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ABSTRACT

Charcot-Marie-Tooth (CMT) disease comprises a group of clinically and genetically
heterogeneous peripheral neuropathies mainly characterized by distal muscle weakness
and wasting, and impaired sensation in the extremities. CMT disease is the most common
inherited peripheral neuropathy, with a prevalence of ~1 in 2,500 individuals. While
CMT disease is relatively common, our understanding of the genes mutated in patients
with CMT disease and the mechanism by which these mutations lead to peripheral
neuropathy remains incomplete. Genes encoding aminoacyl-tRNA synthetases (ARSs)
have been implicated in CMT disease with an axonal pathogenesis. ARSs are
ubiquitously expressed, essential enzymes, responsible for covalently attaching amino
acids to their cognate tRNA molecules, thus completing an essential step of protein
translation. To improve our understanding of the genetic and functional mechanisms by
which ARS mutations lead to disease, we sought to: (1) identify and characterize ARS
gene mutations in a cohort of patients with CMT disease and no known disease-causing
mutation; (2) evaluate the functional consequences of disease-associated ARS mutations;
and (3) develop a multi-cellular model system for assessing the toxicity of ARS alleles in
neurons. Our genetic analyses led to the discovery of missense and frameshift lysyl-
tRNA synthetase (K4ARS) gene mutations in a compound heterozygous patient with CMT
disease and additional non-neurological sequelae, and the discovery of missense alanyl-
tRNA synthetase (44RS) gene mutations in two families with CMT2N. Using a

combination of biochemical analyses and yeast viability assays, we determined that

xiil



disease-associated A4RS and KARS mutations lead to impaired enzyme activity. Finally,
we developed a C. elegans model system for evaluating the effect of ARS mutations on
peripheral nerve axons in vivo, and discovered that overexpression of a mutant AARS
enzyme leads to morphological defects. Together, these studies underscore the critical
role of ARS enzymes in peripheral nerve function and suggest that impaired
aminoacylation may be a central component to disease pathology. In summary, my
dissertation research has advanced our understanding of the genetic and functional role of
ARS enzymes in peripheral neuropathies and will provide a platform for further

investigating the molecular pathology of ARS-related CMT disease.
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CHAPTER 1

Introduction to Inherited Peripheral Neuropathies

Overview of the Peripheral Nervous System

The peripheral nervous system (PNS) is composed of all neurons and glial cells outside
of the brain and spinal cord. Three structures predominate the PNS: sensory neurons,
motor neuron axons, and Schwann cells (Purves ef al., 2001). Sensory neurons are
afferent neurons with cell bodies originating in the dorsal root ganglia. Sensory neurons
process stimuli from the external environment (light, touch, sound) and convey these
sensory signals to the central nervous system (CNS) (Levitan and Kaczmarek, 2002).
Motor neurons are efferent neurons with cell bodies originating from the ventral region of
the spinal cord. Motor neurons relay messages from the CNS to the skeletal muscles,
glands, and other effector tissues (Levitan and Kaczmarek, 2002). Sensory and motor
neurons possess two types of continuous projections that facilitate information transfer to
and from the cell body, or soma (Waxman et al., 1995). Dendrites are short, branched
projections along which signals from upstream neurons can be transmitted to the soma. In
contrast, axons are long, narrow projections that serve to deliver electrical impulses away
from the cell body (in the case of motor neurons) or towards the cell body (in the case of
sensory neurons). Schwann cells are the principal glia of the PNS and exist in non-

myelinating and myelinating forms. Myelinating Schwann cells provide trophic support



and electrical insulation to nearby axons, and can produce an elaborate myelin sheath that

envelops a subset axons in the PNS (Gilbert, 2010).

Nerve cell axons serve as the primary conduit for transferring electrical impulses,
proteins, organelles, receptors, and various trophic factors from the soma to the axon
terminus (Dyck and Thomas, 2005b; Waxman ef al., 1995). Axon length varies, with the
largest axons spanning up to a meter in length. For example, the largest nerve in the
human body, the sciatic nerve, spans from the base of the spine down to the lower limbs
and into the foot (Dyck and Thomas, 2005b). The extensive length of large axons
presents a unique problem to peripheral nerves; nerve signaling and axonal transport must
be supported over great distances throughout the life of the neuron. Defects in these
processes, or in the axonal structure itself, are highly detrimental to the nerve cell and the

PNS as a whole.

Peripheral Neuropathies

Peripheral neuropathies are a clinically heterogeneous group of diseases that affect the
peripheral nerves. Peripheral neuropathies are relatively common, and are estimated to
affect 2-8% of the population worldwide (Martyn and Hughes, 1997). Broadly, peripheral
neuropathies can be subdivided into three distinct subtypes: (1) acquired peripheral
neuropathies; (2) peripheral neuropathies associated with systemic disorders; and (3)
inherited peripheral neuropathies (Dyck and Thomas, 2005b). Acquired peripheral
neuropathies often result from nerve trauma, tumors, inflammation, nutritional

deficiencies, and alcoholism. For example, Guillain-Barré Syndrome commonly presents



following a respiratory or gastrointestinal infection and leads to an autoimmune-mediated
attack of the nervous system (Pritchard, 2010). Peripheral neuropathies can also be
associated with systemic disorders. For example, complications from diabetes, such as
chronically high blood glucose levels, can lead to oxidative and inflammatory damage to
peripheral nerves (Vincent ef al., 2011). Inherited peripheral neuropathies are the result
of heritable genetic lesions, often occurring in genes important for peripheral nerve
function. Examples of inherited peripheral neuropathy include Dejerine-Sottas syndrome
(DSS), hereditary neuropathy with liability to pressure palsies (HNPP), and Charcot-
Marie-Tooth (CMT) disease (Martyn and Hughes, 1997). The various forms of inherited
peripheral neuropathy are often distinguished by disease onset and symptomatic features.
For example, DSS is characterized by infantile onset of moderate to severe lower and
upper extremity weakness and loss of sensation, whereas HNPP is distinguished by the
presence of repeated focal pressure neuropathy (Dyck and Thomas, 2005a). CMT disease

is the focus of this dissertation and will be discussed at length in the next section.

Inherited Peripheral Neuropathies: Charcot-Marie-Tooth Disease

The most common inherited peripheral neuropathies are a group of disorders collectively
referred to as CMT disease. CMT disease was first described in 1886 by Drs. Jean-Martin
Charcot and Pierre Marie from France, and Dr. Howard Henry Tooth from England, as a
hereditary disorder giving rise to distal limb weakness and wasting, being maximal in the
lower extremities (Charcot and Marie, 1886; Tooth, 1886). CMT disease is estimated to
affect ~1 in 2,500 individuals worldwide, making it the most common inherited

peripheral neuropathy (Skre, 1974). CMT disease has emerged as a clinically and



genetically heterogeneous disorder. While the overall clinical presentation may vary,
patients with CMT disease commonly display a phenotype consisting of: impaired motor
function, muscle wasting, reduced or absent deep-tendon reflexes, impaired sensation in
the extremities, pes cavus, steppage gait, and variable reduction in motor nerve
conduction velocities (MNCVs) or amplitudes (hereafter referred to as the “classical”
CMT disease phenotype) (Dyck and Lambert, 1968; Murakami et al., 1996). CMT
disease does not typically affect patient lifespan; however, disease symptoms can lead to

ambulatory loss, limb amputation, and other morbidity (e.g., use of orthotics).

Broadly, CMT disease can be divided into two distinct categories based mainly upon
electrophysiological criteria gained from MNCV studies. MNCV analyses are performed
by providing electrical stimulation at one point along the nerve and measuring the latency
of the response (i.e., the amount of time it takes for the electrical impulse to reach the
muscle supplied by the nerve) (Dyck and Thomas, 2005b). MNCYV values are calculated
by dividing the distance between the point of stimulation and the muscle measured in
millimeters by the latency in milliseconds. Patients with median MNCVs < 38 ms™ and
the discovery of classical “onion bulb” formations of concentric Schwann cell lamellae
upon cross-sectional analysis of nerve biopsies are considered to have “demyelinating”
CMT (Dyck and Thomas, 2005a). Conversely, patients with normal (>45 ms™) MNCVs,
along with reduced amplitudes of evoked motor nerve response, are considered to have
“axonal” CMT (Dyck and Lambert, 1968; Harding and Thomas, 1980). While CMT
disease is mainly divided into demyelinating and axonal forms, the idea of an

intermediate form of CMT has been gaining popularity amongst clinicians because it can



be helpful in guiding genetic diagnoses. Intermediate CMT is distinguished by the
presence of patients with demyelinating or axonal features in a single family, or the
presence of MNCVs in the intermediate range (25-45 ms™) in an individual patient

(Nicholson and Myers, 2006).

Demyelinating and axonal forms of CMT disease can be further divided into six subtypes
based upon inheritance pattern: CMT disease type [ (CMT1), CMT disease type 11
(CMT2), CMT disease type [V (CMT4), X-linked CMT (CMTX), dominant intermediate
CMT (CMTDI), and recessive intermediate CMT (CMTRI) (Table 1.1). CMTI1, an
autosomal dominant, demyelinating form of CMT disease, is the most common form of
CMT disease and is estimated to affect ~60-70% of patients with CMT disease (Dyck and
Thomas, 2005b). To date, six subtypes of CMT1 have been described, with the majority
of the genes implicated being important for Schwann cell function and myelination.
(Table 1.1) (Hayasaka et al., 1993; Kovach et al., 1999; Lupski et al., 1991; Mersiyanova

et al., 2000; Saporta et al., 2011; Street et al., 2003; Warner et al., 1998).

CMT?2, an autosomal dominant, axonal form of CMT disease, is estimated to affect ~30-
40% of patients with CMT disease (Dyck and Thomas, 2005b). Currently, a total of 16
subtypes of CMT2 have been described (Table 1.1) (Antonellis et al., 2003; Auer-
Grumbach et al., 2010; Crimella et al., 2010; De Jonghe ef al., 1999; De Sandre-
Giovannoli ef al., 2002; Evgrafov et al., 2004; Gallardo et al., 2008; Georgiou et al.,
2002; Latour et al., 2010; Leal et al., 2009; Marrosu et al., 1998; Tang et al., 2005;

Verhoeven et al., 2003; Weedon et al., 2011; Zhao et al., 2001; Zuchner et al., 2004). In



Table 1.1 Genes Implicated in Charcot-Marie-Tooth Disease

CMT
Subtype OMIM' Class Inheritance’ Gene Reference
CMTIA 118220 Demy AD PMP22 Lupski et al., 1991
CMTIB 118200 Demy AD MPZ Hayasaka et al., 1993b
CMTIC 601098 Demy AD LITAF Street et al., 2003
CMTID 607678 Demy AD EGR?2 Warner et al., 1998
CMTIE 118300 Demy AD PMP22 Kovach et al., 1999
CMTIF 607734 Demy AD NEFL Mersiyanova et al., 2000
CMT2A1 118210 Axonal AD KIFIB Zhao et al., 2001
CMT2A2 609260 Axonal AD MFN2 Zuchner et al., 2004
CMT2B 600882 Axonal AD RAB7 Verhoeven et al., 2003
De Sandre-Giovannoli et
CMT2B1 605588 Axonal AR LMNA al., 2002
CMT2B2 605589 Axonal AR MED25 Leal et al., 2009
Auer-Grumbach et al.,
CMT2C 606071 Axonal AD TRPV4 2010
CMT2D 601472 Axonal AD GARS Antonellis et al., 2003
CMT2E 607684 Axonal AD NEFL Mersiyanova et al., 2000
CMT2F 606595 Axonal AD HSPBI Evgrafov, et al., 2004
CMT2I 607677 Axonal AD MPZ Marrosu et al., 1998
CMT2] 607736  Axonal AD MPZ De Jonghe et al., 1999
CMT2K 607831 Axonal AD GDAPI Cuesta et al., 2002
CMT2L 608673 Axonal AD HSPBS Tang, et al., 2005
CMT2M 606482 Axonal AD DNM?2 Fabrizi et al., 2007a
CMT2N 613287 Axonal AD AARS Latour et al., 2010
CMT20 614228 Axonal AD DYNCIHI Weedon, etal., 2011
CMT4A 214400 Demy AR GDAPI Baxter et al., 2002
CMT4B1 601382 Demy AR MTMR?2 Bolino et al., 2000
CMT4B2 604563 Demy AR SBF2 Senderek et al., 2003a
CMT4C 601596 Demy AR SH3TC2 Senderek, et al., 2003¢
CMT4D 601455 Demy AR NDRG1 Kalaydjieva et al., 2000
CMT4E 605253 Hypomy AR EGR?2 Warner et al., 1998
CMT4H 609311 Demy AR FDG4 Delague et al., 2007
CMT4] 611228  Demy AR FIG4 Chow et al., 2007
CMTX1 302800 Mixed XD GJBI Bergoften et al., 1993
CMTX5 311070  Mixed XR PRPS1 Kim et al., 2007
CMTDIB 606482  Mixed AD DNM?2 Zuchner et al., 2005
CMTDIC 608323  Mixed AD YARS Jordanova et al., 2006
CMTDIE 614455 Mixed AD INF2 Boyer et al., 2011
CMTRIA 608340 Mixed AR GDAPI Senderek et al., 2003b
CMTRIB 613641 Mixed AR KARS McLaughlin, et al., 2010

'OMIM (Online Mendelian Inheritance in Man) phenotype accession number
2 AD (autosomal dominant); AR (autosomal recessive); XD (X-linked dominant); XR (X-
linked recessive)



contrast to genes implicated in CMT1, the majority of the genes mutated in patients with

CMT?2 are critical for axonal maintenance and health.

CMT4 comprises a group of autosomal recessive demyelinating forms of CMT disease.
A total of eight forms of CMT4 have been described (Table 1.1) (Baxter ef al., 2002;
Bolino et al., 2000; Chow et al., 2007; Delague et al., 2007; Kalaydjieva et al., 2000;
Senderek et al., 2003c; Senderek et al., 2003a; Warner et al., 1998). Patients with CMT4
present with the classical CMT phenotype; however, it is usually more severe and often
includes other systemic symptoms such as deafness, glaucoma, scoliosis, and loss of
ambulation. CMT4 accounts for less than 10% of patients with CMT disease, but can be

more prevalent in consanguineous populations (Bernard ef al., 2006).

CMTX affects ~10-20% of patients with CMT disease (Ionasescu ef al., 1993). There are
five subtypes of CMTX, including both dominant and recessive forms, however only two
loci have been implicated in disease onset (Table 1.1) (Bergoffen et al., 1993; Kim et al.,
2007). CMTX demonstrates both axonal and demyelinating features and is often
suspected in pedigrees with an absence of male-to-male transmission (Bergoffen et al.,

1993; Hahn et al., 1990).

Intermediate CMT is the least common form of CMT disease and can be inherited in
either a dominant or recessive manner. To date, five forms of intermediate CMT have
been described (Table 1.1) (Boyer ef al., 2011; Jordanova et al., 2006; McLaughlin ef al.,

2010; Senderek et al., 2003b; Zuchner et al., 2005).



Mechanisms of Demyelinating Charcot-Marie-Tooth Disease

A total of 19 forms of CMT disease include demyelinating pathology (Table 1.1).
Mutations in several genes important for Schwann cell function and peripheral nerve
axon myelination have been implicated in demyelinating CMT disease including PMP22,
MPZ, GJBI and LITAF. CMT1A, the most common subtype of CMT]1, is caused by
mutations in the peripheral myelin protein 22 (PMP22) gene (Lupski et al., 1991).
PMP22 encodes a 22 kDa membrane protein expressed in all myelinated fibers in the
PNS (Snipes et al., 1992). The gene dosage of the PMP22 gene, and the amount of
PMP22 present in compact myelin, appears to be critical for Schwann cell function. For
example, loss-of-function mutations in PMP22, or deletion of a 1.7 Mb region at the
PMP22 locus leads to hereditary neuropathy with liability to pressure palsies (HNPP),
while gain-of-function mutations in PMP22, or duplication of the same 1.7 Mb region

gives rise to CMT1A (Chance et al., 1993; Valentijn et al., 1992).

The myelin protein zero (MPZ) gene encodes a 30 kDa integral membrane glycoprotein
(Ishaque et al., 1980). Missense and frameshift mutations in the MPZ gene have been
implicated in CMT1B and Dejerine-Sottas syndrome (DSS) (Hayasaka et al., 1993).
MPZ accounts for > 50% of the protein in peripheral myelin and is essential for myelin
assembly and stabilization (Greenfield et al., 1973). MPZ is a member of the
immunoglobulin superfamily and engages in cell-adhesion activity, forming cis-
homotetramers that interact in trans with homotetramers on adjacent membranes (Inouye

et al., 1999; Thompson et al., 2002). It is predicted that these tetrameric interactions



serve to keep the concentric layers of Schwann cell myelin intact. Loss-of-function
mutations affecting myelin compaction are predicted to be responsible for CMT1B,
whereas gain-of-function mutations effecting tetramerization are predicted to be

responsible for DSS (Warner ef al., 1996).

Insertions, deletions, frameshift, and missense mutations in another gene important for
peripheral nerve myelin, the connexin 32 gene (GJBI), cause CMTX1, a demyelinating
peripheral neuropathy (Bergoffen et al., 1993). The connexin 32 protein is widely
expressed in many tissues, including uncompacted myelin, where it likely functions as a
gap junction protein, allowing the radial diffusion of small molecules and ions between
layers of the myelin sheath (Kumar and Gilula, 1996; Scherer et al., 1995). Mutations in
the GJBI gene are predicted to result in impediment of gap junction formation or
alteration of the conduction properties of assembled gap junctions, and often result in
retention of connexin 32 proteins at the cell surface, in the cytoplasm, or in the Golgi

apparatus (Deschenes et al., 1997; Yum et al., 2002).

While PMP22, MPZ, and GJBI mutations underscore the critical role of peripheral nerve
myelin proteins and components in demyelinating peripheral neuropathy, the roles of
other proteins implicated in demyelinating CMT disease remain speculative. For
example, missense mutations in the lipopolysaccharide-induced tumor necrosis factor-
alpha factor (LITAF) gene have been implicated in CMT1C (Street ef al., 2003). The
LITAF protein localizes to aggresomes and is thought to be involved in ubiquitin-

mediated lysosomal protein degradation and membrane turnover (Eaton et al., 2012; Saifi



et al., 2005). Mutations in LITAF may lead to impaired protein degradation and
subsequent toxicity to Schwann cells. Interestingly, the PMP22 protein undergoes rapid
turnover, and overexpression of PMP22, or inhibition of the ubiquitin proteasome
pathway, results in perinuclear protein aggregates (Pareek et al., 1997; Ryan et al., 2002).
It is possible that LITAF plays a role in the degradation of PMP22 and other peripheral

nerve myelin membrane proteins.

Mechanisms of Axonal Charcot-Marie-Tooth Disease

There are a total of 23 forms of CMT that comprise axonal pathology (Table 1.1).
Elucidation of the genetic causes of axonal CMT, along with the pathogenic mechanisms
by which mutations in these genes lead to axonal CMT, has provided substantial
knowledge towards the understanding of proteins and pathways responsible for the health
and maintenance of PNS axons. Together, these studies have revealed a diverse array of
cellular processes important for proper axon function including axonal transport,

cytoskeletal integrity, and mitochondrial dynamics (Figure 1.1).

Neurons, and their associated axons, constitute the longest, most polarized cells in the
human body. Axons must be supported over long distances, often spanning up to a meter
in length (Dyck and Thomas, 2005b). Axonal function is achieved, in part, by
coordinated transport of proteins, lipids, organelles, synaptic vesicles, and other
macromolecules to and from the axon terminal via axonal transport along microtubules

(Levitan and Kaczmarek, 2002). Anterograde axonal transport serves to convey cargo
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Axonal transport
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Figure 1.1 Mechanisms of Axonal Charcot-Marie-Tooth Disease. A neuron is
schematically depicted with a cell body on the left and an axon protruding toward the
right. Schwann cells are depicted as ovals wrapping around the axon. Below, an enlarged
segment of the axon is shown. Three mechanisms leading to axonal CMT disease are
represented: (1) defective axonal transport; (2) diminished cytoskeletal integrity; and (3)
abnormal mitochondrial dynamics.
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towards the axon terminal, while retrograde axonal transport is responsible for
transporting cargo towards the soma. Anterograde and retrograde transport are facilitated
via adenosine triphosphate (ATP)-dependent kinesins and dyneins, respectively (Alberts,
2008). Kinesins consist of a dimer of globular head domains and two light chains,
attached by a a-helix (Lodish, 2008). The kinesin head domain binds ATP and
microtubules, while the tail domain binds membrane vesicles. Dynein also contains a
dimer of head domains, but requires interactions with other microtubule-associated
proteins to facilitate axonal transport (Lodish, 2008). Microtubules consist of a- and f3-
tubilin dimers that polymerize end to end, with the a-tubulin subunit of one dimer
associating with the f-tubulin subunit of the next dimer (Lodish, 2008). This arrangement
imparts polarity to polymerized microtubules; the end with the a-subunit exposed is
designated the (+) end, while the end with the $-subunit exposed is designated the (-)
end. Kinesins are (+) end-directed motor proteins, while dyneins are (-) end-directed

motor proteins (Lodish, 2008).

Mutations in several genes involved in axonal transport have been implicated in axonal
CMT disease including KIFIBf, RAB7, and DYNCIH1 (Figure 1.1). A missense
mutation in isoform f of the kinesin family member 1B (K/F1B) gene, was identified in a
single family with CMT2A1 (Zhao et al., 2001). Patients with CMT2A1 display the
classical CMT phenotype, although some patients also report mild inward curvature of
the lumbar spine (i.e., lordosis) (Saito et al., 1997). KIF1Bp, a member of the kinesin
family of microtubule motors, is widely distributed in neuronal cell bodies and axons and

is responsible for transport of synaptic vesicle precursors (Zhao et al., 2001).
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Examination of axonal transport in Kif/ b*" mice revealed a decrease of synaptic
precursors specifically at the nerve terminals, and not in the cell body, supporting the
hypothesis that haploinsufficiency of KIF1Bf leads to impaired axonal transport (Zhao et

al., 2001).

