute of Neurological Disorders and Stroke/NIH,

150



Bethesda, MD

Pl — Zu-Hang Sheng, PhD

Project description: The role of microtubule-associated
protein 2A light chain in L-type calcium channel localization
to the synapse

National Science Foundation’s Research Experience Summer 2004
for Undergraduates

Davidson College, Davidson, NC

Pl — Barbara Lom, PhD

Project description: Elucidating the role of fibroblast growth

factor 2 on retinal ganglion cell migration to the optic tectum

Honors and Awards

2015 Alpha Omega Alpha

2014 Best Talk at Medical Scientist Training Program Annual Retreat

2012 National Institutes of Health NINDS Ruth L. Kirschstein Predoctoral
National Research Service Award # F31NS078818

2006 B.S. Biochemistry and Neuroscience Summa Cum Laude, Washington

College

2006 Departmental Honors in Biology, Washington College

2006 Departmental Honors in Psychology, Washington College

2006 The Biology Department Award of Special Recognition, Washington

College

2006 The Psychology Department Capstone Experience Award, Washington

College

2002 Advanced Placement Scholar with Honors

2002 Maryland Distinguished Scholar Honorable Mention

2002 Maryland Senatorial Scholarship

2002 Merit Scholarship, Washington College

Teaching Experience

Teaching Assistant (2012-2014) — Human Anatomy
Washington University School of Medicine, St. Louis, MO
Program in Physical Therapy

Kaplan MCAT/DAT/OAT Instructor (2007-2014)
Bethesda Kaplan Center, Bethesda, MD
St. Louis Kaplan Center, St. Louis, MO

Teaching Assistant (Fall 2010) — Human Anatomy and Development
Washington University School of Medicine, St. Louis, MO

151



First year medical students

Peer-Reviewed Publications

1.

Sato, C., Mawuenyega, K.G., Barthelemy, N., Patterson, B.W., Jockel-Balsarotti,
J., Crisp, M.J., Kasten, T., Chott, R., Yarasheski, K.E., Karch, C.M., Miller, T.M.,
Bateman, R.J. Tau kinetics in the human central nervous system. In preparation.

. Crisp, M.J., Mawuenyega, K.G., Patterson, B.W., Reddy, N.C., Chott, R., Self,

W.K. Weihl, C.C., Jockel-Balsarotti, J., Varadachary, A., Buccelli, R.,
Yarasheski, K.E., Bateman, R.J., Miller, T.M. In vivo kinetic approach reveals
slow SOD1 turnover in the CNS. J Clin Invest 2015; [Epub ahead of print] PMID:
26075819

Choy, J., O'Toole, E., Schuster, B., Crisp, M., Karpova, T., McNally, J., Winey,
M., Gardner., Basrai, M. Genome-wide Haploinsufficiency Screen Reveals a
Novel Role for y-TuSC in Spindle Organization and Genome Stability. Mol Biol
Cell. 2013; 24(17):2753-63 PMID: 23825022

. Crisp, M., Beckett, J., Coates, J., Miller, T. Canine Degenerative Myelopathy:

Biochemical characterization of superoxide dismutase 1 in the first naturally
occurring non-human amyotrophic lateral sclerosis (ALS) model. Exp Neurol
2013; 248:1-9 PMID: 23707216

Miller, T., Pestronk, A., David, W., Rothstein, J., Simpson, E., Andres, P.,
Mahoney, K., Allred, P., Alexander, K., Ostrow, L., Schoenfeld, D., Macklin, E.,
Norris, D., Manousakis, G., Crisp, M., Smith, R., Bennett, C., Bishop, K.,
Cudkowicz, M. A Phase |, First-in-Human Study of an Antisense Oligonucleotide
Directed Against SOD1 Delivered Intrathecally in SOD1-Familial ALS Patients.
Lancet Neurol 2013; 12(5):435-442 PMID: 23541756

Stirling, P., Crisp, M., Basrai, M., Tucker, C., Dunham, M., Spencer, F., Hieter, P.
Mutability and mutational spectrum of chromosome transmission fidelity genes.
Chromosoma 2012;121(3):263-275 PMID: 22198145

Au, W.*, Crisp, M.*, DelLuca, S.*, Rando, O., Basrai, M. Altered dosage and
mislocalization of histone H3 and Cse4p lead to chromosome loss in
Saccharomyces cerevisiae. Genetics 2008;179(1):263-75 PMID: 18458100
[*co-first authors]

Crisp, M. & Kerchner, M. Effects of a 5-HT3 agonist and antagonist on inter-male
aggression in Mus musculus. Impulse: The Premier Journal for Undergraduate
Publications in the Neurosciences. 2006

Conference Abstracts and Talks

152



Stable isotope labeling kinetics reveal tissue-specific differences in SOD1
turnover in an ALS animal model
* Medical Scientist Training Program Annual Retreat (April 2014) — Awarded
Best Talk

Canine Degenerative Myelopathy: Biochemical characterization of superoxide
dismutase 1 (SOD1) in the first non-human sporadic amyotrophic lateral sclerosis
(ALS) model.
* New Frontiers in Neurodegenerative Disease Research, Keystone
Symposium, Santa Fe, NM February 4™, 2013
* Neuroscience Retreat, Washington University in St. Louis, St. Louis, MO
(Sept 2012)

Global identification of genes haploinsufficient for chromosome stability in S.
cerevisiae
* Washington Area Yeast Meeting, National Institutes of Health, May 14”‘,
2008
* (Genetics Branch Scientific Retreat, National Institutes of Health,
November 15", 2007

Chromosome transmission defect — A consequence of imbalanced expression
and mislocalization of histone H3 and its variant, Cse4p
« 20" NIH Research Festival, National Institutes of Health, September 25"-
28™, 2007
* Yeast Cell Biology, Cold Spring Harbor Laboratory, August 15™-19", 2007

153