A second protein important for axonal transport, the ras-related protein 7 (RAB7), is a
guanosine triphosphate (GTP)ase responsible for controlling late endocytic trafficking
(Cantalupo et al., 2001). RAB7 has been implicated in retrograde axonal transport of
neurotrophins and their receptors, a family of proteins important for the growth and
survival of neurons (Deinhardt et al., 2006; Saxena et al., 2005). Missense RAB7
mutations have been identified in patients with CMT2B (Verhoeven et al., 2003).
CMT2B is distinguished by the presence of sensory loss, foot ulcers, and infections that
often lead to amputation of the phalanges (Verhoeven et al., 2003). All disease-associated
mutations identified to date map to the nucleotide-binding site of RAB7, and while RAB7
mutant enzymes are able to effectively bind GTP, they all display impaired GTPase
activity along with a reduced affinity for guanine nucleotides (Spinosa et al., 2008).
These data support the hypothesis that RAB7 mutations lead to diminished GTPase
activity, which may result in impaired retrograde transport of proteins important for

axonal function.

Mutations in the cytoplasmic dynein heavy chain 1 (DYNCIH]I) gene have been reported

in patients with CMT20 (Weedon et al., 2011). As reviewed above, dyneins are

molecular motors that participate in retrograde axonal transport along microtubules.
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DYNCI1HI1 subunits dimerize to form the core of the dynein complex. Missense
mutations in the DYNCIH]I gene lead to dynein instability and decreased affinity for
microtubules (Harms et al., 2012) Moreover, Dynchcl mutant mouse models display
defects in fast retrograde transport and develop progressive motor neuron degeneration
(Hafezparast et al., 2003). Together, functional evaluation of KIF1Bf3, RAB7, and,
DYNCIHI mutations in patients with CMT disease has served to highlight the critical

role of axonal transport in neurodegenerative disease.

Proper axonal transport relies on the integrity of the axonal cytoskeletal support system
(Figure 1.1). The axonal cytoskeleton consists of an intricate network of neurofilaments,
microtubules, actin microfilaments, and other associated proteins (Waxman et al., 1995).
Missense and frameshift mutations in one gene important for cytoskeletal stability,
dynamin 2 (DNM?2), have been implicated in CMT2M and in CMTDIB (Fabrizi et al.,
2007a; Zuchner et al., 2005). Patients with CMT2M have an axonal form of CMT
disease, while most families with CMTDIB display intermediate CMT features, with
MNCVs spanning 24-54 m/s (Fabrizi et al., 2007a; Kennerson et al., 2001). DNM2 is a
GTPase that modulates a wide array of cellular processes including intracellular
membrane trafficking, endocytosis, and cytoskeletal assembly via regulation of actin and
microtubule networks (Cao et al., 2005; Kessels et al., 2006). While wild-type DNM2 co-
localizes with vesicular (e.g. endosomal vesicles) and filamentous (e.g. microtubules,
actin) structures, mutant DNM2 localizes almost exclusively to the microtubule

cytoskeleton and leads to disorganized microtubules (Zuchner ef al., 2005). These data
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indicate that mutations in DNM2 may lead to disruption of the microtubule cytoskeleton

resulting in impaired axonal transport.

Neurofilaments, members of the intermediate filament family, constitute the majority of
the axon cytoskeleton (Waxman et al., 1995). Neurofilaments are composed of light,
medium, and heavy chains, termed NEFL, NEFM, and NEFH, respectively. Together,
neurofilaments coassemble in vivo to form highly organized heteropolymers, for which
the presence of NEFL is required (Geisler and Weber, 1981). Neurofilaments maintain
axonal caliber and support axonal growth, transport, and signaling. Mutations in two
genes important for neurofilament assembly have been identified in patients with CMT:
neurofilament light chain (VEFL) and heat shock protein beta-1 (HSPB1I). Insertions,
deletions, and missense mutations in the NEFL gene were identified in patients with
CMT2E, a subtype of CMT distinguished by the development of “claw hand” deformities
(when the muscles in the hand tighten and curl inward) (Fabrizi ef al., 2004; Georgiou et
al., 2002; Mersiyanova et al., 2000). Sural nerve biopsies of CMT2E patients reveal
profound cytoskeletal abnormalities including accumulation of focal NEFL aggregates,

axonal swelling, and secondary demyelination (Fabrizi et al., 2007b).

CMT?2F, a CMT subtype that also features claw hand deformities, is caused by missense
mutations in the HSBP1 gene (Evgrafov et al., 2004). The HSPB1 protein associates with
NEFL, and mutant HSPBI1 leads to neurofilament network disruption and aggregation of
NEFL (Zhai et al., 2007). DMN2, NEFL, and HSPB1 mutations highlight the important

role of neurofilament organization in the structural integrity of the axon and reveal that
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disruption of cytoskeletal networks can lead to axonal transport obstruction resulting in
impaired transport of proteins, organelles, and other important factors to the axon

terminal.

Mitochondria are dynamic organelles that continually undergo fusion and fission events.
Mitochondrial fusion occurs when two mitochondria merge together, while mitochondrial
fission occurs when a single mitochondrion splits into two (Alberts, 2008). Fusion and
fission are essential for mitochondrial processes including ATP production, electron
transport chain support, calcium storage, and apoptosis (Figure 1.1) (Voet et al., 1999).
Interestingly, mutations in the mitofusin 2 gene (MFN2) and the ganglioside-induced
differentiation-associated protein 1 gene (GDAPI), both responsible for controlling
mitochondrial dynamics, have been implicated in CMT2A2 and CMT2K, respectively
(Crimella et al., 2010; Zuchner et al., 2004). CMT2A2 is characterized by the classical
CMT phenotype with occasional optic atrophy. CMT2A2 accounts for up to 20% of
patients with CMT2, and is caused by missense mutations in the MFN2 gene (Verhoeven
et al., 2006; Zuchner et al., 2004). MFN2 is anchored to the outer mitochondrial
membrane and plays a pivotal role in mitochondrial fusion events (Santel and Fuller,
2001). Mitochondria undergo both fast, persistent transport, and also periods of slower
activity, or stationary periods. Analysis of mitochondrial transport in cells expressing
mutant MFN2 proteins revealed a dramatic decrease of fast, persistent transport
accompanied by longer latencies between anterograde and retrograde transport and

smaller, fragmented axonal mitochondria (Misko ef al., 2010). These data indicate that
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MFN2 is required for mitochondrial trafficking and that MFN2 mutant proteins disrupt

mitochondrial transportation.

The ganglioside-induced differentiation-associated protein 1 (GDAPI) gene encodes
another outer mitochondrial membrane protein essential to mitochondrial dynamics.
Splice-site, frameshift, insertion, deletion, and missense mutations in the GDAPI gene
are associated with CMT2K. Patients with CMT2K display the classical CMT phenotype,
however, several patients also experience vocal cord paresis (Crimella et al., 2010;
Cuesta et al., 2002; Sahin-Calapoglu et al., 2009). The majority of CMT2K-associated
GDAPI mutations disrupt mitochondrial fusion leading to elevated reactive oxygen
species (ROS) levels and an increased susceptibility to apoptosis (Niemann ef al., 2009).
Combined, MFN2 and GDAPI mutations underscore the essential role of mitochondrial
dynamics in peripheral nerve axon health. Impaired mitochondrial transport and disrupted
metabolite production may deprive the axon of key metabolites and promote neuronal

apoptosis or further interrupt axonal transport, especially in distal portions of the axon.

Aminoacyl-tRNA Synthetases Implicated in Charcot-Marie-Tooth Disease
Aminoacyl-tRNA synthetase (ARS) genes encode a class of enzymes responsible for
tRNA charging, the process of covalently linking amino-acids onto their cognate tRNA
molecules (Delarue, 1995). Demonstrating their fundamental importance, ARSs are
ubiquitously expressed, essential enzymes that are encoded in the genomes of all multi-

and unicellular species. ARS enzymes may function as monomers, dimers, or tetramers,
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Figure 1.2 The Aminoacylation Reaction. Each aminoacyl-tRNA synthetase (ARS)
charges a specific tRNA molecule with its cognate amino acid (AA) via a two-step
aminoacylation reaction. In the activation step (Step 1), the ARS binds the AA and an
adenosine triphosphate (ATP) molecule to form an aminoacyl-adenylate intermediate,
resulting in the release of two pyrophosphate molecules (PP1). In the transfer step (Step
2), the tRNA binds the ARS via its anticodon-binding domain, the AA is ligated onto the
tRNA, and an AMP molecule is released. After release of the aminoacylated tRNA, the
ARS is free to charge another tRNA molecule.
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and each ARS is responsible for charging a specific tRNA via a two-step aminoacylation
reaction (Figure 1.2). In the first (activation) step, the ARS binds the amino-acid and an
ATP molecule to form the aminoacyl-adenylate intermediate, releasing two
pyrophosphate molecules. In the second (transfer) step, the tRNA binds the ARS via an
anticodon-binding domain, the amino-acid is ligated onto the tRNA, and an AMP
molecule is released. The charged tRNA is then utilized for protein translation and the

ARS is free to charge another tRNA molecule.

The human nuclear genome harbors 37 ARS loci: 17 ARS loci encode ARS enzymes that
charge tRNAs exclusively in the cytoplasm, 17 ARS loci encode ARS enzymes that
charge tRNAs in the mitochondria, and 3 ARS loci encode bifunctional ARS enzymes
(Table 1.2). Bifunctional ARS enzymes are able to charge tRNAs in both the cytoplasm
and in the mitochondria via use of an alternative splicing mechanism which leads to the
inclusion of a mitochondrial targeting sequence (Collins and Lambowitz, 1985; Mudge et

al., 1998; Rinehart ef al., 2005; Tolkunova et al., 2000).

The fidelity of protein synthesis relies on correct attachment of amino-acids to their
cognate tRNA molecules. Errors in aminoacylation result in misincorporation of amino-
acids onto the growing polypeptide chain and may lead to subsequent protein misfolding
and degradation. The fidelity of the aminoacylation reaction is achieved via a “double-
sieve” editing mechanism, reducing the overall error rate to one in 10*-10°
aminoacylation events (Zaher and Green, 2009). The double-sieve model consists of pre-

transfer editing, occurring prior to aminoacyl-adenylate intermediate formation, and post-
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Table 1.2 Human Aminoacyl-tRNA Synthetase Genes

Gene Symbol
AARS
CARS
DARS
EPRS
FARSA
FARSB
HARS
IARS
LARS
MARS
NARS
RARS
SARS
TARS
VARS
WARS
YARS
AARS?2
CARS?2
DARS?2
EARS2
FARS2
HARS?2
IARS?2
LARS?2
MARS?2
NARS?2
PARS2
RARS?2
SARS?2
TARS2
VARS?2
WARS?2
YARS2
GARS
KARS
OARS

Gene Name

alanyl-tRNA synthetase
cysteinyl-tRNA synthetase
aspartyl-tRNA synthetase
glutamyl-prolyl-tRNA synthetase

phenylalanyl-tRNA synthetase o subunit
phenylalanyl-tRNA synthetase § subunit

histidyl-tRNA synthetase
isoleucyl-tRNA synthetase
leucyl-tRNA synthetase
methionyl-tRNA synthetase
asparaginyl-tRNA synthetase
arginyl-tRNA synthetase
seryl-tRNA synthetase
threonyl-tRNA synthetase
valyl-tRNA synthetase
tryptophanyl-tRNA synthetase
tyrosyl-tRNA synthetase
alanyl-tRNA synthetase 2
cysteinyl-tRNA synthetase 2
aspartyl-tRNA synthetase 2
glutamyl-tRNA synthetase 2
phenylalanyl-tRNA synthetase 2
histidyl-tRNA synthetase 2
isoleucyl-tRNA synthetase 2
leucyl-tRNA synthetase 2
methionyl-tRNA synthetase 2
asparaginyl-tRNA synthetase 2
prolyl-tRNA synthetase 2
arginyl-tRNA synthetase 2
seryl-tRNA synthetase 2
threonyl-tRNA synthetase 2
valyl-tRNA synthetase 2
tryptophanyl-tRNA synthetase 2
tyrosyl-tRNA synthetase 2
glycyl-tRNA synthetase
lysyl-tRNA synthetase
glutamyl-tRNA synthetase

20

Cell Compartment

cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
cytoplasmic
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
mitochondrial
bifunctional
bifunctional
bifunctional



transfer editing, occurring after the amino-acid is transferred onto the tRNA (Fersht,
1977). The first “course sieve” excludes amino-acids larger than the cognate amino-acid
at the amino-acid activation site (Baldwin and Berg, 1966; Fersht, 1977). The second
“fine sieve” targets incorrectly charged tRNA molecules for hydrolysis (Eldred and
Schimmel, 1972). Several ARS enzymes contain internal editing domains that participate
in fine sieve editing and hydrolysis and thereby ensure fidelity of aminoacyl-tRNA

formation.

Throughout evolution, several ARS enzymes have acquired secondary, non-canonical
functions (Table 1.3) (Andreev et al., 2012; Arif et al., 2009; Ko et al., 2000; Ko et al.,
2001; Lee et al., 2004; Otani et al., 2002; Park et al., 2012; Park et al., 2005; Stark and
Hay, 1998; Wakasugi and Schimmel, 1999a, b; Wakasugi et al., 2002). Three ARS
enzymes have been shown to participate in transcriptional or translational regulation:
glutamyl-prolyl-tRNA synthetase (EPRS) is a part of the gamma-interferon-activated
inhibitor of translation complex, GARS participates in internal ribosome entry site
(IRES) initiation in polio virus, and KARS suppresses microphthalmia transcription
factor (MITF) transcriptional activity (Andreev et al., 2012; Arif et al., 2009; Lee et al.,
2004). In addition, several ARS enzymes are involved in the immune response. For
example, GARS participates in the adaptive immunity against tumor initiation, KARS
serves as a pro-inflammatory cytokine, tryptophanyl-tRNA synthetase (WARS) serves as
an angiostatic cytokine, and YARS serves as an angiogenic cytokine (Otani et al., 2002;
Park et al., 2012; Park et al., 2005; Wakasugi and Schimmel, 1999a, b; Wakasugi et al.,

2002).
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Interestingly, despite the essential nature of ARS enzymes for all cell types, mutations in
three genes encoding an ARS enzyme have been implicated in CMT disease with an
axonal pathogenesis including: glycyl-tRNA synthetase (GARS) in patients with CMT2D,
tyrosyl-tRNA synthetase (YARS) in patients with CMTDIC, and alanyl-tRNA synthetase
(AARS) in patients with CMT2N (Antonellis et al., 2003; Jordanova et al., 2006; Latour

etal.,2010).

Missense mutations were first reported in the GARS gene in four families with dominant
axonal CMT2D or distal spinal muscular atrophy type V (ISMA-V) (Antonellis et al.,
2003). CMT2D and dSMA-V are characterized by pronounced muscle weakness and
wasting in the upper extremities and is distinguished by distal sensory loss in patients

with CMT2D that is not observed in patients with ASMA-V.

CMTDIC is an intermediate form of CMT characterized by MNCVs in the intermediate
range (25-45 m/s) and the presence of both demyelinating and axonal features upon
histological evaluation (Nicholson and Myers, 2006). An insertion and two missense
YARS mutations have been identified in three families with CMTDIC (Jordanova et al.,

2006).

Finally, a single missense 44 RS mutation was identified in two French families with

CMT2N (Latour et al., 2010). CMT2N encompasses classical CMT features including

distal muscle weakness and wasting that is more pronounced in the lower extremities.
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While mutations in genes encoding bifunctional or cytoplasmic-specific ARS enzymes
have been implicated in dominant CMT disease, mutations in genes encoding
mitochondrial-specific ARS enzymes have been implicated in an array of recessive
diseases with diverse clinical manifestations (Table 1.4). Two of these diseases lack
neuronal involvement: missense mutations in the mitochondrial seryl-tRNA synthetase
(SARS?2) gene lead to hyperuricemia, pulmonary hypertension, renal failure, and alkalosis
(HUPRA) syndrome, while missense mutations in the mitochondrial tyrosyl-tRNA
synthetase (YARS?2) gene lead to myopathy, lactic acidosis, and sideroblastic anemia-2
(Belostotsky et al., 2011; Pierce et al., 2011). The three remaining mitochondrial ARS-
related diseases encompass some form of neuronal involvement. Mutations in the
mitochondrial histidyl-tRNA synthetase (HARS?2) gene lead to Perrault syndome (Pierce
et al.,2011). Perrault syndrome is characterized by sensorineural deafness in affected
males and females and ovarian dysgenesis in affected females. (Pierce ef al., 2011)
Patients homozygous for mitochondrial arginyl-tRNA synthetase (RARS?2) gene
mutations display severe developmental delay and reduced cerebellar volume, a
phenotype classified as pontocerebellar hypoplasia type 6 (PCH6) (Edvardson et al.,
2007). Finally, missense and nonsense mutations in the mitochondrial aspartyl-tRNA
synthetase (DARS?2) gene lead to leukoencephalopathy with brain stem and spinal cord
involvement and lactate elevation (LBSL) (Scheper et al., 2007). While LBSL does
include peripheral nervous system involvement, none of the diseases associated with

mitochondrial ARS mutations have fully recapitulated the CMT disease phenotype.
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Proposed Mechanisms of Aminoacyl-tRNA Synthetase-Related Peripheral
Neuropathy

The exact mechanism by which GARS, YARS, and AARS mutations lead to an axonal
peripheral neuropathy remains unclear. Here, I will outline the proposed disease
mechanisms and review the culmination of data gleaned from previous functional studies
on disease-associated GARS and YARS mutations. Several mechanisms of ARS-related
peripheral neuropathy have been proposed: (1) impaired tRNA charging; (2) impaired
ARS localization to PNS axons; (3) a toxic gain-of-function effect; (4) mitochondrial
dysfunction; and (5) a loss of an undiscovered neuronal-specific secondary function

(Figure 1.3) (Antonellis and Green, 2008; Motley ef al., 2010).

ARS enzymes supply the cell with an essential pool of charged tRNAs for use in protein
translation. In the context of long, terminally differentiated neurons, impaired
aminoacylation activity could lead to insufficient levels of proteins critical for axonal
function and maintenance. Certain lines of evidence support an impaired tRNA charging
mechanism for ARS-related peripheral neuropathy. First, functional assays evaluating the
ability of mutant human GARS and YARS enzymes to catalyze the aminoacylation
reaction in vitro revealed that five out of eight mutants tested display a reduction in
aminoacylation activity (Froelich and First, 2011; Jordanova et al., 2006; Nangle ef al.,
2007; Storkebaum et al., 2009; Xie et al., 2007) (Table 1.5). Second, in vivo yeast genetic
complementation assays determining the ability of human GARS and YARS mutants,
modeled in the corresponding yeast orthologs (GRS and TYS1, respectively), to rescue

deletion of the endogenous yeast gene, revealed that six out of eight enzymes lead to
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reduced yeast viability (Antonellis et al., 2006; Jordanova et al., 2006; Storkebaum et al.,
2009) (Table 1.5). Importantly, all of the GARS and YARS mutations identified to date
have shown a loss-of-function effect in some capacity, with the exception of D5S00N
GARS, which has only been evaluated with regard to aminoacylation capacity (Table

1.5). It is important to note that while many GARS and YARS mutations result in loss-of-
function effects, aminoacylation and yeast genetic complementation assays are essentially
testing the ability of mutants to function as a homodimer, without the presence of a wild-
type subunit, and therefore cannot not provide a clear picture of what is happening in a
patient heterozygous for GARS or YARS mutations. Data acquired from Gars mouse
models argue against a model based solely upon loss of aminoacylation activity.

XM256/+
Gars

mice, generated by inserting a gene-trap in the second intron of the Gars
gene, have reduced GARS levels but remain phenotypically normal (Seburn et al., 2006).
Moreover, ubiquitous overexpression of wild-type human GARS in a dominant mouse
model of CMT2D does not rescue aminoacylation defects or axonal loss in affected mice

(Motley et al., 2011). Together, these data argue against a pure haploinsufficiency model

and suggest other mechanisms might be contributing to ARS-related CMT disease.

Impaired localization or axonal transport of proteins important for neuronal function have
been implicated in CMT disease and other neurodegenerative disorders (Jellinger, 2010;
Niemann ef al., 2006). Localization patterns of endogenous and overexpressed forms of
both wild-type and mutant GARS and YARS enzymes have been studied extensively.
The localization of endogenous GARS was evaluated in a human neuroblastoma cell line

(SH-SY5Y) and in human thoracic spinal cord and sural nerve tissue sections by staining
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with an anti-GARS antibody. In differentiating SH-SYS5Y cells, GARS forms granules in
the nucleus, cell body, and neurite projections (Antonellis ef al., 2006). Interestingly, the
same granules are present in the axons of the ventral horn, dorsal horn, ventral root,
dorsal root, and in sural nerve tissue sections (Antonellis ef al., 2006). The localization of
endogenous YARS was evaluated in SH-SYSY cells, a mouse neuroblastoma cell line
(N2a), and in primary embryonic mouse motor neurons. In differentiating SH-SY5Y and
N2a cells, YARS shows granular staining in the growth cone, branch points, and distal
portions of projecting neurons, a localization pattern referred to as a “teardrop effect”
(Jordanova et al., 2006). A similar localization pattern was identified in primary
embryonic mouse motor neurons, where YARS was found to localize throughout the
motor neuron and in projecting neurites (Jordanova et al., 2006). Overexpression studies,
monitoring the overexpression of EGFP-tagged GARS and YARS proteins, revealed that
six out of seven mutant proteins are mislocalized when transiently expressed in MN-1
and N2a cells, respectively (Antonellis et al., 2006; Jordanova et al., 2006).
Mislocalization of GARS or YARS enzymes may lead to impaired tRNA charging along
the axon, or in the axon terminal, depriving the axon of critical neuronal proteins.
Interestingly, tRNAs and ARS enzymes have been identified in the axoplasm of squid
axons, mRNAs have been discovered in rat peripheral nerve axons, and ribosomes have
been identified in goldfish axons (Black and Lasek, 1977; Koenig, 1979; Taylor et al.,
2009). Together, these data indicate that aminoacylation and protein translation likely
occur in the periphery, and suggest ARS mutations could adversely affect local protein

synthesis in peripheral nerve axons.
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A gain-of-function mechanism, whereby mutant ARSs aggregate within the neuron or
incorrect amino-acids are ligated onto non-cognate tRNAs resulting in protein
aggregation, has also been proposed as a possible mode of ARS-related neuropathy
(Antonellis and Green, 2008; Motley et al., 2010). While overexpression of mutant ARS
enzymes do not appear to lead to overt aggregation after several days in culture, it is
difficult to determine if mutant ARS enzymes would accumulate in vivo after several
decades of life. Protein aggregation as a result of mis-acylation seems unlikely, as
ubiquitin-positive inclusions are absent in the spinal cord and cerebellum of Gars” <"
mice (Stum et al., 2011). This is in stark contrast to the ubiquitin-positive inclusions

Sti/sti

identified in the cerebellum of Aars™"" mice homozygous for Aars editing-domain

mutations that result in mis-incorporation of non-cognate amino-acids onto tRNA”"* (Lee

Sti/sti

et al., 2006; Stum et al., 2011). Moreover, the phenotype of Aars™" mice differs to that

P234KY/+ Sti/sti

of Gars mice; whereas Aars™" mice display cerebellar Purkinje cell loss and

P234KY* mice display abnormal neuromuscular junction morphology and loss

ataxia, Gars
of large diameter axons, a phenotype consistent with peripheral neuropathy (Lee et al.,
2006; Seburn et al., 2006). Together, these data argue against mis-charging as a disease
mechanism for ARS-related peripheral neuropathy. Other gain-of-function mechanisms
remain to be fully evaluated. For example, mutant ARSs may shunt the aminoacylation
reaction to produce diadenosine tetraphosphate (Ap4A), instead of aminoacyl-tRNA, or
mutant ARS enzymes could indiscriminately bind to other cellular RNAs, leading to

aberrant RNA stabilization, splicing, and/or transport. Other gain-of-function possibilities

will be further explored in Chapter 5.
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As reviewed above, impaired mitochondrial function has been implicated in CMT
disease. It is possible that ARS mutations are toxic to mitochondria or result in impaired
mitochondrial tRNA charging. These events could lead to severe mitochondrial
dysfunction resulting in decreased ATP synthesis in the neuron. While YARS and AARS
encode enzymes that charge tRNAs in the cytoplasm, GARS encodes a bifunctional tRNA
synthetase (Table 1.2). Functional studies utilizing the Drosophila olfactory system as a
model for dendritic and axonal terminal arborization demonstrate that cytoplasmic ARS
mutants lead to arborization defects, while a mitochondrial ARS mutants lack an overt
arborization phenotype (Chihara ef al., 2007). These data suggest that disruption of
cytoplasm-specific aminoacyl-tRNA synthesis leads to CMT disease. As reviewed above,
mutations in mitochondrial-specific aminoacyl-tRNA synthetases have been implicated in
an array of diseases with widespread manifestations, however none have fully

recapitulated a phenotype resembling CMT disease (Table 1.4).

Several tRNA synthetases have acquired secondary, non-canonical functions (Table 1.3)
(Andreev et al., 2012; Arif et al., 2009; Ko et al., 2000; Ko et al., 2001; Lee et al., 2004;
Otani et al., 2002; Park et al., 2012; Park et al., 2005; Stark and Hay, 1998; Wakasugi
and Schimmel, 1999a, b; Wakasugi ef al., 2002). It is possible that CMT-associated ARS
enzymes possess neuron-specific secondary functions and that disruption of these
functions leads to CMT disease. For example A4RS, GARS, and YARS could be involved
in the transcriptional or translational control of genes important for neuronal function,
analogous to the non-canonical functions associated with KARS and EPRS (Arif et al.,

2009; Lee et al., 2004). Alternatively, ARS enzymes could regulate neuronal signaling,

32



similar to the cytokine activity described for KARS, YARS, and WARS (Otani et al., 2002;
Park et al., 2005; Wakasugi and Schimmel, 1999a, b; Wakasugi et al., 2002). Finally, it is
possible that ARSs provide support in response to neuronal stressors in the form of
inflammatory signaling, immune response, and apoptotic inhibition as described for
KARS, YARS, and glutamyl-tRNA synthetase (QARS), respectively (Ko et al., 2001; Park
et al., 2005; Wakasugi and Schimmel, 1999b). The fact that multiple ARSs have been
associated with CMT disease suggests that deficient tRNA charging is the central
component to CMT disease pathology. However, it is possible that CMT-associated ARS

enzymes share similar, neuronal-specific, secondary functions.

While CMT disease is the most common inherited neurodegenerative disorder, our
understanding of the genes mutated in patients with CMT disease and the mechanism by
which these mutations lead to peripheral neuropathy remains incomplete. My thesis aims
to improve our understanding of the genetic and functional mechanisms by which ARS
mutations lead to disease by genetically validating and functionally characterizing ARS
gene mutations in patients with CMT disease. These aims will be achieved through a
combination of genetic and functional studies. First we will genetically validate each
mutation using patient re-sequencing, healthy control screening, and conservation
analyses. Next, we will evaluate the effect of each ARS mutation on tRNA charging
function using aminoacylation analysis and yeast viability assays. Finally, we will create
and validate a C. elegans model system for assessing the toxic effects of mutant ARS
enzymes in neurons. Together, these studies will provide a platform for further

investigating the molecular pathology of ARS-related CMT disease.
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CHAPTER 2

Identification and Validation of Aminoacyl-tRNA Synthetase Mutations
in Patients with Charcot-Marie-Tooth Disease

The data presented in this chapter were previously published in The American Journal of
Human Genetics (Volume 87, Issue 4) and in Human Mutation (Volume 33, Issue 1)
(McLaughlin et al., 2012; McLaughlin ef al., 2010). All figures and tables are used with
permission from Elsevier (License No. 2827080090840) and John Wiley and Sons
(License No. 2822181011090). I performed all of the work presented with three
exceptions. First, Garth Nicholson and Jim Lupski performed all clinical examinations
and patient sample collections for the A4RS and KARS studies, respectively. Second, the
National Institutes of Health Intramural Sequencing Center (NISC) performed the
resequencing of 37 ARS genes in the 355 patient samples. Finally, the University of

Michigan DNA Sequencing Core performed all DNA sequencing reactions.

Introduction

Disease-associated mutations in three ARS genes have been implicated in CMT disease:
glycyl-tRNA synthetase (GARS), tyrosyl-tRNA synthetase (YARS), and alanyl-tRNA
synthetase (44RS) (Antonellis et al., 2003; Jordanova et al., 2006; Latour et al., 2010).
To investigate the full extent of involvement of ARS genes in peripheral neuropathy, we

sought to determine if mutations in additional ARS genes could lead to CMT disease.
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Therefore, we analyzed data from a previous mutation analysis performed by
resequencing all 37 ARS genes on deoxyribonucleic acid (DNA) samples from a total of
355 patients with CMT disease and no known disease-causing mutation. The
identification of additional ARS loci and alleles will: (1) broaden our understanding of
the types of ARS genes involved in CMT disease and the cell compartments that are
affected (i.e., cytoplasm, mitochondria, or both); (2) provide a thorough categorization of
the types of ARS mutations involved in CMT disease (missense, nonsense, etc.); and (3)
allow for the additional functional characterization of ARS mutations implicated in CMT
disease in an effort to better understand CMT disease mechanisms.This chapter focuses
on the genetic validation of variants identified in the alanyl-tRNA synthetase (44RS) and
lysyl-tRNA synthetase (KARS) genes through sequence confirmation, segregation
analysis, healthy control screening, and conservation analysis. Based upon data obtained
from previous studies evaluating disease-associated GARS, YARS, and AARS mutations,
we expect disease-associated ARS mutations to segregate with disease in affected
pedigrees, be absent from DNA samples obtained from neurologically normal control
populations, and affect highly-conserved amino-acid residues (Antonellis et al., 2003;

Jordanova et al., 2006; Latour et al., 2010).

Materials and Methods

Patient Sample Collection

All patient samples were obtained by collaborating physicians after patients were
classified as being affected with either CMT disease or a motor neuronopathy, based
upon neurological exam. Institutional Review Boards of each participating institution

approved the genetic studies and informed consent was obtained from all patients.
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DNA Sequencing

A genomic DNA aliquot from each patient was diluted to a working concentration of 10
ng/ul using a NanoDrop 1000. Polymerase chain reaction (PCR) primers were designed
to amplify each 44RS and KARS coding exon, as well as at least 20 base pairs of the
surrounding introns (Appendix Al). PCR reactions containing 1X PCR supermix
(Invitrogen, Grand Island, NY), 200 nM of each primer, and 20 ng of patient DNA using
the following touchdown PCR cycling conditions: 96°C for 5 min, followed by 10 cycles
of 96°C for 15 sec, 55°C (-0.5°C each cycle) for 15 sec, 72°C for 40 sec, followed by 30
cycles of 96°C for 15 sec, 50°C for 15 sec, 72°C for 40 sec, then a final extension of
72°C for 7 min, and finally a hold at 4°C. A 5-ul aliquot of each PCR reaction was
separated on a 1% agarose gel stained with ethidium bromide and visualized to ensure
correct product length. The PCR products were purified using the QIAquick PCR
purification kit (Qiagen, Valencia, CA), diluted to 50 ng/ul, and sent to the University of

Michigan DNA Sequencing Core along with 1 pMol/ul forward primer.

Mutation Analysis

Sanger ABI sequence traces were downloaded directly from the University of Michigan
DNA Sequencing Core server. All sequences generated from a given pair of PCR primers
were aligned using Sequencher software (Gene Codes, Ann Arbor, MI). The resulting
contigs were analyzed by visual inspection to confirm or invalidate each mutation for all

probands studied.
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Comparative Sequence Analysis

To perform comparative protein sequence analysis, we first employed the NCBI BLAST
tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to collect AARS and KARS protein
orthologs from species indicated below. Amino-acid sequences for AARS were derived
from the following accession numbers: human (Homo sapiens, NP_001596.2),
chimpanzee (Pan troglodytes, XP_001169474.1), mouse (Mus musculus, NP_666329.2),
frog (Xenopus laevis, NP_001121342.1), zebrafish (Danio rerio, NP_001037775.1), fruit
fly (Drosophila melanogaster, NP_523511.2), baker’s yeast (Saccharomyces cerevisiae,
NP _014980.1), and bacteria (Escherichia coli IA139, YP_002408816.1). Amino-acid
sequences for KARS were derived from the following accession numbers: human (Homo
sapiens, NP_00112356), chimpanzee (Pan troglodytes, XP_511115.2), mouse (Mus
musculus, NP_444322), zebrafish (Danio rerio, NP_001002386), fruitfly (Drosophila
melanogaster, NP_572573), worm (Caenorhabditis elegans, NP_495454), baker’s yeast
(Saccharomyces cerevisiae, NP_010322), and bacteria (Escherichia sp. 1 1 43,

ZP 0487121). Multiple-species amino-acid sequence alignments were then generated
using Clustal W2 software (Larkin et al., 2007). The conservation of each affected

amino-acid was determined via visual inspection.

NINDS Control Genotyping

A total of 576 DNA samples isolated from neurologically normal controls were obtained
from the National Institute of Neurological Disease (NINDS) and Coriell Institute for
Medical Research (Camden, NJ; Panel numbers NDPT079, NDPT082, NDPT084,

NDPT090, NDPT093, and NDPT094) and genotyped for each AARS and KARS variant
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using MassARRAY® iPLEX® Gold technology (Sequenom, San Diego, CA). DNA
samples were diluted to 5 ng/ul and multiplex locus-specific PCR reactions were
performed using primers designed by Sequenom’s MassARRAY Designer software
(Appendix A2). Locus-specific PCR products were treated with shrimp alkaline
phosphatase (SAP) to dephosphorylate unincorporated deoxyribonucleotide triphosphates
(dNTPs) (Sequenom, San Diego, CA). Subsequently, primer-extension PCR reactions
were performed using mass-modified dideoxynucleotide terminators (Appendix A3).
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometery was used to determine the genotype for each control sample using
SpectroTYPER software (Sequenom, Camden, NJ). Each NINDS control sample that
tested positive for an A4ARS or KARS variant was confirmed by re-sequencing, as

described above.

AARS Locus Haplotype Analysis

Microsatellite markers D16S3050, D16S397 and D16S3106 were genotyped for CMT243
and three CEPH Controls: 102-1, 1331-1, and 1332-1 (Coriell Institute for Medical
Research, Camden, NJ) using primer sequences obtained from the UCSC genome
browser (http://genome.ucsc.edu/cgi-bin/hgGateway) (Appendix A4). The forward
primers were 5° labeled with the 6-FAM fluorochrome. Microsatellite markers were
amplified in 25-ul PCR reactions containing 10ng DNA, 1X Phusion HF Reaction
Buffer, 0.5 uM primers, 200 uM dNTPs, and 1U Phusion High-Fidelity DNA Polymerase
(New England Biolabs, Ipswich, MA). The following PCR cycling conditions were used:

98°C for 30 sec, followed by 30 cycles of 98°C for 7 sec, 61°C for 30 sec, 72°C for 5 sec,
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then 72°C for 7 min and finally, a hold at 4°C. The products were sent to the University
of Michigan DNA Sequencing core (Ann Arbor, MI) for size fractionation using the
GeneScan LIZ 500 size standard (Applied Biosystems, Carlsbad, CA). Genotypes were

analyzed using GeneMarker version 5.1 software (SoftGenetics LLC, State College, PA).

CpG Content Evaluation

The CpG dinucleotide content of the A4RS locus (GenBank accession number
NM_001605.2) was evaluated using EMBOSS CpG Plot

(http://www .ebi.ac.uk/Tools/emboss/cpgplot/) (Rice, et al., 2000) using the following
criteria: Observed/Expected ratio > 0.60, percent G + percent C > 50.00, and Length

>100.

Sodium Bisulfite Sequencing

Two 2ug samples of genomic DNA isolated from lymphoblasts from unaffected
individuals were treated with sodium bisulfite using the EpiTect Bisulfite Kit, according
to the manufacturer’s protocol (Qiagen, Valencia, CA). Bisulfite-conversion was
performed using the following thermocycler conditions: 95°C for 5 min, 60°C for 25 min,
95°C for 5 min, 60°C for 85 min, 95°C for 5 min, 60°C for 175 min, and a hold at 4°C.
Bisulfite-treated DNA was bound to the membrane of an EpiTect spin column, washed,
desulfonated, washed, and eluted. Sodium bisulfite-treated DNA was amplified in 25-ul
PCR reactions containing 10 ug DNA, 1X JumpStart PCR buffer, 0.5 uM primers, 200
uM dNTPs, and 0.05 U JumpStart Taq DNA polymerase (Sigma Aldrich, St. Louis, MO)

using PCR primers compatible with sodium bisulfite-converted sequences for A4ARS
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exons 7, 8, and 9, and SOX3 Exonl (Appendix AS5). PCR products were electrophoresed
through a 1% agarose gel stained with ethidium bromide. Subsequently, PCR products
were excised from the gel and DNA was isolated using the QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. Amplicons were
cloned into the pCR4-TOPO TA vector using the TOPO TA Cloning Kit for Sequencing
(Invitrogen, Carlsbad, CA). Twenty resulting clones from each control DNA sample were
selected for sequencing at each locus. Bisulfite sequencing data was analyzed using
Sequencher 4.8 DNA Sequence Assembly software (Gene Codes, Ann Arbor, MI) and

BiQ Analyzer software (Bock, et al., 2005).

Allele Analysis for BAB564

A ~3.7 kb fragment spanning the ¢.398T>A (L133H) and ¢.524 525insTT (Y 173S£sX7)
KARS variants was amplified using genomic DNA from patient BAB564. The fragment
was amplified in a 50-ul reaction containing 20 ug DNA, 1X Expand High FidelityPLUS
PCR buffer, 0.5 uM primers, 200 uM dNTPs, and 2.5U Expand High FidelityPLUS
polymerase enzyme (Roche, Madison, WI) using the following cycling parameters: 95°C
for 2 min, followed by 30 cycles of 95°C for 15 sec, 55°C for 30 sec, 68°C for 4.5 min,
then hold at 4°C. The resulting fragment was TA cloned into the pCR®2.1-TOPO vector
using the TOPO-TA Cloning kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s directions. Ten clones containing the amplified fragment were subjected
to DNA sequencing analysis with the resulting data analyzed using Sequencher 4.8 DNA
Sequence Assembly software (Gene Codes, Ann Arbor, MI). Four alleles containing the

L133H allele were identified, while the other six alleles contained Y173SfsX7. Codon
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numbering for KARS was based upon the reported amino-acid sequence (GenBank

accession numbers NM_ 001130089 and NP_00112356).

Results

Identification of Ten AARS and KARS Variants

Resequencing of the coding regions in 37 ARS genes has led to the discovery of a total of
144 variants in 28 ARS genes (data not shown). This thesis will focus on variants
identified in the A4RS and KARS genes. A total of 12 AARS and KARS variants were
initially discovered upon resequencing the patient cohort (Table 2.1). We first sought to
determine if these variants were indeed present in the patient samples, or if these variants
represent erroneous sequencing calls. To validate each variant, we resequenced patient
DNA samples in which A4ARS or KARS nucleotide variants were identified using primers
corresponding to the exon in which each mutation resides. These efforts confirmed 10 of
the 12 sequence variants (Table 2.1). These consisted of six A4ARS variants including:
¢.986G>A which predicts p.Arg329His (R329H), ¢.1685C>T which predicts p.Thr5621le
(T5621), c.2185C>T which predicts p.Arg729Trp (R729W), c.2333 A>C which predicts
p-Glu778Ala (E778A), ¢.2791G>A which predicts p.Gly931Ser (G9318S), and
¢.2900A>T which predicts p.Lys967Met (K967M). Additionally, we were able to
confirm all four KARS variants including: ¢.398T>A which predicts p.Leul33His
(L133H), ¢.524 525insTT which predicts p.Tyr173SerfsX7 (Y173S{sX7), ¢.906C>G
which predicts p.Ile302Met (I1302M), and ¢.1868C>T which predicts p.Thr623Ser

(T6238).
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Population Screening of AARS and KARS Variants

We next sought to determine if the A4RS and KARS variants are present in general or
control populations. We utilized two publically available databases, the Exome Variant
Server (EVS) and the 1000 Genomes (1000G) database, along with data from the
ClinSeq™ project, to assess for the presence of each variant in general worldwide
populations (1000 Genomes Project Consortium; Biesecker ef al., 2009; Exome Variant
Server). The ClinSeq'™ project is a large-scale, whole-genome resequencing project
aimed at achieving a better understanding of cardiovascular disease (Biesecker et al.,
2009). The National Institute of Neurological Disorders and Stroke (NINDS)
neurologically normal control panels were used as a control population. The NINDS
cohort contains samples from male and female individuals, 55-84 years of age, who have
provided thorough medical and family histories with no reported neurological disease.
The NINDS control panel is particularly useful for evaluating variants identified in
patients with neurodegenerative disease, and the presence of a variant in a control
population such as the NINDS panel would indicate the variant is a polymorphism, as

opposed to a disease-associated variant.

Evaluation of the A4RS variants revealed the R329H A4RS and E778A AARS variants
were not identified in 1,086 and 954 NINDS chromosomes tested, respectively. Neither
variant was detected in the ClinSeq™ cohort or in the EVS and 1000G databases.
Conversely, T5621 AARS was detected in 8 out of 1,088 NINDS chromosomes
(frequency= 0.0073), R729W AARS was detected in 2 out of 1,090 NINDS chromosomes

(frequency= 0.0018), and G931S AA4RS was detected and 11 out of 1,106 NINDS
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chromosomes (frequency= 0.0099) (Table 2.1). The K967M AARS variant is present in
dbSNP (rs35744709). Each of the AARS variants found in the neurologically normal
NINDS controls was also identified in the ClinSeq™ cohort and in the EVS and 1000G
databases (Table 2.1). Together, these data indicate that R329H 44RS and E778A AARS

are not common polymorphisms.

Evaluation of the KARS variants revealed the L133H KARS variant was absent in 1,036
NINDS chromosomes tested, the Y173SfsX7 KARS variant was absent in 1,098 NINDS
chromosomes tested, and the 1302M KARS was absent in 1,094 NINDS chromosomes
tested (Table 2.1). Each variant was also absent in the ClinSeq"™ cohort, however, we did
identify [302M KARS in the EVS (frequency= 0.0002) and 1000G databases. We
identified the T623S KARS variant in both the NINDS and ClinSeq"" cohorts in 31 out of
710 (frequency= 0.0437), and 11 out of 190 (frequency= 0.0579) chromosomes tested,
respectively. Together, these data indicate that L133H KARS, Y173SfsX7 KARS, and

[302M KARS are not common polymorphisms.

Alanyl-tRNA Synthetase (AARS) Gene Mutations in Patients with CMT2N

The R329H AARS variant (c.986G>A) was identified in family CMT243, a large
Australian kindred including nine individuals affected with autosomal dominant CMT
disease (Fig. 2.1). The R329H AARS variant segregates with disease in all affected family
members; while all nine affected family members carry the R329H AA4RS variant, the

variant is absent in seven unaffected family members (maximum LOD score=2.41 at
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Figure 2.1 Validation and Segregation of A4ARS Variants. A: Chromatograms from
control and affected (‘Patient’) individuals are shown for R329H (left) and E778A
(right). The nucleotide changes for each mutation are depicted below the corresponding
chromatogram. B: Genotyping was performed to determine the segregation of AARS
variants with disease in families with CMT. Filled symbols represent affected
individuals, with black indicating a diagnosis of CMT and red indicating a diagnosis of
rippling muscles and cramps. Empty symbols indicate unaffected individuals. Where
applicable, the individual’s genotype is indicated with the amino-acid change or + (for a
wild-type allele). Slashes indicate deceased individuals, the question mark indicates an
unknown diagnosis, and the arrow indicates the proband in family CMT513. All
individuals have been designated with a diamond symbol to protect identities.
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6=0). Affected individuals exhibited early-onset axonal neuropathy with variable
sensorineural deafness. Progressive gait difficulty, foot drop, pes cavus, and hammer toes
were also reported. Nerve conduction velocities were consistent with an intermediate
CMT phenotype (classified as 25-45 m/s) and audiology showed mild to moderate high
frequency sensory neural loss. Importantly, samples from affected individuals in
CMT243 tested negative for mutations in other genes previously implicated in CMT

disease, including PMP22, MFN2, GDAPI, and EGR2.

The E778 A AARS variant (c.2333 A>C) was identified in CMTS513, an Australian family
including four members with autosomal dominant rippling muscles, and cramps (Fig 2.1).
CMTS513 also includes a proband affected with sporadic axonal CMT (Fig. 2.1; arrow).
The E778 A AARS variant segregates with rippling muscles, and cramps in all three
affected family members, while the variant is absent in the remaining four unaffected
family members genotyped. Affected individuals exhibited cramps at night with rippling
and twitching muscles at rest. Conduction studies in the proband (Fig. 2.1B; arrow)
showed a motor and sensory axonal neuropathy. Clinical examination revealed absent
reflexes, wasting of the feet, and mild distal sensory loss in the lower limbs. DNA
samples from affected CMT513 family members tested negative for PMP22 gene

mutations.

Rippling muscle disease, an autosomal dominant disorder characterized by mechanically

triggered, electrically silent muscle contractions, is caused by missense mutations in the

caveolin-3 (CAV'3) gene (Betz et al., 2001). Caveolins are expressed in skeletal and
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smooth muscle tissue, glial cells, and peripheral nerves; and form flask-shaped
invaginations of the plasma membrane (Lee ef al., 2008; Parton, 1996; Scherer et al.,
1996; Williams and Lisanti, 2004). Caveolins participate in the maintenance of plasma
membrane integrity, vesicular trafficking, and in signal transduction pathways (Gazzerro
et al.,2010). We screened the proband from CMT513 for CAV3 gene coding mutations
by sequencing each CAV3 coding exon. These analyses did not reveal any CA V3 coding
variants (data not shown). These data indicate that CAV3 coding mutations are not

responsible for the phenotype present in CMT513.

In addition to the above-mentioned variants, a third 44RS variant [c.211A>T which
predicts p.Asn71Tyr (N71Y)] was recently identified in a Taiwanese family with
autosomal dominant axonal CMT disease (Lin ef al., 2011). The N71Y AARS variant
segregates with CMT disease in all seven affected family members, while the variant is
absent in three unaffected family members (data not shown). Thus, we also included

N71Y AARS in our functional analyses (see Chapter 3).

R329H AARS is a Recurrent Allele

The R329H AARS variant has now been identified in three families with CMT disease;
including the two French families identified by Latour, ef al., and the Australian family
presented here (Latour ef al., 2010; McLaughlin et al., 2012). These data suggest the
R329H AARS variant is a recurrent mutation. We sought to determine whether the
Australian family shares a haplotype with either of the two previously reported French

families, which would indicate the R329H 44RS mutation descended from a common
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ancestor, or, if it is the result of multiple de novo mutations. We therefore performed
haplotype analysis on individuals from family CMT243 using three microsatellite
markers near the A4RS locus: D16S3050, D16S397, and D16S3106. Importantly, these
three microsatellite markers were previously evaluated in the two French families with
R329H AARS mutations, allowing for a direct comparison of the three haplotypes. These
studies revealed that each family carries different alleles at each marker tested indicating
the R329H 4AA4RS mutation resides on three independent haplotypes in each of the three
affected families, consistent with this variant resulting from multiple de novo mutations

(Fig. 2.2A).

To assess the genetic mechanism of the recurrent R329H 44RS mutation, we examined
the DNA sequence surrounding the c.986 G>A AARS change. Interestingly, when the
protein-coding DNA sequence is observed in the reverse-complemented state, the
affected nucleotide (c.986QG) is a cytosine within a CpG dinucleotide (Fig. 2.2B). It is
estimated that ~80% of CpG cytosines are methylated to form 5-methylcytosine (5mC) in
human cells (Ehrlich et al., 1982). Importantly, SmCs are known to be mutational
“hotspots” that arise due to spontaneous deamination of 5SmC to form thymine (Cooper
and Youssoufian, 1988; Coulondre et al., 1978; Selker and Stevens, 1985). If this event
were to occur at the CpG dinucleotide indicated in Figure 2.2B, it would result in a ¢.986
G>A change on the opposite, coding strand of A4RS exon 8, and would be predicted to
result in an arginine to histidine change at amino acid position 329. To address this
possibility, we evaluated the CpG dinucleotide content of the A4RS locus using

EMBOSS CpGPlot (Fig. 2.2C) (Rice et al., 2000). In contrast to the remaining 19 AARS
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Figure 2.2 R329H AARS is a Recurrent Mutation. A: Haplotype analysis was
performed along chromosome 16 in family CMT243 and compared to the published data
for the previously identified families with the R329H AARS mutation (Family 1 and
Family 2). The three genotyped markers and AARS locus are indicated on the left, along
with the alleles identified on each disease-associated haplotype (in base pairs). The
distance between each locus is indicated in megabases (Mb). B: The codon affected by
the R329H AARS variant harbors a CpG dinucleotide. A representative trace (in the
reverse-complement orientation) of the region surrounding the R329H codon is shown.
The CpG is indicated with a line and the affected cytosine is indicated with an arrow. C:
The AARS locus was computationally evaluated for CpG dinucleotide content (see
methods). Each AARS exon number is indicated along the top of the panel, with vertical
white boxes representing coding exons and horizontal lines representing introns. Areas
with at least 100 base pairs containing an observed/expected CpG dinucleotide ratio >
60% and GC content >50% are indicated in yellow. Note that AARS exon 8 is the only
coding exon to meet these criteria. D: The methylation status of CpG dinucleotides in
AARS exon 8 was evaluated via bisulfite (NaHSO,) treated DNA sequencing analysis.
The DNA sequence from ten representative clones harboring AARS exon 8 after bisulfite
treatment are shown, with the genomic consensus sequence (‘Genomic’) provided along
the top. Converted cytosines are indicated with black arrows and non-converted cytosines
are indicated with red arrows. The CpG corresponding to R329H AARS is underlined.
Note that all non-CpG cytosines are converted to thymines, while all CpG cytosines
remain unchanged indicating that they are methylated. E: AARS exon 8 harbors multiple,
methylated cytosines in CpG dinucleotides. A representation of bisulfite sequencing
products of the seven CpGs (indicated along the top of the panel) residing in AARS exon
8 is shown for two control individuals (Control 1 and Control 2). Eighteen clones were
analyzed for each control. Filled circles indicate methylated CpGs. The arrow indicates
the affected CpG giving rise to R329H AARS.
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coding exons, the exon encoding R329 (exon 8) has a an elevated CpG dinucleotide

content (6.48%; Fig. 2.2C).

Sodium bisulfite DNA sequencing is a common approach to identify 5SmCs in genomic
DNA. Treatment of DNA with sodium bisulfite converts non-methylated cytosines to
uracils, but leaves SmCs unchanged (Frommer et al., 1992). Sodium bisulfite-treated
DNA can be amplified with strand-specific, bisulfite-specific primers flanking the region
of interest, thereby leading to converted uracils being amplified as thymidines. After
cloning and sequencing of amplified bisulfite-treated PCR products, methylated cytosines
remain intact, while non-methylated cytosines appear as thymidines. To determine if the
R329H AARS variant might be generated via methylation-mediated deamination of the
identified CpG dinucleotide, we PCR-amplified the genomic region surrounding A4RS
exon 8 from two independent unaffected human DNA samples treated with sodium
bisulfite. Subsequently, each DNA sample was subjected to TA-cloning, and eighteen
resulting clones from each DNA sample were selected for DNA sequence analysis.
Examination of the DNA sequencing data showed that >99% of non-CpG cytosines (Fig.
2.2D, black arrows) were converted to thymidine. In contrast, cytosines residing in CpG
dinucleotides were largely unconverted and remained cytosines after sodium bisulfite
treatment (Fig. 2.2D, red arrows). To predict the methylation status of each cytosine in
AARS exon 8, the sequence data from each clone was analyzed with BiQ Analyzer

software (Bock et al., 2005). A total of 28 cytosines were analyzed, including 7 cytosines
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residing in CpG dinucleotides. In 94% of the clones examined, all 7 CpG cytosines were

methylated, including the mutated cytosine that gives rise to R329H 44RS (Fig. 2.2E).

To ensure the validity of the above-mentioned data, we employed the BiQ Analyzer
software to assess similar DNA sequencing data generated from PCR products
encompassing A4RS exon 7 and 9, as well as a third, unlinked and previously-
characterized CpG island at the X-linked SOX3 locus (Cotton et al., 2009). More than
90% of the CpGs in AARS exon 7 are methylated, 11% of CpGs in A4RS exon 9 are
methylated, and the SOX3 locus displayed the expected methylation patterns, with DNA
isolated from a female individual containing higher levels of methylation than DNA

isolated from a male individual (Fig. 2.3).

Because all of the CpGs contained within A4RS exon 8 appear to be highly methlyated,
we predicted the consequences of deamination of each SmC within 44RS exon 8§ to
determine if C>T transitions could give rise to additional pathogenic amino-acid changes.
Because the transition could occur on either stand, there are 14 possible deamination
consequences. Of these, 11 are predicted to affect the AARS amino-acid sequence,
including 2 that would result in a stop codon (Table 2.2). Combined, these data support
the notion that R329H AARS is a recurrent mutation generated via SmC deamination of a
CpG dinucleotide on the non-coding DNA strand at the A4ARS locus. Furthermore, AARS
exon 8 is predicted to be a highly mutable region with potentially detrimental
consequences, and should be closely scrutinized for mutations in patients with dominant

axonal CMT.
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Figure 2.3 Bisulfite Sequencing Analysis of AARS Exon 7, AARS Exon 9, and SOX3
Exon 1. A: Evaluation of the methylation status of 5 CpGs in AARS exon 7. A
representation of bisulfite sequencing products of AARS exon 7 is shown for two control
individuals (Control 1 and Control 2). Seventeen and eighteen clones were analyzed for
Control 1 and Control 2, respectively. Filled circles indicate methylated CpGs. B: Similar
analyses as described in (A) for two CpG dinucleotides within AARS Exon 9. Eighteen
and nineteen clones were evaluated for Control 1 and Control 2, respectively. C:
Evaluation of the methylation status of 19 CpGs in a SOX3 CpG island. The female
control (19 clones evaluated) is denoted 9, while the male control (18 clones evaluated)
is denoted &.
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Table 2.2 Predicted Consequences for Deaminated Methyl-CpGs in AARS Exon 8

CpG* Affected Amino Acid Predicted Change®

1° R326 W
¢ R326 Q
2° R329 C
2° R329 H
3 R330 Stop
3¢ R330 Q
4° R333 Stop
4° R333 Q
5¢ A335 T
6° T348 M
7¢ V354 I

‘“Numbers refer to the annotations presented in Figure 2.2E.
*CpG on coding strand
‘CpG on non-coding strand
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Lysyl-tRNA Synthetase (KARS) Gene Mutations in a Single Patient with CMTRIB

The 1302M KARS variant (¢.906C>G) was identified in the heterozygous state in patient
BABG663 (Fig. 2.4A; BAB663). This patient’s pedigree indicates an apparent autosomal
dominant mode of inheritance (Fig. 2.4B; BAB663). Electrophysiological studies
revealed that BAB663 exhibited normal motor nerve conduction velocities (MNCVs) in
all nerves tested, accompanied by normal amplitudes of evoked nerve response (6 mV,
TmV, 8mV, 11mV, 7 mV, and 4mV in the left median, left ulnar, right median, right
ulnar, left peroneal, and left post tibial nerves, respectively). Distal motor latencies were
prolonged (7.2 ms in the right and left median nerve, 3.6 ms in the left ulnar nerve, 4.2
ms in the left ulnar nerve, 7.6 ms in the left peroneal nerve, and 5.8 ms in the left tibial
nerve). Thus, this patient has a phenotype consistent with hereditary neuropathy with
liability to pressure palsies (HNPP) (Li et al., 2002). Interestingly, patient BAB663 also
carries a heterozygous p.Arg238His mutation in the GJBI gene and the 1.4 Mb PMP2?2
deletion. The GJBI variant and the PMP22 deletion have previously been reported as
pathogenic in CMTX1 and HNPP, respectively (Chance et al., 1993; Nelis et al., 1997).
Given the HNPP diagnosis, the PMP22 deletion should be considered the primary causal
variant in BAB663, thereby decreasing the likelihood that the 1302M KARS variant is

associated with disease.

Two additional KARS variants, L133H and Y 173S{sX7, were identified in a single patient

with intermediate CMT, developmental delay, self-abusive behavior, dysmorphic

features, and a vestibular Schwannoma (Fig. 2.4; BAB564). Patient BAB564 exhibited
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Figure 2.4 Validation and Segregation of KARS Variants. A: Chromatograms from
control and affected (‘Patient’) individuals are shown for L133H (left), Y173SfsX7
(middle), and 1302M (right). The nucleotide changes for each mutation are depicted
below the corresponding chromatogram. B: Genotyping was performed to determine the
segregation of KARS variants with disease in families with CMT. Filled symbols
represent affected individuals, with black indicating a diagnosis of CMT disease. Empty
symbols indicate unaffected individuals. Where applicable, the individual’s genotype is
indicated with the amino-acid change or + (for a wild-type allele). Slashes indicate
deceased individuals, question marks indicate an unknown diagnosis, and the arrow
indicates the proband in family BAB663. All individuals have been designated with a
diamond symbol to protect identities.
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MNCVs of 39.5 m/s and 30.6 m/s in the median and ulnar nerves, respectively. In
addition, this patient displayed decreased amplitudes of evoked motor response in these

nerves (0.5 mV).

Patient BAB564 is a Compound Heterozygyote for L133H and Y173SfsX7 KARS

Patient BAB564 is adopted, resulting in a lack of DNA samples or genetic information
from either biological parent. To distinguish between a complex allele, where the patient
harbors both L133H KARS and Y173SfsX7 KARS in cis (on the same allele), and
compound heterozygosity, where each variant resides in frans (on separate alleles), we
performed a more detailed molecular analysis of BAB564. The L133H variant resides on
exon 3, while the Y173S{sX7 variant resides on exon 4, enabling us to amplify a ~3.7 Kb
segment that spans both variants. After amplifying the ~3.7 Kb segment spanning both
variants using genomic DNA from the patient, we cloned and sequenced ten individual
clones. The L133H KARS variant was exclusively present in four clones, while the
Y 173SfsX7 variant was exclusively present in six clones (Fig. 2.5). Together, these data
indicate that BAB564 is a compound heterozygote for L133H KARS and Y173SfsX7
KARS. Because BAB564 1s adopted, these efforts helped to provide the hypothesis for a

recessive mode of inheritance in this patient.

AARS and KARS Mutations Affect Highly Conserved Residues
To determine if the identified AARS and KARS variants reside at amino-acid residues
important for enzyme function, we mapped each affected residue onto the linear protein

sequence and determined if any variants reside within known AARS functional domains.

58



BAB564 BAB564
L1 33H Y1 73stX7

A"e'“www(\ o MNMX
Aele2 - nenen AL AN MW

Figure 2.5 BAB564 is a Compound Heterozygote for L133H and Y173SfsX7 KARS.
Chromatograms from allele-specific sequencing of a ~3.7 Kb PCR-generated genomic
segment spanning the two KARS variants (L133H and Y 173SfsX7) identified in patient
BABS564. Arrows indicate the position of each mutation. Note that each variant was
identified on separate alleles, indicating that this patient is a compound heterozygote.
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Figure 2.6 Localization and Conservation of AARS and KARS Variants. A, C: Each
variant was mapped to the known functional domains of the appropriate protein. The
catalytic domain is indicated in red, the anticodon-binding domain is indicated in green
and the AARS editing domain is indicated in orange. The position of each domain along
the protein is indicated below the cartoon. B, D: Multiple-species protein alignments
were generated to assess the conservation of each affected amino-acid position. For each
of the detected variants, the affected amino acid is shown along with the flanking protein
sequence in multiple, evolutionarily diverse species (indicated on the left). Note that each
specific amino-acid change is given at the top, with conservation indicated in red for each

protein sequence.
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Evaluation of the AARS protein sequence revealed asparagine 71 is located within the
catalytic domain of the enzyme, arginine 329 resides within the tRNA-binding domain,
and glutamic acid 778 is located in the editing domain of the protein (Fig. 2.6A). The
evolutionary conservation of each affected AARS residue was assessed by aligning
AARS protein orthologs from multiple species ranging from humans to bacteria.
Asparagine 71 is conserved among all eight species analyzed with the exception of
bacteria, while arginine 329 is conserved in all eight species analyzed, including yeast
and bacteria (Fig. 2.6B). In contrast, glutamic acid 778 is not conserved among vertebrate

species; note that an alanine is permissive in the zebrafish ortholog of AARS (Fig. 2.6B).

A similar analysis was performed for each KARS variant. Evaluation of the predicted
domains in the linear KARS protein sequence revealed that leucine 133 and tyrosine 173
are located in the tRNA-binding domain, while isoleucine 302 is located within the
catalytic domain of the enzyme (Fig. 2.6C). The evolutionary conservation of each
affected KARS residue was also assessed (Fig 2.6D). Leucine 133 was conserved among
all species analyzed, with the exception of yeast and bacteria. Isoleucine 302 was
conserved among all species examined, including yeast and bacteria. Tyrosine 173 was
conserved among all species analyzed with the exception of bacteria. Together, these
analyses indicate that N71Y AARS, R329H AARS, L133H KARS, Y173S{sX7 KARS, and
[302M KARS alter amino-acid residues that are conserved among evolutionarily diverse
species, and reside within critical functional domains, suggesting these variants may

impair enzyme function.
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Discussion

Prior to the completion of this thesis, mutations in three genes encoding ARS enzymes
were implicated in CMT disease (AARS, GARS and YARS) (Antonellis ef al., 2003;
Jordanova et al., 2006; Latour et al., 2010). To determine the full extent of involvement
of ARS genes in CMT disease, we set out to identify disease-associated ARS mutations
in patients with CMT disease and no known disease causing mutation. Focusing on
variants identified in the A4RS and KARS genes, we utilized a combination of sequence
confirmation, segregation analysis, LOD score calculation, healthy control screening,
conservation analysis, long-range PCR, and bisulfite sequencing to determine if each

variant is genetically implicated with disease.

We identified the R329H AARS variant in a large Australian pedigree with autosomal
dominant axonal CMT disease. In 2010, Latour, ef al. also identified the R329H A4RS
mutation in two French families with autosomal dominant axonal CMT disease, now
referred to as CMT type 2N (CMT2N). Importantly, the phenotype of the affected
patients described in the original French families is similar to the phenotype presented in
affected members in the Australian family we identified with R329H 4A4RS mutations
(Latour et al., 2010). Affected members of each of the families exhibited age of onset in
the early 20’s, MNCVs in the intermediate range, and a lower limb predominance of
symptoms. The family we identified also exhibited variable sensorineural deafness;
possibly broadening the range of symptoms physicians might associate with CMT2N.
Deafness has also been described in other forms of CMT including those associated with

MPZ (CMT1B), PMP22 (CMTI1E), SH3TC2 (CMT4C), NDRGI (CMT4D), GJBI
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(CMTX1), PRPSI (CMTXS5), and INF2 (CMTDIE) gene mutations (Boerkoel ef al.,
2002; Boyer et al., 2011; Colomer et al., 2006; Kalaydjieva et al., 2000; Kim et al., 2005;

Kim et al., 2007; Kurihara et al., 2004; Stojkovic et al., 1999).

The mutagenic mechanism of the reccurent R329H 4A4RS mutation was previously
unknown. Our haplotype and bisulfite DNA sequence analyses suggest that R329H A4ARS
is a recurrent mutation resulting from methylation-mediated deamination of a CpG
dinucleotide and indicate that the prevalence of this mutation in CMT disease should be
further investigated. Recurrent, methylation-mediated, disease-associated mutations have
been described in other genes including the tumor suppressor protein pS3 (7P53) gene,
the phenylalanine hydroxylase (PAH) gene, and the methyl CpG binding protein 2
(MECP2) gene (Greenblatt et al., 1994; Murphy et al., 2006; Wan et al., 1999). These
findings often dictate mutation-specific screening of other, relevant patients with no
known mutation. We also discovered that six additional CpGs in A4ARS exon 8 are
methylated, suggesting that this exon has the capacity to be highly mutable. Combined,
these data have important clinical implications. Our data suggesting the recurrent nature
of the R329H 44RS mutation indicate that all patients with axonal CMT disease and no
known disease-causing mutation should be screened for the R329H 4A4RS mutation.
Furthermore, it may be prudent to thoroughly assess each of the remaining methylated
CpGs in A4ARS exon § in similar patients to fully evaluate the AARS gene for CMT-

associated mutations.

Our mutation screen of the A4RS gene also identified the E778A A4ARS variant, which
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segregates with dominant rippling muscle disease in a family including a proband with
the additional phenotype of axonal CMT disease. Although E778A A4RS was absent in
over 950 chromosomes from neurologically normal control individuals, the affected
residue is not well conserved. Moreover, the mutation resides in the editing domain of the
AARS protein, which has previously been associated with a non-CMT phenotype in the

S mouse (Lee ef al., 2006) Together, these data weaken the argument for

Aars
pathogenicity of the E778A AARS mutation. Because CMT513 is too small for linkage

analysis, further functional studies must be performed to determine the pathogenicity of

the E778 A AARS variant (see Chapter 3).

Mutational analysis of the KARS gene led to the discovery of a I302M KARS variant in a
heterozygous individual with clinical and electrophysiological evidence for hereditary
neuropathy with liability to pressure palsies (HNPP). This patient also harbors the
common 1.4 Mb deletion at the PMP22 locus that causes HNPP. While 1302M KARS
resides at a residue within the catalytic core of the enzyme that is conserved between
human and bacteria, the PMP22 deletion should be considered the primary pathogenic
mutation in BAB663. However, it will be important to determine if the if the R238H
GBJI and/or 1302M KARS variants identified in this patient modify the clinical
phenotype. Several recent studies suggest the potential for a more severe neuropathy
phenotype associated with variants at more than one CMT locus (Chung et al., 2005;

Hodapp et al., 2006; Meggouh et al., 2005).

64



The L133H and Y173SfsX7 KARS variants were identified a compound heterozygous
patient with intermediate CMT, developmental delay, self-abusive behavior, dysmorphic
features, and a vestibular Schwannoma. The discovery of these variants led to the
classification of a new form of CMT disease termed CMT recessive intermediate type B
(CMTRIB; OMIM 613641). KARS encodes both cytoplasmic and mitochondrial forms of
the KARS enzyme. Interestingly, this is the first report of a patient with compound
heterozygous mutations in a bi-functional tRNA synthetase. Because no genetic
information is available from either biological parent of the proband, functional studies

will be required to determine if one or both of these variants is pathogenic (Chapter 3).

The studies outlined in this chapter have provided genetic evidence to implicate
mutations in the A4RS and KARS genes in patients with CMT2N and CMTRIB,
respectively. These studies have broadened our understanding of the types of ARS genes
involved in CMT disease. While 44RS encodes a cytoplasm-specific tRNA synthetase,
KARS encodes a bifunctional enzyme. Together, these data further implicate aminoacyl-
tRNA synthetases that charge tRNAs in the cytoplasm with CMT disease. In addition,
these studies also indicate that ARS-related CMT disease can be inherited in a dominant
(for CMT2N AARS mutations) or recessive manner (for CMTRIB KARS mutations).
Functional characterization of the AARS and KARS mutations presented here are required
to obtain a better understanding of pathogenic mechanisms of CMT2N and CMTRIB at

the molecular level. These studies will be described in the next chapter.
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Aminoacyl-tRNA synthetases have emerged as the most commonly implicated gene
family in CMT disease. The genetic implication of 44RS and KARS variants in CMT
disease warrants further studies into the additional unevaluated ARS variants identified in
ARS genes. Moving forward, it will be imperative to genetically catalog and assess each
of these variants to determine the full extent of involvement of ARS genes in CMT

disease.
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CHAPTER 3

Functional Evaluation of Disease-Associated Aminoacyl-tRNA
Synthetase Mutations in Patients with Charcot-Marie-Tooth Disease

The data presented in this chapter were previously published in The American Journal of
Human Genetics (Volume 87, Issue 4) and in Human Mutation (Volume 33, Issue 1)
(McLaughlin et al., 2012; McLaughlin ef al., 2010). All figures and tables are used with
permission from Elsevier (License No. 2827080090840) and John Wiley and Sons
(License No. 2822181011090). I performed all of the work presented, with the exception
of biochemical analyses of wild-type and mutant AARS and KARS enzymes, which were
performed by our collaborators Reiko Sakaguchi and Ya-Ming Hou at Thomas Jefferson

University.

Introduction

The majority of disease-associated ARS mutations identified to date segregate with
disease in a dominant fashion and lead to loss-of-function effects in various capacities
including cellular localization, aminoacylation activity, and the ability to support yeast
cell growth (Antonellis ef al., 2006; Froelich and First, 2011; Jordanova et al., 2006;
Nangle et al., 2007; Storkebaum et al., 2009; Xie et al., 2007). Several GARS and YARS
mutants display localization defects when expressed in neuronal cells. For example, wild-

type GARS forms granular structures when tagged with enhanced green fluorescent
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protein (EGFP) and expressed in MN-1 cells (Antonellis ef al., 2006). In contrast, EGFP-
tagged L129P GARS, G420R GARS, H418R GARS, D500N GARS, and G526R GARS
variants fail to form these granules when expressed in MN-1 cells, and instead localize
diffusely throughout the cell body and neurite projections (Antonellis et al., 2006). A
similar mislocalization defect is observed when G41R YARS and E196K YARS
expression is compared with wild-type YARS expression. While wild-type YARS tagged
with EGFP is localized to granular structures in the distal portion of projecting neurons
when expressed in N2a cells, G41R YARS and E196K YARS fail to form granules in
neuronal projections when expressed in N2a cells (Jordanova et al., 2006).

Two in vitro assays are utilized to evaluate aminoacylation activity of ARS enzymes. The
pyrophosphate release assay monitors the pyrophosphate release that occurs during the
activation step of the aminoacylation reaction (see Fig. 1.2), while substituting tritium
(*H) labeled amino-acids in the aminoacylation reaction allows monitoring of the
production of *H-lableled aminoacylated tRNA, providing an assessment of the
efficiency of both the activation and transfer steps. When the effect of GARS variants on
aminoacylation activity was evaluated by monitoring the incorporation of [*H]-glycine
onto Gly-tRNA, L129P GARS, G240R GARS, H418R GARS, and G526R GARS resulted
in reduced aminoacylation activity compared to wild-type GARS (Nangle et al., 2007,
Xie et al., 2007). Similarly, G41R YARS and E196K YARS led to decreased activation of
the amino-acid when evaluated via the pyrophosphate release assay, and G41R YARS and
del153-156VKQV YARS led to reduced aminoacylation when evaluated by monitoring
the incorporation of [*H]-tyrosine into Tyr-tRNA (Froelich and First, 2011; Jordanova et

al., 2006; Storkebaum et al., 2009).
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Saccharomyces cerevisiae, a single celled organism known for being amenable to genetic
manipulation, can be used to evaluate both loss-of-function and dominant-negative
effects of ARS mutations. Loss-of-function can be evaluated by expressing ARS mutants
in a haploid yeast strain where the endogenous ARS gene has been deleted. Yeast
viability assays have identified loss-of-function effects resulting from L129P GARS,
H418R GARS, G526R GARS, G41R YARS, and E196K YARS mutations (Antonellis et
al., 2006; Jordanova et al., 2006). The Saccharomyces cerevisiae model system can also
be utilized to assess for a dominant-negative effect by expressing ARS mutants in the
presence of a wild-type allele. While none of the GARS mutants have been evaluated for
a dominant-negative effect in yeast, both G41R YARS and E196K YARS display a
dominant-negative effect when modeled in the yeast ortholog 7YS/ (Jordanova et al.,

2006).

All GARS and YARS mutations identified to date have led to loss-of-function effects. We
sought to determine if the A4RS and KARS variants we implicated with CMT disease in
Chapter 2 also result in loss-of-function effects in localization, aminoacylation, and/or
yeast viability assays. Based upon previous studies, loss-of-function ARS mutations are
expected to lead to one or more of the following functional consequences: mislocalization
following overexpression in neuronal cells, a reduction in aminoacylation activity, and/or
the inability to support yeast cell growth. Together, these studies will establish if loss of
aminoacylation activity is a major component to CMT disease pathology, and will aid in

determining if other mechanisms, such as gain-of-function or loss of a non-canonical
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function, should be pursued. Importantly, these studies may also reveal the molecular
mechanism(s) by which heterozygosity for A4RS mutations lead to CMT2N, while

compound heterozygosity for KARS mutations lead to CMTRIB.

Materials and Methods

cDNA Cloning and Mutagenesis

DNA constructs for aminoacylation and yeast complementation assays were generated
using Gateway cloning technology (Invitrogen Carlsbad, CA). The human 44RS open
reading frame (minus the stop codon) and the Saccharomyces cerevisiae alanyl-tRNA
synthetase (4LA1) locus (including the open reading frame and 628 base pairs of
proximal promoter sequence) were PCR amplified using human cDNA and
Saccharomyces cerevisiae genomic DNA, respectively. Likewise, cytoplasmic and
mitochondrial forms of the human KARS open reading frame (minus the stop codon) and
the Saccharomyces cerevisiae lysyl-tRNA synthetase (KRS1) locus (including the open
reading frame and 500 base pairs of proximal promoter sequence) were PCR amplified
using human coding DNA (¢cDNA) and Saccharomyces cerevisiae genomic DNA,
respectively. Each primer was designed to include flanking Gateway a#/B1 (forward) and
attB2 (reverse) sequences (Appendix A6). Subsequently, purified PCR products
containing each gene were recombined into the pDONR221 vector via BP reaction
according to the manufacturer’s protocols (Invitrogen, Carlsbad, CA). The coding
sequences of the resulting entry clones were sequence verified. Mutagenesis was
performed using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent, Santa

Clara, CA) and the appropriate mutation-bearing oligonucleotides (Appendix A7).
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Subsequently, each human entry clone was recombined with a gateway-compatible
pSMT3 destination vector (for aminoacylation assays), a gateway-compatible pDsRed2-
N1 vector (for localization studies), or a gateway-compatible pPEGFP-N2 vector (for
localization studies). Each yeast entry clone was recombined with gateway-compatible
pRS315 and pRS316 destination vectors for use in yeast complementation assays (ATCC,
Manassas, VA). Subcloning was achieved via an LR reaction, according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). Each resulting expression
construct was analyzed by restriction enzyme digestion with Bs#GI (New England

Biosystems, Ipswich, MA) to confirm the presence of an appropriately-sized insert.

Cell Culture and Differentiation

The mouse motor neuron cell line MN-1 (Salazar-Grueso ef al., 1991) was cultured in
Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 50 ug/ml streptomycin, and 2mM L-glutamine and grown at
37°C in 5% CO; (Invitrogen, Carlsbad, CA). For assays requiring differentiation,
cultured cells were counted using the Countess Automated Cell Counter (Invitrogen
Carlsbad, CA) and ~1.25 X 10° cells were placed into each well of a four-well
polystyrene tissue culture treated glass slide (BD Biosciences, Sparks, MD). MN-1 cells
were differentiated by the addition of 2 nM glial cell line-derived neurotrophic factor
(GDNF) and 833 pM GDNF receptor a-1 (GFR a-1; both from R&D Systems) to the

culture medium and incubation for 48 h (Paratcha et al., 2001).

AARS Antibody and DAPI Staining
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For AARS localization studies, mouse MN-1 cells were cultured at 37°C for 48 hours in
differentiation medium (see above). Cells were fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100 in 1X phosphate buffered saline (PBS) for 5 min,
washed in 1X PBS, and incubated in blocking solution containing 10% normal goat
serum in 1X PBS with 0.1% sodium azide for 30 min. Cells were then incubated in 10
ug/ml anti-AARS (B23) (sc-130683, Santa Cruz Biotechnology, Santa Cruz, CA) in
blocking solution for 60 min. After three washes in 1X PBS, cells were incubated in
1:2000 Alexa Fluor 488 goat anti—rabbit IgG (Invitrogen, Carlsbad, CA) for 60 minutes.
Cells were washed three times in 1X PBS, the well apparatus was removed, and slides
were coated with ProLong anti-fade reagent (Invitrogen, Carlsbad CA), covered, and
sealed with nail polish. All incubation and wash steps were performed at room
temperature. For KARS localization studies, the cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) prior to imaging. Cells fixed with 4% paraformaldehyde, washed
3X with 1X PBS, and incubated for 5 min with 300nM DAPI. After incubation, cells
were washed 3X with 1X PBS, the well apparatus was removed, and slides were treated

and sealed as described above.

MN-1 Transfections

Also for AARS localization studies, constructs expressing either wild-type or mutant
AARS tagged with DsRed (described above) were transfected into MN-1 cells. For
cytoplasmic KARS localization studies, constructs expressing either wild-type or mutant
cytoplasmic KARS tagged with EGFP were transfected in MN-1 cells. Assays evaluating

the localization of mitochondrial KARS were performed by cotransfecting constructs
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expressing either wild-type or mutant mitochondrial KARS tagged with EGFP along with
a construct expressing mito-DsRed (DsRed2 fused to the mitochondrial targeting
sequence from subunit VIII of human cytochrome ¢ oxidase (Rizzuto et al., 1995)). For
each transfection reaction, 6-ul of Lipofectamine 2000 and 250-ul of OptiMEM I
minimal growth medium (Invitrogen, Carlsbad, CA) were combined and incubated at
room temperature for 10 min. Purified plasmid DNA (4 ug) was diluted in 250-ul of
OptiIMEM I, combined with the above Lipofectamine—OptiMEM I mixture, and
incubated at room temperature for 20 min. The entire transfection cocktail was then
added to ~1.25 X 10° MN-1 cells (if subsequently differentiated) or ~2.5 X 10° MN-1
cells (if not differentiated) in a 15 ml conical tube. After a 2 h incubation at 37°C, the
transfection reaction was centrifuged at 2000 r.p.m. for 2 minutes and the cells were
resuspended in 250-ul normal growth medium (see above). Cells to be differentiated
were allowed to recover for 24 h at 37°C, washed with 1X PBS, and subsequently
incubated with differentiation medium (see above). After 48 h, cells were fixed as

described above.

Microscopy and Image Analysis

Microscopic images were obtained using the Olympus FluoView FV500/I1X Laser
Scanning Confocal Microscope using Olympus Fluoview image software at the

University of Michigan Microscopy and Image Analysis Core.

Aminoacylation Assays
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All wild-type and mutant AARS and KARS open reading frames (ORFs) were cloned in-
frame with the SMT3 protein (N-terminus) to improve solubility for expression in E. coli.
Control experiments indicate the presence of the SMT3 protein has no effect on the
aminoacylation activity of these enzymes (Mossessova and Lima, 2000). Wild-type and
mutant ORFs were also cloned with an in-frame His-tag on the C-terminus to allow for
affinity purification through a metal resin. For AARS aminoacylation assays, protein
expression was achieved in E. coli strain Rosetta 2 (DE3) pLysS and purification with the
nickel affinity resin was achieved according to the manufacturer’s protocol (Novagen,

Darmstadt, Germany). The T7 transcript of human tRNA"?

was prepared and purified as
previously described (Hou ef al., 1993), heat-denatured at 85°C for 3 min, and annealed
at 37°C for 20 min before use. Steady-state aminoacylation assays were monitored at
37°C in 50 mM HEPES (pH 7.5), 20 mM KCI, 10 mM MgCl,, 4 mM DTT, 2 mM ATP,
and 50 mM alanine with a trace of [*H]-alanine (Perkin Elmer, Waltham, MA) at a
specific activity of 3,693 dpm/pmole. The reaction was initiated by mixing AARS
enzyme (20-600 nM) with varying concentrations of annealed tRNA (0.3-20 mM). A
similar reaction protocol was followed for KARS aminoacylation assays with the
following exceptions: KARS constructs were expressed in the BL21(DE3) pRIL E. coli
strain, tRNA™* was substituted for tRNA™"?, 50 mM lysine was substituted for 50 mM
alanine, [*H]-lysine was substituted for [*H]-alanine, and the reaction was initiated by
mixing KARS enzyme with various concentrations of annealed tRNA. Aliquots of each
reaction mixture were spotted on filter paper, quenched by 5% TCA, washed, and

measured for radioactivity by a liquid scintillation counter (Beckman LS6000SC). The

amount of radioactivity retained on the filter paper was corrected for quenching effects to
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reveal the amount of synthesis of either Ala-tRNAM? or Lys-tRNA"Y. Steady-state
kinetics was determined by fitting the initial rate of aminoacylation as a function of tRNA

concentration to the Michaelis-Menten equation.

AARS Editing Assays

The substrate Ser-tRNA™" for analysis of post-transfer editing was prepared by **P-
labeling of the A76 nucleotide in the transcript of human tRNA®"® with the CCA enzyme
(Shitivelband and Hou, 2005), followed by aminoacylation with chemically synthesized
Ser-DBE, using the dFx flexizyme (Murakami et al., 2006). Deacylation assays were
performed in 50 mM HEPES (pH 7.5), 20 mM KCI, 4 mM DTT, and 10 mM MgCl, at 37
°C, using 5 nM of an AARS enzyme and 20 mM of Ser-tRNA*"™. At the indicated time
points, aliquots of a deacylation reaction were removed and mixed with S1 nuclease for
30 min to digest the tRNA in the aliquots to a 5’-phosphate mononucleotide. The aliquots
were processed via thin layer chromatography (TLC) in 0.55 M acetic acid / 0.1 M
NH,Cl for 30 min to separate [*°P]-seryl-AMP from [**P]-AMP. Quantification of the
two products by a phosphorimager and analysis of the ratio of [Ser-AMP] versus [AMP]

determined the amount of Ser-tRNA*"

remaining after the editing reaction.

Yeast Viability Assays

For ALA1 yeast viability assays, a commercially available diploid heterozygous alalA
yeast strain (MATa/a, his3A1/his3A1, leu2A0/leu2A0, LY S2/1ys2A0, met1 SAO/METI1S,
ura3A0/ura3A0; Open Biosystems, Huntsville, AL), created by replacing the ALA 1 locus

with a KANR cassette, was transformed with a URA3-bearing pRS316 vector containing
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wild-type ALAI (see above). For KRSI yeast viability assays, a commercially available
diploid heterozygous krsIA yeast strain [MATa/a his3A1/his3A1 leu2A0/leu2 A0
LYS2/lys2A0 met1 SAO/MET15 ura3A0/ura3A0; Open Biosystems, Huntsville, AL),
created by replacing the KRS/ locus with a KAN® cassette, was transformed with a
URA3-bearing pRS316 vector containing wild-type KRS (see above). Lithium acetate
transformations were performed using yeast cells grown in the exponential phase after
treatment with 0.1M lithium acetate overnight. Subsequently, the cells were collected,
resuspended in 0.1M lithium acetetate, and boiled following the addition of 200 ng vector
DNA and 5-ul 10 mg/ml salmon sperm DNA (Invitrogen, Carlsbad, CA). After boiling,
the cells were treated with 67% (w/v) polyethylene glycol (PEG; Hampton Research,
Aliso Viejo, CA) in 0.1M lithium acetate and allowed to incubate at 30°C for 30
minutes. Following a heat shock at 42°C for 15 minutes, the transformed cells were
collected and grown on yeast medium lacking uracil (Teknova, Hollister, CA).
Subsequently, sporulation and tetrad dissections (see below) were performed to obtain a
haploid alalA strain that carries the wild-type ALAI pRS316 maintenance vector (ALA1
KO + ALA1/URA3) in the case of ALAI tetrad dissections or a haploid krs/A strain that
carries the wild-type KRS pRS316 maintenance vector (KRS KO + KRSI/URA3) in the
case of KRS tetrad dissections. Tetrad dissections were performed by patching the
transformed diploid strain twice onto pre-sporulation plates [(5% D-glucose (Fisher
Scientific, Hampton, NH), 3% nutrient broth (Becton, Dickinson and Company, Franklin
Lakes, NJ), 1% yeast extract (Acros Organics, Waltham, MA), and 2% agar (Teknova,
Hollister, CA)]. Several microliters of cells were then transferred into 2 mLs of

supplemented liquid sporulation medium [(1% potassium acetate (Fisher Scientific,
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Hampton, NH), 0.005% zinc acetate (Fisher Scientific, Hampton, NH), 1X Ura
supplement (MP Biomedicals, Solon, OH), 1X His supplement (MP Biomedicals, Solon,
OH), and 1X Leu supplement (MP Biomedicals, Solon, OH)] and incubated for 5 days at
25°C followed by 3 days at 30°C. Sporulated strains were dissected using a MSM 400
dissection microscope (Singer Instruments, Somerset UK), and plated on yeast extract,
peptone, and dextrose (YPD) plates (Becton, Dickinson and Company, Franklin Lakes,
NJ). Resulting spores were individually patched onto solid growth medium containing
geneticin (G418) or 0.1% 5-fluoroorotic acid (5-FOA), or media lacking uracil to confirm
the presence of the KAN® cassette and the experimental vector, and to ensure the absence

of the maintenance vector (Teknova, Hollister, CA).

Two spores that grew on G418 and yeast medium lacking uracil yet did not grow on 5-
FOA medium were selected for use in the yeast viability assays. For ALA! studies, two
resulting haploid ALA1 KO + ALA1/URA3 strains bearing a wild-type pRS316
maintenance vector were transformed with LEU2-containing pRS315 constructs
harboring wild-type or mutant ALA 1 (described above) and grown on medium lacking
uracil and leucine (Teknova, Hollister, CA). For KRS studies, two resulting haploid
KRS1 KO + KRS1/URA3 strains bearing a wild-type pRS316 maintenance vector were
then transformed with LEU2-containing pRS315 constructs harboring wild-type or
mutant KRS/ (described above) and grown on medium lacking uracil and leucine
(Teknova, Hollister, CA). For each transformation, at least 9 colonies were selected for
additional analysis. Each colony was diluted in 100-ul H,O, then further diluted 1:10 (for

ALAI studies) or 1:10 and 1:50 (for KRS studies) and spotted on growth medium
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containing 0.1% 5-FOA (Teknova, Hollister, CA), incubated for 3 days at 30°C. Growth
was assessed by visual inspection. Because 5-FOA is toxic to yeast cells bearing a
functional URA3 allele, only cells that spontaneously lost the URA43 maintenance plasmid
and for which the LEU? test plasmid could complement the chromosomal alalA or krsiA

allele were expected to grow.

Yeast Growth Curve Assays

ALAI and KRS growth curve assays testing for a loss-of-function effect were performed
using strains that survived 5-FOA treatment (see above). ALAI growth curve assays
testing for a dominant-negative effect were performed using strains containing the URA 3-
containing pRS316 maintenance vector harboring wild-type ALAI and the LEU2-
containing pRS315 constructs harboring wild-type or mutant ALAI. Similar assays
testing for a dominant-negative effect were performed by over-expressing wild-type and
R329H ALA1 using vectors containing a strong, constitutively active ADH promoter.
KRS growth curve assays testing for a dominant-negative effect were performed using
strains containing the URA3-containing pRS316 vector harboring wild-type KRS/ and the
LEU2-containing pRS315 constructs harboring wild-type or mutant KRS/. Three
transformants from each strain were inoculated medium lacking leucine (for loss-of-
function assays; Teknova, Hollister, CA) or medium lacking leucine and uracil (for
dominant-negative assays; Teknova, Hollister, CA) and incubated shaking overnight at
30°C. Each culture was initially normalized at time (t)=0 to ODgpc=0.01 and further
incubated at 30°C for the reminder of the assay. ODggp readings were recorded, as

indicated, using the NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington,
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DE). Growth curves were created using the average measurements of three independent

cultures.

Results

Mutant AARS and KARS Proteins do not Lead to Overt Mislocalization

Many GARS and YARS mutations lead to localization defects when overexpressed in
neuronal cell lines (Antonellis ef al., 2006; Jordanova et al., 2006). To determine if AARS
and KARS mutations result in a similar mislocalization effect, we performed localization
studies in the mouse motor neuron cell line MN-1 (Salazar-Grueso ef al., 1991). We first
examined the endogenous localization of the AARS protein in the MN-1 cell line after
differentiation and staining with an anti-AARS antibody. Confocal microscopy revealed
diffuse localization throughout the cell and nucleus, extending into the neurite projections
(Fig. 3.1A-B). Notably, this localization pattern is in contrast to the distinct granular
staining pattern of the endogenous GARS and YARS proteins (Antonellis et al., 2006;
Jordanova et al., 2006). Subsequently, we assessed the localization of each AARS
protein variant by transfecting constructs expressing wild-type A4RS, N71Y AARS,
R329H AARS, or E778 A AARS with a C-terminal DsRed tag in MN-1 cells, and
examining the localization pattern after differentiation via confocal microscopy. Similar
to wild-type AARS, N71Y AARS, R329H AARS, and E778A AARS proteins were
localized diffusely throughout the cell body and neurite projections (Fig. 3.1C-F; arrows).
These data indicate that disease-associated AARS variants do not grossly mislocalize in

differentiated neurons, at the resolution of confocal microscopy.
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Figure 3.1 Evaluation of AARS Localization in Differentiated MN-1 cells. A, B:
Differentiated MN-1 cells were stained with a-AARS and visualized via confocal
microscopy. Endogenous AARS protein is localized diffusely throughout the cell body,
nucleus, and neurite projections (arrows). C: Wild-type AARS with a C-terminal DsRed
tag was transfected into MN-1 cells. After differentiation, localization was analyzed via
confocal microscopy. Wild-type AARS is localized diffusely throughout the cell body
and neurite projection (arrow). D-F: Similar analyses as described in (C) for N71Y
AARS, R329H AARS, and E778A AARS, respectively. Similar to wild-type AARS,
each AARS variant is also localized diffusely throughout the cell body and neurite
projections (arrows). The scale bar shown represents 20 um.
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The KARS gene utilizes an alternative splicing mechanism to encode cytoplasmic and
mitochondrial forms of the KARS enzyme (Tolkunova et al., 2000). We therefore
evaluated each variant using both the cytoplasmic (cytoKARS) and mitochondrial forms
(mitoKARS) of the KARS protein. Localization studies analyzing cytoKARS protein
variants were performed by transfecting constructs expressing the cytoplasmic form of
wild-type KARS, L133H KARS, or 1302M KARS with a C-terminal EGFP tag in MN-1
cells, and examining the localization pattern via confocal microscopy. Similar to wild-
type cytoKARS, both L133H cytoKARS and 1302M cytoKARS localized diffusely
throughout the cytoplasm. Mitochondrial KARS protein variants were assessed as
described above, after co-transfection with a construct to express mito-DsRed, which
allows visualization of mitochondria. As expected, wild-type mitoKARS localized
specifically to the mitochondria, as evidenced by complete merging of the EGFP and
DsRed signals (Fig. 3.2). Both L133H mitoKARS and 1302M mitoKARS showed a
mitochondrial localization pattern similar to wild-type mitoKARS (Fig. 3.2). Together,
these data indicate that disease-associated KARS variants do not grossly mislocalize in

cultured neurons at the resolution of confocal microscopy.

Mutant AARS and KARS Proteins Impair Aminoacylation Activity

Because many GARS and YARS mutations lead to a reduction in aminoacylation activity,
we chose to monitor the effect of each 44RS and K4ARS mutation on charging capacity
(Froelich and First, 2011; Jordanova et al., 2006; Nangle et al., 2007; Storkebaum et al.,
2009; Xie et al., 2007). AARS catalyzes the aminoacylation of tRNA”" in the cytoplasm

via a two-step aminoacylation reaction (Lodish, 2008). The A4RS mutations described in
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Figure 3.2 Localization of Cytoplasmic and Mitochondrial KARS Proteins in MN-1
Cells. Top row: Constructs expressing cytoplasmic forms of wild-type, L133H, or [302M
KARS with a C-terminal EGFP tag were transfected into MN-1 cells, stained with DAPI
(to visualize the nuclei) and visualized via confocal microscopy after merging EGFP and
DAPI images. Similar to wild-type KARS, L133H KARS and I302M KARS are
localized diffusely throughout the cytoplasm. Bottoms rows: Constructs expressing
mitochondrial forms of wild-type, L133H, or [302M KARS with a C-terminal EGFP tag
were co-transfected into MN-1 cells along with Mito-DsRed (to visualize mitochondria),
stained with DAPI (to visualize the nuclei) and visualized via confocal microscopy after
merging EGFP, DAPI, and DsRed images. Similar to wild-type KARS, L133H KARS
and [1302M KARS are localized to the mitochondria. The scale bar shown represents 30
um for the cytoplasmic images and 20 um for the mitochondrial images.
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Chapter 2 have not been tested for an effect on aminoacylation activity, however when
the analogous amino-acid to arginine 329 AARS is mutated to an alanine in E. coli, a
~700-fold reduction in bacterial alaS aminoacylation activity is observed (Ribas de
Pouplana et al., 1998). Substitution for a histidine at this position was never tested. We
therefore tested the ability of each human AARS protein variant to catalyze the
aminoacylation reaction in vitro. Human cytoplasmic tRNA*"® was synthesized via in
vitro transcription and used as a substrate for aminoacylation in the presence of tritium-
labeled alanine. Analyses of the catalytic efficiency (k../K,,) of aminoacylation revealed
that N71Y AARS and R329H AARS impaired enzyme activity, resulting in a 4,130-fold
and 50-fold decrease in catalytic efficiency compared to wild-type AARS, respectively
(Fig. 3.3 and Table 3.1). In contrast, E778 A AARS showed catalytic activity similar to
the wild-type enzyme (Fig. 3.3). Thus, the N71Y A4RS and R329H AARS alleles encode

enzyme subunits with reduced charging capacity in vitro.

Because E778A AARS resides within the editing-domain of the AARS enzyme, we
sought to determine if E778A AARS results in a loss of editing function. We utilized
mis-charged Ser-tRNA”" as a substrate for post-transfer editing in the presence of wild-
type AARS or E778 A AARS and measured the ability of each enzyme to hydrolyze the
incorrectly charged aminoacyl-tRNA. Analysis of E778 A AARS editing activity revealed
Ser-tRNA* hydrolysis comparable to that of the wild-type AARS enzyme (Fig. 3.4).
This is in contrast to the reduced editing activity observed for A734E AARS, an enzyme

Sti/sti

modeling the previously-described editing-defective Aars™"" mutation that causes ataxia

and Purkinje cell loss in affected mice, but not peripheral neuropathy (Fig. 3.4) (Lee et
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Figure 3.3 Aminoacylation Activities of Variant AARS Enzymes. Aminoacylation of
tRNA™* with alanine by AARS enzymes. Analysis of the rate of aminoacylation
(pmole/min/pmole of enzyme) as a function of tRNA concentration for the wild-type
AARS enzyme (red) and the mutants N71Y (blue), and R329H (green), and E778A
(black) after fitting the data to the Michaelis-Menten equation. Values represent the
average of two independent experiments, and error bars indicate the standard deviation.
This work was performed by Reiko Sakaguchi and Ya-Ming Hou at Thomas Jefferson

University.
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Table 3.1 Aminoacylation Kinetics of AARS Protein Variants

kcat /Km
Enzyme K, (mM) Ke(s™) (mM's™)
Wild-type
AARS 0.70 £0.21 0.54 £0.04 0.81 £0.19

N71Y AARS 29+£0.7 0.0006 + 0.0004 0.0002 £ 0.0001
R329H AARS 30+£0.2 0.047 +£0.0001 0.016 +0.001
T5621 AARS 1.3+£03 1.13 +£0.002 0.89+0.19
E778A AARS 0.89 +£0.08 0.53 £0.001 0.60 +£0.05
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Figure 3.4 Effect of AARS Variants on Editing Activity. Deacylation of the incorrectly
charged Ser-tRNA** by the wild-type (red), E778A (black), and the previously-described
AT34E (yellow) AARS enzymes is plotted over time. The uncatalyzed deacylation (the
no-enzyme reaction, indicated in orange) was run in parallel as a control for background
hydrolysis. Values represent the average of two independent experiments, and error bars
indicate the standard deviation. This work was performed by Reiko Sakaguchi and Ya-
Ming Hou at Thomas Jefferson University.
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al., 2006; Stum et al., 2011). These data indicate that E778 A A4RS does not lead to

diminished editing activity in vitro.

Lys

KARS is a bifunctional ARS enzyme that catalyzes the aminoacylation of tRNA™" in the

cytoplasm and mitochondria. We investigated the ability of each cytoplasmic KARS

variant to catalyze the aminoacylation reaction in vitro. Human tRNA™®

was synthesized
by in vitro transcription and used as the substrate for aminoacylation. Analysis of the
catalytic efficiency (kc./Km) of aminoacylation showed that the T623S KARS (modeling
a common polymorphism) and [302M KARS variants maintain normal catalytic activity,
indicating that these variants do not negatively affect aminoacylation (Table 3.2). In
contrast, L133H KARS impairs enzyme activity, resulting in a ~94% reduction in the

catalytic efficiency of aminoacylation relative to the wild-type KARS enzyme (Table 3.2

and Figure 3.5).

Mutant AARS and KARS Proteins do not Allow Cell Growth when Modeled in the S.
cerevisiae Orthologs

Several GARS and YARS mutations have resulted in the inability to support yeast cell
growth when modeled in their respective yeast orthologs (Antonellis et al., 2006;
Jordanova et al., 2006). To further assess for mutation-associated defects in AARS
enzyme function, we modeled each A4RS variant in the Saccharomyces cerevisiae
ortholog ALAI (Table 3.3) and determined the ability of each ALA [ variant to
complement the deletion of the endogenous ALA 1 gene. Using tetrad dissections, we

created a haploid yeast strain, with the endogenous ALA 1 gene deleted (alalA), and
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Table 3.2 Aminoacylation Kinetics of KARS Protein Variants

Enzyme K,@M) k. (s k. /K, (s'uM")  Relative Activity
Wild-type KARS ~ 1.8+09 1420.1 08 |

L133H KARS 58+24 0303 0.05 0.06
1302M KARS 21+x08 27+16 1.3 1.6
T623S KARS 35+0.1 40=x0.7 1.1 14
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Figure 3.5 Effect of L133H KARS on Aminoacylation Activity. Aminoacylation of
tRNA"™* with lysine by KARS enzymes. Analysis of the rate of aminoacylation
(pmole/min/pmole of enzyme) as a function of tRNA concentration for the wild-type
KARS enzyme (blue) and L133H KARS (red) after fitting the data to the Michaelis-
Menten equation. Values represent the average of two independent experiments, and
error bars indicate the standard deviation. This work was performed by Reiko Sakaguchi
and Ya-Ming Hou at Thomas Jefferson University.
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Table 3.3 Human AARS Variants Modeled in the Yeast Ortholog ALAI

Human AARS' Yeast ALAI®

N71Y N75Y
R329H R329H
E778A D771A

' Amino-acid coordinates correspond to GenBank accession number NP_001596.2
*Amino-acid coordinates correspond to GenBank accession number NP_014980.1
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viability maintained via addition of a wild-type copy of ALAI on a URA3-bearing
plasmid (pRS316). Experimental (wild-type and mutant) ALA [ alleles were generated on
a LEU2-bearing vector (pRS315) and transformed into the strain described above. The
ability of each ALA1 variant to rescue the alalA strain was evaluated by analysis of
growth on solid media containing 5-fluoroorotic acid (5-FOA). The URA3 gene product
is toxic in the presence of 5-FOA and allows selection of yeast strains in which the
maintenance allele has been spontaneously lost (Boeke et al., 1987). Therefore, 5-FOA
selection allows analysis of the effect of the experimental alleles on yeast viability. Two
experimental vectors were prepared for each mutant and five colonies from each
transfection assay were evaluated. An insert-free pRS315 construct was unable to rescue
the alalA allele, whereas wild-type ALAI was able to fully complement the alalA allele
(Fig. 3.6). These data are consistent with 4141 being an essential gene, and the wild-type
experimental ALA1 vector harboring a functional allele, respectively. The E778 A ALAI
allele allowed growth in a manner consistent with wild-type ALA 1. In contrast, N71Y
ALAI and R329H ALAI were unable to rescue the alalA allele. To determine if the
E778A ALAI variant results in a more subtle loss-of-function effect, we evaluated the
growth of the E778A ALA11 haploid strain in liquid media lacking leucine (to select for
the LEU2-bearing pRS315 vector expressing E778 A ALAI) by measuring the optical
density at 600 nm (O.D.g00) over a 24 hour period. These studies failed to reveal an overt
growth defect in the E778A ALAI strain compared to the wild-type ALA1 strain (Fig.
3.7). Combined, these data indicate that N71Y AARS and R329H AARS enzymes

display reduced functional activity when modeled in the S. cerevisiae ortholog ALAI.
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Figure 3.6 Genetic Complementation of ALAI Deletion in S. cerevisiae. Five
representative cultures of each yeast strain (indicated along the top of the figure) were
inoculated and grown on solid growth medium containing 5-FOA. Each strain was
previously transfected with a vector containing no insert (pRS315 Empty), wild-type
ALAI (Wt ALAI), or the indicated mutant form of ALAI that modeled a human AARS
mutation (see Table 3.3). Two independently generated mutant-bearing constructs were
analyzed (indicated as ‘A’ and ‘B’ on the left side of the panel). Before inoculating on 5-
FOA-containing medium, each strain was resuspended in 100-uL. water, then diluted
1:10.
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Figure 3.7 Growth Curve Analysis of the E778 A ALA1 Haploid Strain. Wild-type
and E778A ALAI stains were inoculated in liquid growth media lacking leucine and
allowed to incubate overnight. Each strain was subsequently diluted to O.D.600=0.05 at
time=0. Growth measurements for the wild-type strain (depicted in blue) and for the
E778A ALAI strain (depicted in red) were taken at each time point, as indicated. Error
bars represent the standard deviation of three separate measurements.

94



Disease-associated YARS variants demonstrate a dominant-negative effect when modeled
in the yeast ortholog TYS! (Jordanova et al., 2006). To test N71Y ALAI, R329H ALAI,
and E778A ALAI for a dominant-negative effect, we performed growth curve analysis on
the respective haploid yeast strains (described above) in media lacking leucine and uracil,
before selection on 5-FOA (i.e., strains that harbor two ALA 1 expression constructs:
either two wild-type ALAI constructs, or one wild-type ALA[ construct and one mutant
ALAI construct) (Fig. 3.8). Similar experiments were performed on strains expressing the
R329H ALA1 variant from a strong yeast promoter (ADH1) (Fig. 3.9). No differences
were seen in growth patterns between strains expressing a mutant ALA/ variant and those
expressing wild-type ALAI in either experiment. Therefore, ALA1 mutant enzymes do

not appear to exert a dominant-negative effect on the wild-type enzyme.

To assess KARS mutations for loss-of-function defects in vivo, we modeled each KARS
variant in the yeast ortholog (KRSI; Table 3.4) and determined the effect on yeast cell
viability. A haploid yeast strain with the endogenous KRSI gene deleted (krs/A), and
viability maintained via transformation with a wild-type copy of KRS/ on a URA3-
bearing vector (pRS316), was created using tetrad dissection. Experimental alleles were
generated on a LEU2-bearing vector (pRS315), transformed into the above strain, and
viability was assessed by analysis of yeast growth on 5-FOA media. The wild-type KRS/
vector supported yeast growth, while an insert-free pRS315 construct did not, consistent
with our experimental vector harboring a functional KRS/ allele, and with KRS being an
essential gene, respectively (Fig. 3.10). The L133H KRS! and 1302M KRS! variants

allowed growth in a manner consistent with wild-type KRS!I. In contrast, the Y173SfsX7

95



0.600

0.500
I
]
//A4¢"”¥
0.400
o
o
(o]
o 0.300
O

—o— pRS315 Empty

0.200
- WT
N71Y
0.100
oS — R329H
E778A
0.000
0 5 10 15 20

Time (hr)

Figure 3.8 Growth Curve Analyses Monitoring the Effect of Expressing ALAI
Variants in the Presence of Wild-Type ALAI. Haploid yeast strains (containing a wild-
type ALAI allele on a pRS315 vector) expressing the indicated allele, were inoculated in
liquid growth media, allowed to incubate overnight and diluted to O.D.600=0.05 at t=0.
Growth measurements for strains containing the empty vector (depicted in blue), the
wild-type strain (depicted in red), the N71Y strain (depicted in green), the R329H strain
(depicted in lavender), and the E778 A ALAI strain (depicted in aqua) were taken at each
time point, as indicated. Error bars represent the standard deviation of three separate
measurements.
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Figure 3.9 Growth Curve Analyses Monitoring the Effect of Overexpressing R329H
ALAI in the Presence of Wild-Type ALA1. Haploid yeast strains (containing a wild-
type ALAI allele on a pRS315 vector) overexpressing the indicated allele, were
inoculated in liquid growth media, allowed to incubate overnight and diluted to
0.D.600=0.100 at t=0. Growth measurements for strains containing the empty vector
(depicted in blue), overexpressing the wild-type allele (depicted in red), or
overexpressing the R329H allele (depicted in green) were taken at each time point, as
indicated. Error bars represent the standard deviation of three separate measurements.
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Table 3.4 Human KARS Variants Modeled in the Yeast Ortholog KRS!

Human KARS'  Yeast KRSI?
L133H N103H
Y173S{sX7 H146FfsX12

1302M 1277TM

' Amino-acid coordinates correspond to GenBank accession number NP_001123561.1
*Amino-acid coordinates correspond to GenBank accession number NP_010322

98



Gy
o

g
. . Empty pRS315
En WT KRS
. . V17356sX7 KRST
En 133K KRST
H E 302M KRST

Figure 3.10 Genetic Complementation of KRS1 Deletion in S. cerevisiae.
Representative cultures of the indicated yeast strains were inoculated and grown on solid
growth medium containing 5-FOA. Each strain was previously transfected with a vector
containing no insert (pRS315), wild-type KRSI (WT KRS1), or the indicated mutant form
of KRS that modeled a human KARS mutation (see Table 3.4). Before inoculating on 5-
FOA-containing medium, each strain was resuspended in 100-uL. water then diluted 1:10
or 1:50 in water.
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KRS1 allele did not complement the krs/A allele (Fig. 3.10). To determine if L133H
KRS1I or I302M KRS result in a subtle loss-of-function effect, we evaluated the L133H
KRS and 1302M KRS haploid strains by measuring the growth (O.D.g00) of each strain
in liquid medium lacking leucine, over a period of 72 hours. These studies did not reveal
an overt growth defect for either L133H KRS/ or 1302M KRSI, when compared to the
wild-type KRS strain (Fig. 3.11). Together, these data suggest that Y173SfsX7 KARS is

a null allele when modeled in the yeast ortholog KRS].

To determine if the L133H KRS1, Y173SfsX7 KRS1, and I302M KRS alleles elicit a
dominant-negative effect on the endogenous KRS/ allele, we performed growth curve
analyses on the respective haploid yeast strains (described above) in liquid growth
medium lacking uracil and leucine, before selection on 5-FOA (i.e., strains that harbor
two KRS expression constructs: two wild-type KRS/ construct, or one wild-type KRS1
construct and one mutant KRS/ construct) (Fig. 3.12). No differences in growth rates
between strains expressing a mutant KRS/ variant and those expressing wild-type KRS
were observed. These data suggest that KRS1 mutant enzymes do not exert a dominant-

negative effect on the wild-type KRS1 enzyme.

Discussion

This chapter describes the functional consequences of A4RS and KARS mutations
identified in patients with CMT disease. Here, we present functional data implicating the
N71Y AARS and R329H AARS mutations in CMT2N, and the L133H KARS and

Y 173SfsX7 KARS mutations in CMTRIB. We established that the N71Y 44RS, R329H
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Figure 3.11 Growth Curve Analysis of KRS Haploid Strains. Wild-type, L133H, and
1302M haploid KRS1 stains were inoculated in liquid growth media, allowed to incubate
overnight and diluted to O.D.600=0.100 at time=0. Growth measurements for the wild-
type strain (depicted in blue), the L133H KRS/ strain (depicted in red), and the 1302M
KRS strain were taken at each time point, as indicated. Error bars represent the standard
deviation of three separate measurements.

101



0.700

0.600 1
0.500
S
©. 0400 ——pRS315 empty
()] - WT
o 0-300 Y173SfsX7
—«[133H
0.200 1302M
0.100
0.000+
10 20 30 40

Time (hr)

Figure 3.12 Growth Curve Analyses Monitoring the Effect of Expressing KRS1
Variants in the Presence of Wild-Type KRS1. Haploid yeast strains (containing a wild-
type KRS1 allele on a pRS315 vector) expressing the indicated allele, were inoculated in
liquid growth media, allowed to incubate overnight and diluted to O.D.600=0.05 at
time=0. Growth measurements for strains containing the empty vector (depicted in blue),
the wild-type strain (depicted in red), the Y173SfsX7 strain (depicted in green), the
L133H strain (depicted in lavender), and the 1302M KRS/ strain (depicted in aqua) were
taken at each time point, as indicated. Error bars represent the standard deviation of three
separate measurements.
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AARS, and L133H KARS mutations result in impaired tRNA charging activity in vitro.
While these mutations result in loss of tRNA charging activity, it is important to note that
the aminoacylation assay employed here tests the ability of mutant ARS homodimers to
perform tRNA charging function, as wild-type monomers are not included in the
aminoacylation reaciton. In order to determine if wild-type:mutant ARS heterodimers are
able to effectively charge tRNA, sequential immunoprecipitation of wild-type and mutant
subunits prior to performing the aminoacylation assay is required . These studies will
provide a more accurate assessment of the effect of ARS mutations on the
aminoacylation activity of wild-type:mutant heterodimers in patients with dominant CMT
disease. We were also able to determine that the N71Y AA4ARS, R329H AARS, and

Y 173StsX7 KARS mutations result in the inability to support yeast cell growth. The yeast
viability assay allows for the interrogation of loss-of-function and dominant-negative
effects on yeast growth in vivo. While the yeast viability assay is an excellent model for
determining the effect of ARS mutations in the presence or absence of a wild-type copy
of the ARS gene in question, this assay is unable to aid in the determination of the effects
of ARS mutations on axons. The evaluation of ARS mutations in a multicellular model
system with a well-defined neuronal system is required to fully understand the effects of
ARS mutations on peripheral nerve axons (see Chapter 4). We did not identify
mislocalization defects for any of the ARS mutations analyzed following overexpression
of each mutant ARS protein in the MN-1 cell line. We do not find it surprising that
localization defects were not detected in this assay, as each disease-associated ARS

mutation we identified resulted in a loss-of-function characteristic in aminoacylation
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and/or yeast viability assays. While none of the mutant ARS enzymes evaluated here
result in localization defects, it remains unclear if mutant ARS enzymes mislocalize or
accumulate after several decades of life. Evaluation of the localization of ARS enzymes
in nerve biopsies from patients with CMT disease in the fourth or fifth decade of life or in
the nerves of aged animals from an appropriate model system will be required to fully
evaluate the effect of each disease-associated ARS mutation on localization. Together,
the functional data evaluating the effect of ARS mutations on localization,
aminoacylation, and yeast viability provide further evidence towards the critical role ARS

enzymes play in peripheral nerve health.

The data presented in this chapter also provide evidence for genotype-phenotype
correlations in ARS-related CMT disease. While patients with missense, loss-of-function
AARS mutations display dominant axonal CMT disease with the classical CMT
phenotype (along with variable deafness), the patient with missense and frameshift loss-
of-function K4RS mutations is affected with recessive intermediate CMT disease along
with developmental delay, self-abusive behavior, dysmorphic features, and a vestibular
Schwannoma. Together, these data indicate that patients compound heterozygous for
ARS mutations may have a more severe clinical phenotype compared to patients
heterozygous for ARS mutations. This may be due to a more dramatic loss of
aminoacylation activity in patients compound heterozygous for ARS mutations. Further
mutation screens will be required to determine if additional patients exist with
homozygous or compound heterozygous ARS mutations, and if these patients exhibit

more severe phenotypes.
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To date, four ARS genes have been implicated in CMT disease with an axonal pathology
(GARS, YARS, AARS, and KARS) (Antonellis et al., 2003; Jordanova et al., 2006; Latour
et al., 2010; McLaughlin ef al., 2010). The encoded enzymes are either bifunctional
(GARS and KARS charge tRNA in the cytoplasm and mitochondria), or charge tRNA
specifically in the cytoplasm (YARS and AARS). In the case of A4RS, GARS, and
YARS, the phenotypes are autosomal dominant and the mutations are either missense or
in-frame deletions. In the case of K4ARS, the phenotype appears autosomal recessive and
the mutations identified include a missense change and frame-shift mutation. Each
disease-associated ARS mutation identified to date has been associated with a loss-of-
function, as observed by impaired tRNA charging, the inability to complement deletion
of the corresponding yeast ortholog, and/or abnormal localization of the ARS enzyme
(with the exception of E71G GARS) (Antonellis ef al., 2006; Froelich and First, 2011;
Jordanova et al., 2006; McLaughlin et al., 2012; McLaughlin et al., 2010; Nangle et al.,
2007; Storkebaum et al., 2009; Xie et al., 2007). Importantly, these loss-of-function
characteristics have not been observed upon analysis of non-pathogenic ARS variants
(McLaughlin et al., 2012; McLaughlin ef al., 2010). Combined, these observations
suggest that there is an impaired tRNA charging component to the pathophysiology of
ARS-related CMT disease. It is possible that ARS mutations lead to a reduction in
aminoacylation activity at a level that breaches a threshold required by peripheral

neurons, particularly those with long axons.
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The data presented herein are consistent with two molecular mechanisms by which an
aminoacylation threshold could be breached in peripheral nerve axons: a dominant-
negative effect, in which mutant ARS monomers dimerize with, and antagonize wild-type
ARS monomers, and a severe loss of aminoacylation activity, caused by loss-of-function
and null mutations working in concert within the same patient. A dominant-negative
effect could be the pathogenic mechanism resulting from AARS, GARS, and YARS
mutations. The presence of wild-type and mutant ARS monomers in a single patient
would lead to three species of ARS dimers, including wild-type:wild-type, wild-
type:mutant, and mutant:mutant. In the event that the wild-type:mutant, and
mutant:mutant dimers are non-functional, a dominant-negative effect could reduce
charging capacity to <33% to that of wild-type. A dominant-negative effect is supported
by findings that: (1) the majority of ARS-related CMT phenotypes are dominant; (2)
most ARS mutations are missense amino-acid changes; (3) all ARS enzymes implicated
in CMT dsease to date act as oligomers; and (4) haploinsufficiency of Gars does not
cause axonopathy in a Gars mouse model (Antonellis et al., 2003; Jordanova et al., 2006;
Latour et al., 2010; McLaughlin ef al., 2012; McLaughlin et al., 2010; Seburn et al.,
2006). The presence of loss-of-function and null mutations in a single patient illustrates
another genetic mechanism by which ARS mutations may lead to a breach in the required
level of aminoacylation activity in PNS axons. BAB564, a compound heterozygous
patient with loss-of-function and null mutations, is predicted to suffer from a severe
depletion of Lys-tRNA™*, These two mutations may mimic a dominant-negative effect

by severely reducing aminoacylation activity at the enzymatic level. Together, GARS,
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YARS, AARS, and KARS mutations indicate that breaching an aminoacylation threshold

required by peripheral neurons may be a central component to ARS-related CMT disease.

While the data presented here provide in vitro and in vivo evidence that defective tRNA
charging may be a central component to ARS-related peripheral neuropathy, we cannot
rule out toxic gain-of-function, abnormal axonal transport, a loss of a yet undiscovered
neuronal-specific secondary function, or interplay between these various pathogenic
mechanisms. Moving forward, it will be important to further interrogate the functional
effects of GARS, YARS, KARS, and AARS mutations, especially in the context of the
axon, to aid in the determination of the precise molecular pathology by which these
mutations lead to CMT disease. The next chapter of this thesis focuses on the
determining the effect of expressing a mutant ARS enzyme in the neurons of a multi-

cellular model system.
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CHAPTER 4

A C. elegans Model System for Assessing ARS-Mediated Neurotoxicity

The data presented in this chapter is currently being prepared for a future manuscript and
has not been published. Without exception, the author performed all of the work
presented in this chapter. Asim Beg provided worm strains, laboratory supplies, technical

assistance, and instruction for all of the assays in this chapter.

Introduction

This thesis highlights the role of aminoacyl-tRNA synthetase (ARS) gene mutations in
patients with CMT disease. Mutational analyses of the 37 genes encoding ARS enzymes
continue to produce potentially novel variants with unknown pathogenic consequences.
Many of these variants occur in sporadic cases, or in families where limited genetic
information is available, making it difficult to implicate these variants on a genetic basis.
Furthermore, the localization, aminoacylation, and yeast viability assays we currently
employ to assess for aminoacylation defects are not capable of determining the effect of
ARS mutations in the context of the axon, which is problematic given that each disease-
associated ARS mutation discovered to date results in an axonal CMT phenotype.
Together, these obstacles present the need for a rapid, tractable, in vivo model system
capable of distinguishing between pathogenic and non-pathogenic variants in axons.

Creation of this model system will aid in the evaluation of the pathogenicity of newly
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identified ARS variants, and will provide a platform for discovering proteins and

pathways involved in ARS-related peripheral neuropathy.

Here, we utilize a Caenorhabditis elegans model system as a resource for studying the
pathogenicity of ARS mutations in neurons. The C. elegans model system possesses
several noteworthy features including: a short, definitive life-span; the ability to express
transgenes in single or multiple copies; a well characterized, non-myelinated neuronal
system allowing for specific interrogation of axonal defects; and the ability to
synchronize a population of worms to definitive developmental stages for the purpose of

teasing out developmental versus degenerative deficits.

To validate the use of C. elegans as model system for evaluating ARS-related peripheral
neuropathy, we chose to create a worm model assessing the R329H 44RS mutation and
the G931S AARS polymorphism in the C. elegans ortholog ars-2. The R329H AARS
mutation is the most common CMT-associated ARS mutation identified to date, having
been discovered in three unrelated families with CMT2N (Chapter 2), and results in loss-
of-function defects in both aminoacylation and yeast viability assays (Chapter 3) (Latour
et al., 2010; McLaughlin ef al., 2012). The G931S AARS variant is a common
polymorphism, present at a frequency of 0.0099 in the NINDS cohort (see Table 2.1),
that fully supports yeast cell growth (data not shown). Because Arg329 and Gly931 are
conserved in C. elegans, we utilized the C. elegans ortholog ars-2 to create transgenic
worm strains overexpressing either wild-type ars-2, R329H ars-2, or G9318S ars-2 in

GFP-positive y-aminobutyric acid (GABA)ergic neurons.
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The GABAergic nervous system consists of 26 GABAergic neurons, including 19
inhibitory (D-type) GABA motor neurons that project commissural axons from neuronal
cell bodies on the ventral side of the worm to the dorsal nerve cord. The D-type GABA
neurons are composed of 6 DD and 13 VD motor neurons, which innervate the dorsal and
ventral body wall muscles in the adult worm, respectively. The D-type GABA motor
neurons are required for proper locomotor function; when acetylcholine (ACh) release
results in contraction of the body wall muscle on one side of the worm, GABA release
results in relaxation on the other side of the worm, allowing the worm to bend. The C.
elegans nervous system allows for simplified interrogation of morphological defects and
motor nerve function, and has previously been used to evaluate other neurodegenerative
disorders including Parkinson's diseases, Alzheimer's disease, amyotrophic lateral
sclerosis and Huntington’s disease (Calahorro and Ruiz-Rubio, 2011; Dimitriadi and

Hart, 2010).

To assess for neurotoxic effects associated with R329H ars-2, we will visualize the
GABAergic neuron morphology of each strain in adult and developing worms, and
determine the effect of each ars-2 allele on thrashing behavior. Based upon the dominant
inheritance pattern identified in patients with CMT2N, and the fact that most patients
affected with CMT2N report clinical symptoms in their mid-20’s, we expect R329H ars-
2 to act in a dominant manner over endogenous ars-2 alleles, and to result in a
degenerative defect in GABAergic commissural axons; that is, we expect commissural

axons to form normally during development and subsequently degenerate in older, adult
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worms. We also hypothesize that overexpression of R329H ars-2 will result in deficits in

GABA motor neuron activity, leading to a reduction in thrashing behavior.

The creation of a C. elegans model system for assessing the toxicity of ARS mutations in
neurons will allow us to monitor the morphological and motor consequences of ARS
mutations in GABA commissural axons. This model organism will be validated using
pathogenic and non-pathogenic ARS variants and will aid in determining the
pathogenicity of potentially novel ARS variants identified in patients with CMT disease
in the future. Importantly, this model system will also provide a platform for further
investigation of the overarching functional mechanisms of ARS-related peripheral

neuropathy.

Materials and Methods

cDNA Cloning and Mutagenesis

The C. elegans ars-2 coding region was PCR amplified using L4 C. elegans cDNA and
PCR primers containing flanking a#/B1 (forward) and a#/B2 (reverse) sequences to allow
cloning into the pPDONR221 vector using BP clonase (Invitrogen, Carlsbad, CA)
(Appendix A8). Mutant and polymorphic clones were generated using the Quickchange II
XL mutagenesis kit (Agilent, Santa Clara, CA) along with appropriate mutation bearing
oligonucleotides (Appendix A9). Subsequently, the ars-2 locus was subcloned into a
gateway-compatible vector downstream of the glutamic acid decarboxylase gene (unc-
25) promoter and upstream of the nucampholin gene (/et-858) termination signal (Jin et

al., 1999). All constructs were verified by fully sequencing the open reading frame.

111



Propagation and Maintenance of Worm Strains

All C. elegans strains were maintained on nematode growth medium (NGM) agar [3g
NacCl, 17g bacto-agar, 2.5g bacto-peptone, and 1mL cholesterol in 1L H,O]. NGM plates
were seeded with 500-ul OP50 bacteria and allowed to grow overnight at room
temperature before use. The ox/s-12 strain, which expresses GFP under the direction of
the GABA vesicular transporter gene (unc-47) promoter [Punc-47::GFP], was used as the
parental strain for all experiments in this chapter (Mclntire et al., 1997). The oxIs-12
strain was routinely maintained by chunking, the process of removing a chunk of agar
from an exhausted plate of worms and placing it on a new seeded NGM plate.
Experimental worm strains were selected with the use of a co-injected pharyngeal marker
which expresses mCherry under the direction of the myosin-3 gene (myo-3) promoter
[Pmyo-3::mCherry]. Pmyo-3::mCherry expression is limited to the pharynx, and therefore
does not compromise interrogation of GABAergic motor neurons. Maintenance of
experimental strains was achieved by alternating chunking with the enrichment of Pmyo-
3::mCherry-positive worms (i.e., worms with a red pharynx). Experimental strains were
enriched by transferring 10-20 positive worms to new plates and allowing the worms to

produce offspring.

Microinjection
A Koehler illuminated Leica DMI6000B microscope (Leica Microsystems Inc., Buffalo
Grove, IL) fitted with a N, gas controlled micromanipulator set at 30 psi was used for all

microinjection procedures. A 10-ul injection mixture consisting of 1ug of either wild-
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type, R329H, or G931S Punc25::ars-2::Tlet858 and 25ng of Pmyo3::mCherry was
prepared and loaded into a glass capillary needle. The needle was loaded onto the
micromanipulator and broken to allow flow through the needle. Young adult ox/s-12
worms were immobilized in halocarbon oil on a dried 2% agarose bed. The injection
needle, positioned at a 45° angle towards the syncytial gonad arm of the worm, was used
to penetrate the gonad and deliver the DNA solution until the gonad became flooded with
the DNA mixture. The needle was subsequently removed and a drop of M9 buffer [5.8
grams Na;HPOg, 3 grams KH,PO4, 0.5 grams NaCl, and 1 gram of NH4Cl in 1L H,0]
was placed on top of the worm. The worm was removed from the buffer and placed onto
a 60 mm seeded NGM agarose plate and allowed to recover for 1 hour. Each injected Fy
worm was then placed on a separate 35 mm seeded NGM plate and allowed to give rise
to F; progeny. The F; progeny were scored for the presence of a red pharynx, indicating
successful transmission of the Pmyo3::mCherry marker. Positive F; progeny were placed
on separate 35 mm seeded NGM plates and allowed to give rise to F, progeny. Two

positive F, worms were used to generate stable transgenic lines for each genotype.

Synchronization and Aging of Worms

Synchronization of worms was achieved via the addition of 2 mL M9 buffer to a plate of
worms at ~50% capacity. After gently swirling the plate, all worms were discarded by
aspirating the M9 buffer from the plate. Any remaining worms were removed using a
sterile pick. This process leaves only embryos behind, which are then allowed to develop
further. Synchronization was used to generate worms at three larval stages: larval stage 1

(L1), larval stage 2 (L2), and larval stage 3 (L3). L1 worms were allowed to develop 9
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hours after synchronization, L2 worms were allowed to develop 21 hours after
synchronization, and L3 worms were allowed to develop 29 hours after synchronization.
Before the gonads are completely developed, at larval stage 4 (L4), the vulva appears as a
distinct white crescent moon shape and is devoid of oocytes. Therefore, L4 worms were
chosen by the absence of eggs in the gonad. One-day-old (1D) adult worms were
generated by allowing L4 worms to develop for ~24 hours, while four-day-old (4D) adult

worms were generated by allowing L4 worms to develop for ~96 hours.

Confocal Microscopy and Image Analysis

Representative confocal images of each worm strain were obtained using a Nikon A1R-
A1 confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL) to produce a
series of z-stack images for each worm. Each series of images was used to create a

maximum z-stack projection using Image J software (Abramoft et al., 2004).

GABA Neuron Phenotyping

The oxIs-12 and experimental strains were scrutinized for gross morphological defects by
analyzing GFP-positive GABA neurons in each strain using a Leica DMI16000B
microscope (Leica Microsystems Inc., Buffalo Grove, IL). Morphological defects were
defined as failure of the commissural axon to reach the dorsal nerve cord, horizontal
branching of the commissural axon, and discontinuation of the GABAergic dorsal nerve

cord.

Thrash Assays

114



Well-fed worms of the desired stage were placed into 80-ul room temperature M9 buffer
in individual wells of a 96-well microtiter plate containing 100-pul solidified 1% agar at
the bottom of each well. Each worm was allowed to equilibrate in the buffer for 2
minutes followed by 2 minutes of imaging. Worms were filmed using a 2 Megapixel
Leica DFC340 FX camera attached to a Leica M165 C microscope (Leica Microsystems
Inc., Buffalo Grove, IL), which captured 8-bit resolution images at 1 frame ms™ using
Leica Application Suite Advanced Fluorescence imaging software. Movies were stored in
audio video interleave (AVI) format and analyzed at 2X speed using QuickTime Player.
A thrash was counted anytime the head of the worm crossed the mid-line axis. Excel was
used to record the number of thrashes during each two-minute period, and these counts
were used to obtain a mean one-minute thrash count. The Student’s t-test was used to

determine if there was a mean difference in the number of thrashes amongst genotypes.

Results

R329H ars-2 Leads to Morphological Defects in GABAeric Motor Neurons

As outlined in the introduction, the C. elegans GABA nervous system consists of 26
GABA neurons, including 19 inhibitory (D-type) GABA motor neurons (Figure 4.1). The
D-type GABA commissural axons project from neuronal cell bodies, located on the
ventral side of the worm, to the dorsal nerve cord, and are composed of 6 DD and 13 VD
motor neurons, which innervate the dorsal and ventral body wall muscles in the adult

worm, respectively (Figure 4.1).
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Figure 4.1 The C. elegans GABA Nervous System. A schematic drawing of the 26
GABAergic neurons. The pharynx is depicted in green with the anterior side of the worm
facing left and the dorsal side of the worm facing up. The non-inhibitory GABA neuronal
cell bodies are depicted in orange (4 RMEs, AVL, RIS, and DVB) while the 19 inhibitory
(D-type) GABA neuronal cell bodies are depicted in blue with their commissural axons
projecting ventral to dorsal.
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We sought to determine if overexpression of R329H ars-2 in C. elegans GABAergic
motor neurons would have an effect on the morphology of D-type commissural axons.
Therefore, we cloned wild-type ars-2, R329H ars-2, and G931S ars-2 (a non-pathogenic
variant with a frequency of 0.0099 in the NINDS cohort; see Table 2.1) downstream of
the glutamic acid decarboxylase gene (unc-25) promoter and injected each construct into
oxIs-12 worms (Table 4.1) (Jin et al., 1999). The oxIs-12 strain is a C. elegans strain with
an integrated transgene that expresses GFP under the control of the GABA vesicular
transporter gene (unc-47) promoter, allowing for visualization of all GABA neurons and
their commissures (Mclntire et al., 1997). We analyzed all 19 D-type motor neurons,
along with the dorsal and ventral nerve cords in each strain, to assess for gross
morphological abnormalities using fluorescence microscopy. Overexpression of wild-
type ars-2 and G931S ars-2 resulted in GABAergic neuronal morphology comparable to
oxIs-12 worms (Figure 4.2). Specifically, the dorsal and ventral nerve cords were both
intact and each D-type GABA commissural axon projected from its neuronal cell body on
the ventral side of the worm and spanned to the dorsal nerve cord. In contrast,
overexpression of R329H ars-2 led to significant GABA motor neuron morphological
defects including failure to reach the dorsal nerve cord, horizontal branching, and
discontinuation of the GABAergic dorsal nerve cord (Figures 4.2 and 4.3). To quantify
the percentage of R329H ars-2 worms that exhibited these defects, we imaged 100
worms from each genotype at larval stage 4 (L4), one-day-old adult (1D), and four-day-
old adult (4D) developmental stages. While =230% of R329H ars-2 worms displayed
abnormal GABA motor neuron morphological phenotypes at all stages examined, ox/s-

12, wild-type ars-2, and G931S ars-2 worms rarely displayed any morphological defects
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Table 4.1 Human AARS Variants Modeled in the C. elegans Ortholog ars-2

Human AARS' C. elegans ars-2*
R329H R329H

GI931S G935S

' Amino-acid coordinates correspond to GenBank accession number NP_001596.2
*Amino-acid coordinates correspond to GenBank accession number NP_491281 .1
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Figure 4.2 Phenotyping of Punc-25::ars-2::Tlet-858 Worms. Confocal images of
representative animals from each strain are depicted with the anterior side of the worm
facing left and the dorsal side of the worm facing up. A: Control oxIs-12 (Punc-47::GFP)
animals display a stereotypical pattern featuring prominent neuronal cell bodies along the
ventral nerve cord projecting GABA commissural neurons to the dorsal spinal cord.
Overexpression of each ars-2 variant, under control of the unc-25 promoter, was
performed in an oxIsI2 background. B, C: Animals expressing both wild-type ars-2 and
G9318S ars-2 display neuronal processes similar to ox/s-12 worms. D: Conversely,
expression of R329H ars-2 leads to abnormal axonal branching (arrowheads) and
thinning of the dorsal nerve cord (arrow). The scale bar represents 100 um.
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Figure 4.3 R329H ars-2 Overexpression Leads to Abnormal GABAergic Axon
Morphology. Confocal images of Punc-25::R329H.ars-2::Tlet-858 animals are depicted
with the anterior side of the worm facing left and the dorsal side of the worm facing up.
A, B: Worms overexpressing R329H ars-2 frequently display abnormal commissural
axonal phenotypes denoted by horizontal axonal branching (arrowheads) and
discontinuation of the dorsal nerve cord (arrows). Scale bars represent 100 um.
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Table 4.2 Abnormal GABAeric Neuronal Morphology

Developmental Stage

Genotype L4 1D 4D

oxls-12 0/100 0/100 2/100
wt ars-2 1/100 3/100 1/100
R329H ars-2 30/100 33/100 35/100
G931S ars-2 0/100 0/100 1/100
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Figure 4.4 Quantification of Abnormal GABAergic Phenotypes. A total of 100
worms from each developmental stage were scored for the presence of abnormal
GABAergic axon morphology and percentages of worms with abnormal GABAergic
processes were calculated. While ox/s-12, wild-type (WT) ars-2, and G931S ars-2 worms
rarely presented abnormal phenotypes, ~30-35% of R329H ars-2 worms displayed
abnormal GABA commissural axons at larval stage 4 (L4), one day adult (1D), and four
day adult (4D) developmental stages.
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(Table 4.2 and Figure 4.4). These data indicate that R329H ars-2 has a dominant

neurotoxic effect on axonal morphology.

R329H ars-2-Induced Morphological Defects Appear During GABA Neuron Remodeling
Degeneration of peripheral nerve axons is a cardinal sign of axonal CMT disease, and
often leads to subsequent muscle weakness and wasting. We sought to determine if the
abnormal GABAergic neuronal morphology we discovered in the R329H ars-2 worms is
the result of a developmental defect (where the commissural axons fail to form correctly
during development) or a degenerative defect (where the commissural axons form normal
synapses but then degenerate). The first D-type motor neurons to form in the worm are
the 6 DD neurons, which appear embryonically (Mclntire ef al., 1993b). During larval
stage L1, 14 VD neurons develop and the 6DD neurons innervate the ventral body wall
muscles (Jin et al., 1994; White ef al., 1978). While the 14 VD synaptic outputs remain
unchanged throughout the life of the animal, the 6 DD neurons undergo a dramatic
remodeling of synaptic outputs to innervate dorsal body wall muscles during larval stage
L2 to adult, allowing the DD and VD motor neurons to adopt opposite synaptic outputs in

the adult worm (Hallam and Jin, 1998; Petersen et al., 2011; White ef al., 1978).

To determine if the abnormal GABAergic neuronal morphology is a result of a
developmental or a degenerative defect, we analyzed 100 worms from each larval stage
(L1-L4). The oxIs-12, wild-type ars-2, and G9318S ars-2 worms failed to show overt
morphological abnormalities at any larval stage. That is, each strain had 6 normally

developed DD neurons at larval stage L1, and 19 normally developed D-type neurons at
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Table 4.3 Abnormal GABAergic Axon Morphology at Larval Stages

Developmental Stage

Genotype L1 L2 L3 L4
wt ars-2 0/100 0/100 0/100 1/100
R329H ars-2 | 0/100 0/100 13/100 30/100
G931S ars-2 | 0/100 0/100 0/100 0/100
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Figure 4.5 Quantification of Abnormal GABAergic Axon Morphology in Larval
Stage Worms. A total of 100 worms from each developmental stage were scored for the
presence of abnormal GABAergic axon morphology and percentages of worms with
abnormal GABAergic processes were calculated. Wild-type (WT) ars-2 and G931S ars-2
worms rarely presented abnormal axon morphology at larval stages LL1-L4. Conversely,
abnormal axonal morphology began to appear at larval stage L3 in R329H ars-2 worms,
and reached 30% by larval stage [.4.

125



larval stage L2 (Table 4.3 and Figure 4.5). While the R329H ars-2 worms correctly
formed 6DD neurons by larval stage L1, and 19 D-type neurons by larval stage L2, we
began to notice the same morphological abnormalities we identified in adult R329H ars-2
worms at larval stage L3, with 13% of worms being affected (Table 4.3 and Figure 4.5).
By larval stage L4, these morphological defects were present in 30% of the worms

affected (Table 4.3 and Figure 4.5).

Interestingly, the R329H ars-2 morphological abnormalities seem to appear during the
time when the 6DD neurons undergo remodeling, a process in which the DD neurons
remove their synaptic outputs from the ventral body wall muscles in order to innervate
the dorsal body wall muscles, suggesting the 6DD neurons undergo degeneration during
the remodeling process. However, upon further analysis of the affected GABA neurons,
we were able to conclude that the DD and VD GABA neurons are equally affected,
making it unlikely that the 6 DD neurons are exclusively undergoing degeneration (data
not shown). Given these data, it is difficult to distinguish between a pure developmental

phenotype and a degenerative phenotype in the R329H ars-2 worms at this time.

R329H ars-2 Worms Display Normal Motor Neuron Function

In C. elegans, locomotion is achieved via sinusoidal body movements, made possible by
the reciprocal inhibition of ventral and dorsal body wall muscles (Mclntire et al., 1993a).
During reciprocal inhibition, acetylcholine (ACh) release results in contraction of the
body wall muscle on one side of the worm and stimulates GABA release on the other side

of the worm, leading to relaxation. This process occurs in a reciprocal fashion
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Figure 4.6 Reciprocal Inhibition. The classical sinusoidal movement of C. elegans is
achieved by reciprocal inhibition of the body wall muscles and is facilitated by GABA
(blue) and ACh (green) motor neurons. The DD and VD GABA motor neurons synapse
to the dorsal and ventral body wall muscles, respectively. In addition to forming a
synapse with the ventral and dorsal body wall muscles, the cholinergic motor neurons
also send inputs to the GABAergic motor neurons. ACh release leads to contraction of
the body wall muscle on one side of the worm and stimulates GABA release on the other
side of the worm, leading to relaxation. This process occurs in a reciprocal fashion
contralaterally, causing the body to bend. Adapted from: Schuske, et al., 2004.
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contralaterally, causing the body to bend (Figure 4.6). The thrash assay, which measures
the number of thrashes (i.e., the number of times the head of the worm crosses the mid-
line axis) a worm completes over a period of time when placed in a drop of liquid, is
often used as a proxy for evaluating motor function in C. elegans (Tsalik and Hobert,
2003). Because thrashing requires reciprocal inhibition, it is also a direct test of the

function of GABAergic motor neurons.

We utilized the thrash assay to evaluate GABA motor neuron function in 15 worms from
each genotype at L4, one-day-old (1D) adult, and four-day-old (4D) adult stages. We
counted the number of thrashes over two-minute time intervals and obtained mean one-
minute thrash counts for each worm. We did not identify a statistically significant
difference between the mean number of thrashes in wild-type ars-2 and G931S ars-2
worms at any stage (Figure 4.7). However, there was a noticeable trend towards reduced
thrashing rates for R329H ars-2 worms at all stages examined, and there was a
statistically significant difference in the mean number of thrashes between wild-type ars-

2 and R329H ars-2 worms at the one-day-old adult stage (Figure 4.7).

While evaluating the thrashing data, we noticed that the standard errors of the mean
number of thrashes for R329H ars-2 worms were elevated when compared to the
standard errors of the other genotypes (Figure 4.8). Therefore, we questioned whether the
R329H ars-2 worms consisted of two distinct thrashing populations, corresponding to
worms that had phenotypically abnormal GABAergic neurons (“affected” worms) and

worms that had phenotypically normal GABAergic neurons (‘“unaffected” worms). We
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Figure 4.7 Analysis of Thrashing Behavior in ars-2 Transgenic Worms. Fifteen
worms from each genotype and each developmental stage were analyzed for thrashing
behavior. The developmental stage assayed is indicated below each series of data in the
column chart. Motor function is significantly reduced in R329H ars-2 1-day-old adult
worms, but not at any other stage. Error bars indicate + S.EM., P < 0.001.
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Figure 4.8 Scatter Plots for Thrash Counts in 4-Day-Old Adult Worms. Thrash
counts for each of 15 4-day-old adult worms are depicted for each genotype in the form
of light blue diamonds. The red line denotes the mean thrash count for each genotype.
Unlike thrash counts for oxIs-72, wild-type ars-2, and G931S ars-2 worms, thrash counts
for R329H ars-2 worms show substantial scatter around the mean.
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hypothesized that the abnormal GABAergic neuronal architecture in the affected R329H
ars-2 worms led to reduced thrashing rates, while R329H ars-2 worms with normal
GABAergic neuronal morphology exhibited thrashing rates compared to that of wild-type
ars-2 worms. To test this hypothesis, we repeated the thrashing experiment in four-day-
old R329H ars-2 adult worms and separated the worms into two groups: affected and
unaffected. While the mean number of thrashes was reduced in affected R329H ars-2
worms compared to all other genotypes, there was not a statistically significant difference
between the mean number of thrashes in affected R329H ars-2 worms and wild-type ars-
2 worms (Figure 4.9). Furthermore, there was no difference in the mean number of
thrashes between affected R329H ars-2 worms and unaffected R329H ars-2 worms
(Figure 4.9). Together, these data indicate that GABAergic motor neuron function is not

severely affected in R329H ars-2 wormes.

Discussion

Described here is the creation of a C. elegans model system of R329H 44RS-related
peripheral neuropathy. Overexpression of R329H ars-2, but not wild-type ars-2 or
(9318 ars-2, leads to overt morphological GABAergic neuronal phenotypes including
failure of axonal commissures to reach the dorsal nerve cord, horizontal branching of
axonal commissures, and discontinuation of the GABAergic dorsal nerve cord. These
data indicate that R329H ars-2 is dominantly toxic to GABAergic axons in vivo. While
these morphological abnormalities do not result in a statistically significant reduction of
thrashing behavior in aged R329H ars-2 worms, we did notice that there was an overall

reduction in the mean number of thrashes in R329H ars-2 worms at all developmental
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Figure 4.9 Analysis of Thrashing Behavior in 4-day-Old Adult Affected and
Unaffected R329H ars-2 Transgenic Worms. Fifteen worms from each genotype and
each developmental stage were analyzed for thrashing behavior. R329H ars-2 worms
were further divided into two categories: affected (e.g. worms with abnormal neuronal
morphology) and unaffected (e.g. worms with normal neuronal morphology) worms.
Motor function is not significantly reduced in either the unaffected or affected R329H
ars-2 strains. Error bars indicate + S.E.M..
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stages examined. Although not quantifiable, we also noticed that if the R329H ars-2
worms, in particular, were not routinely enriched, the strains would rapidly cease to yield
positive progeny, indicating that the R329H ars-2 transgene could be slightly unstable or

that it imparts some level of lethality.

Patients with CMT2N exhibit a neurodegenerative phenotype characterized by
progressive muscle weakness and wasting and diminished deep tendon reflexes (Latour et
al.,2010; Lin et al., 2011; McLaughlin et al., 2012). While we weren’t able to
unequivocally determine whether the morphological defects we discovered in the R329H
ars-2 GABAergic motor neurons occur in response to a developmental or degenerative
defect, we were able to confirm that these defects appear at larval stage .3 and are
maximal by larval stage L4. Moving forward, it will be important to further investigate
developmental versus neurodegenerative involvement in the R329H ars-2 worms. Time-
lapse studies of GABAergic neurons, monitoring the extension of the growth cone from
larval stage L2 to larval stage L4, may help determine if the commissural neurons form
normally during development. In addition, laser ablation of single GABAergic neurons in
R329H ars-2 worms, followed by time-lapse imaging, will allow for interrogation of
neuronal regeneration after axonal damage. Together, these experiments will help to tease
out whether R329H ars-2 results in a developmental defect, a neurodegenerative defect,

or a combination of both.

The R329H ars-2 worm model was created to aid in the assessment of the pathogenicity

of novel ARS variants in patients with CMT disease. Importantly, we were able to
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confirm that this model system is able to distinguish between pathogenic and non-
pathogenic variants affecting amino acids conserved between human and worm. This
worm model was recently utilized to evaluate a p.Arg137GIn (R137Q) histidyl-tRNA
synthetase (HARS) gene mutation in the C. elegans ortholog hars-1. Like the R329H ars-
2 worms, worms overexpressing R137Q hars-1 exhibited overt GABAergic neuronal
abnormalities including failure of GABAergic commissures to reach the dorsal nerve
cord, axonal beading, and discontinuation of the GABAergic dorsal nerve cord (Vester, et
al. In Preparation). Moreover, while larval stage L4 and one-day-old adult worms
displayed thrashing behavior comparable to wild-type hars-1 worms, four-day-old adult
worms exhibited a statistically significant difference in the mean number of thrashes
(Vester, et al. In Preparation). These data suggest that R137Q hars-1 results in
progressive deterioration of motor neuron function and further highlights the utility of the

C. elegans model system in determining the pathogenicity of novel ARS alleles.

In addition to utilizing the C. elegans model to evaluate novel ARS mutations, it will also
be prudent to further characterize this model and use it as a platform for interrogating
other aspects of ARS-related peripheral neuropathy. The C. elegans model employed in
this chapter was created using extensive overexpression of ars-2 alleles specifically in
GABAergic motor neurons. It would be interesting to determine the effect of expressing
R329H ars-2 in a larger subset of neurons. For example, the vesicular acetylcholine
transporter gene (unc-17) promoter could be utilized to overexpress R329H ars-2 in the
120 acetylcholinergic neurons (Alfonso et al., 1993). It would also be interesting to create

a model that accurately represents heterozygosity for a mutant R329H ars-2 allele. For
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example, insertion of a single copy of R329H ars-2 into an ars-2"" worm would
effectively create a heterozygous R329H ars-2 worm. Worm strains with increasing
copies of R329H ars-2 could then be generated to see if increased dosage of the mutant
allele leads to more severe morphological and functional phenotypes. Finally, performing
enhancer and/or suppressor screens may aid in the identification of other genes and/or

pathways involved in ARS-related peripheral neuropathy.

In summary, C. elegans has proven to be a relevant model system for evaluating the
effect of ARS mutations in GABAergic neurons. Utilizing the disease-associated R329H
ars-2 mutation, we have demonstrated that a mutant ARS enzyme can lead to
morphological defects in GABA motor neurons. This C. elegans model system created
here will allow for the interrogation of ARS variants of unknown pathogenicity, and may
serve as a platform for dissecting the functional mechanism(s) of ARS-related peripheral

neuropathy in the future.
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CHAPTER 5

Summary, Future Directions, and Discussion

Summary of Dissertation Findings

In this concluding chapter I will summarize the important findings of my thesis work and
explain how these results demonstrate the vital role aminoacyl-tRNA synthetases play in
peripheral nerve health and maintenance. Prior to this dissertation, mutations in two
genes encoding ARS enzymes were implicated in peripheral neuropathy, leading us to
consider all ARS genes as potential candidates for CMT disease (Antonellis ef al., 2003;
Jordanova et al., 2006). Here, we present the genetic and functional evaluation of
mutations discovered in the alanyl-tRNA synthetase (44RS) and lysyl-tRNA synthetase
(KARS) genes in patients with CMT2N and CMTRIB, respectively. CMT2N is
characterized by age of onset in the early 20’s, MNCVs in the intermediate range,
progressive gait difficulty, foot drop, pes cavus, hammer toes, and variable sensorineural
deafness. Conversely, the patient we identified with CMTRIB exhibited MNCVs in the
intermediate range, developmental delay, self-abusive behavior, dysmorphic features, and
a vestibular Schwannoma. We discovered the N71Y A4ARS and R329H 4A4RS mutations
in two patients with CMT2N (McLaughlin ez al., 2012). We determined that the R329H
AARS mutation likely results from deamination of a methylated CpG dinucleotide. In
addition, we identified the L133H KARS and Y 173SfsX7 KARS mutations in a compound

heterozygous patient with CMTRIB (McLaughlin et al., 2010). Each of the mutations
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affect conserved amino-acid residues and is absent in neurologically normal control
populations. While none of the mutations lead to overt mislocalization when expressed in
cultured neuronal cells, the N71Y AARS, R329H AARS, and L133H KA4ARS mutations all
lead to impaired aminoacylation activity in vitro, and the N71Y AARS, R329H AARS, and
Y 173StsX7 KARS mutations lead to severe growth defects when modeled in their
respective S. cerevisiae orthologs (McLaughlin et al., 2012; McLaughlin et al., 2010).
Together, these data further highlight the important role of ARS enzymes in peripheral
neurons and support the continuing study of this class of enzymes in patients with

peripheral neuropathy.

Ongoing mutational analyses of the 37 genes encoding ARS enzymes continue to
produce potentially novel variants with unknown pathogenic consequences. To develop a
platform for assessing these novel ARS variants, we created a C. elegans model system
assessing the most common ARS mutation identified to date (R329H AA4RS) in the AARS
ortholog ars-2. We discovered that overexpression of R329H ars-2 in GABAergic motor
neurons leads to overt morphological defects at larval stage L3 and beyond. In contrast
overexpression of either wild-type ars-2 or G931S ars-2 failed to elicit any distinct
morphological phenotypes. While the morphological defects observed in the R329H ars-
2 worms are quite severe, these worms appear to have normal motor function. The C.
elegans model system created here will serve as a platform for assessing novel ARS
variants and we hope that further interrogation of this model system will provide

additional mechanistic insights into ARS-related peripheral neuropathy.
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Advances in the Field of ARS-Related Peripheral Neuropathy

The thesis work presented herein has yielded several significant advances towards the
current understanding of ARS-related peripheral neuropathy. In addition to the
implication of the GARS and YARS genes in axonal CMT disease, we were able to
implicate two additional ARS genes in inherited peripheral neuropathy. First, we utilized
functional analyses to confirm the pathogenicity of the R329H A4RS mutation previously
identified in two families with CMT2N, and we also implicated an additional A4RS
mutation, N71Y AARS, in a Taiwanese family with CMT2N (Latour et al., 2010;
McLaughlin et al., 2012). Second, we discovered mutations in the lysyl-tRNA synthetase
(KARS) gene 1n a single compound heterozygous patient with intermediate CMT disease
and additional non-neurological sequelae (McLaughlin ef al., 2012). These studies led to
the creation of a new subtype of CMT disease termed CMT recessive intermediate type B
(CMTRIB; OMIM 613641). The discovery of additional ARS genes implicated in CMT
disease has improved our understanding of the types of genes mutated in axonal CMT
disease and serves to highlight the important role ARS enzymes play in peripheral nerve

health.

Our functional analyses have also provided key insights towards the mechanistic link
between ARS gene mutations and inherited peripheral neuropathy. All of the disease-
associated mutations we identified resulted in a loss-of-function effect in aminoacylation
and/or yeast viability assays (McLaughlin ef al., 2012; McLaughlin et al., 2010). These
data suggest loss of tRNA charging function is a principal component to ARS-related

peripheral neuropathy. A worm model, created by overexpressing R329H ars-2 in a
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worm with two intact copies of wild-type ars-2, argues against a model based solely upon
haploinsufficiency, and suggests that a dominant-negative effect, where mutant ARS
monomers antagonize wild-type ARS monomers, or gain-of-function effects, should be

closely examined. These pathogenic mechanisms will be discussed in the next section.

Pathogenic Mechanisms of ARS Mutations

In this section of my thesis I will provide a final review of the current molecular
pathologies being considered in ARS-related CMT disease, taking into consideration the
culmination of data gleaned from this thesis and from previous studies on disease-
associated ARS mutations. Here, [ will argue that ARS mutations may lead to disease via
diverse pathogenic mechanisms and suggest experiments for further interrogating these

various pathogenic mechanisms and uncovering additional pathogenic mechanisms.

The data presented in this thesis, along with previously published data and ongoing
studies in our lab and in collaborating laboratories, have resulted in a cumulative total of
six genes encoding an ARS enzyme being implicated in CMT disease. These include
alanyl-tRNA synthetase (44RS), glycyl-tRNA synthetase (GARS), histidyl-tRNA
synthetase (HARS), lysyl-tRNA synthetase (KARS), methionyl-tRNA synthetase (MARS),
and tyrosyl-tRNA synthetase (YARS). Disease-associated ARS mutations lead to
dominant CMT disease (with the exception of KARS mutations in CMTRIB) and have
been shown to result in various functional consequences including reduced
aminoacylation activity, the inability to support yeast cell growth, improper cellular

localization, and/or toxicity to neurons (Antonellis ef al., 2003; Antonellis ef al., 2006;
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Chihara, et al., 2007; Froelich, et al., 2011; Jordanova et al., 2006; McLaughlin ef al.,
2010; McLaughlin et al., 2012; Nangle et al., 2007; Storkebaum, et al., 2009;

Xie et al.,2007). These data highlight the many ways disease-associated ARS mutations
can perturb ARS function, and argue that several pathogenic mechanisms, including loss
of tRNA charging activity and gain-of-function effects, could give rise to CMT disease
pathology. Moving forward, it will be important to further interrogate the mechanisms by
which ARS mutations may lead to reduced aminoacylation activity, and to explore the
secondary affects of reduced tRNA charging function. It will also be critical to begin to
explore various gain-of-function possibilities. Together, these studies will provide further
mechanistic insights into the etiology of ARS-related CMT disease and may aid in the

development of treatments and therapies for these diseases.

While it is clear that loss of tRNA charging function plays an important role in ARS-
related peripheral neuropathy, the pathogenic mechanism by which dominant, loss-of-
function ARS mutations lead to CMT disease remains elusive. Data obtained from a Gars
mouse model argue against a simple haploinsufficiency mechanism, whereby the
reduction of ARS enzyme function to ~50% leads to disease pathology. The Gars™**%*
mouse, a heterozygous null mouse created by inserting a gene-trap in the second intron of
the Gars gene, lacks the axonal loss and neuromuscular junction (NMJ) defects
commonly associated with mouse models of CMT2D (Seburn ef al., 2006). These data
implore us to consider more complicated molecular mechanisms by which ARS

mutations might lead to a reduction in aminoacylation activity that could breach axonal

requirements. One possibility is a dominant-negative effect, in which mutant ARS
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monomers dimerize with, and antagonize wild-type ARS monomers. A dominant-
negative effect could reduce charging capacity to <<<50% to that of wild-type given that
wild-type:mutant, and mutant:mutant dimers are non-functional (Figure 5.1). The
majority of mutant:mutant ARS homodimers evaluated to date appear to be nonfunctional
based upon previously-performed in vitro aminoacylation assays (Froelich and First,
2011; Jordanova et al., 2006; McLaughlin ef al., 2012; McLaughlin et al., 2010; Nangle
et al., 2007; Storkebaum et al., 2009; Xie et al., 2007); however, the effect of mutant
ARS subunits on wild-type ARS subunits in a wild-type:mutant heterodimer, has not
been fully evaluated. There are two central requirements for a dominant negative effect to
occur; wild-type and mutant subunits must dimerize, and wild-type:mutant heterodimers
must result in reduced charging capacity. To determine if wild-type and mutant
monomers are capable of heterodimerizing, wild-type and mutant ARS monomers can be
differentially-tagged and expressed in a neuronal cell line. Following co-
immunoprecipitation of wild-type:mutant heterodimers using an antibody against one tag,
western blot analyses using antibodies against the second tag can be performed. If wild-
type and mutant subunits are capable of heterodimerizing, a dominant-negative effect on
enzyme function can then be evaluated using a similar differential tagging strategy.
Differentially tagged monomers can be immunoprecipitated sequentially to ensure the
presence of a wild-type:mutant heterodimers, and these dimers can subsequently be
utilized in an in vitro aminoacylation reaction to determine if wild-type:mutant
heterodimers display reduced aminoacylation activity compared to wild-type:wild-type
homodimers. The discovery of a dominant-negative effect could account for the fact that

XM256/+

Gars mice are phenotypically normal, while dominant mutations in several ARS
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Figure 5.1 Depiction of a Dominant-Negative Effect on ARS Enzyme Activity.
Several aminoacyl-tRNA synthetase enzymes function as dimers. Wild-type ARS
monomers are depicted in green and mutant ARS monomers are depited in red. Below
each dimer, the total charging capacity (in the event of a dominant-negative effect)
provided by each dimer is depicted. In the event that wild-type:mutant, and
mutant:mutant dimers are non-functional, a dominant-negative effect could reduce
charging capacity to <<<50% to that of wild-type.

142



genes lead to peripheral neuropathy.

The majority of disease-associated ARS mutations identified to date result in a loss of
tRNA charging activity. Moving forward, it will be important to explore the secondary
effects of reduced aminoacylation activity. In the context of long, terminally
differentiated neurons, a deficiency in aminoacylation activity could result in a reduction
of charged tRNA and subsequent deprivation of proteins critical for axonal function,
resulting in the degeneration of peripheral nerve axons. For example, ARS mutations may
lead to shortages in proteins important for axonal transport (including KIF1B, RAB7, and
DYNCI1H1), cytoskeletal integrity (including DNM2, NEFL, HSPB1), or mitochondrial
dynamics (including MFN2, GDAP1) (see Figure 1.1). To determine if reduced
aminoacylation leads to a reduction in proteins important for axonal health and
maintenance, the effect of ARS mutations on axonal protein levels can be monitored by

comparing expression of the above-mentioned proteins in sciatic nerves from wild-type

C201R/C201R C201R/C201R

mice with sciatic nerves from Gars mice. Gars mice, created using
N-ethyl-N-nitrosourea (ENU) mutagenesis, are homozygous for C201R Gars mutations
and exhibit a 60% reduction in aminoacylation activity compared to wild-type littermates
(Achilli et al., 2009). If ARS mutations have an effect on axonal protein synthesis, we

201R/C201R _ .: .-
C201R/C20 sciatic nerves when

would expect reduced overall axonal protein levels in Gars
compared to protein levels in wild-type sciatic nerves, and we might expect specific
reduction of proteins important for axonal transport, cytoskeletal integrity, and

mitochondrial dynamics. The determination of the molecular mechanism by which ARS

mutations lead to reduced charging capacity and the exploration of the functional
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consequences of reduced aminoacylation activity in axons will provide further insight
into the etiology of ARS-related peripheral neuropathy associated with loss-of-function

ARS mutations.

While loss-of-function effects of disease-associated ARS mutations have been
extensively studied, possible gain-of-function consequences of ARS mutations remain

relatively unexplored. Interestingly, Gars">*¥"*

mice display a CMT-like phenotype
despite the fact that P234KY Gars does not lead to reduced aminoacylation activity in
vitro. Moreover, overexpression of wild-type human GARS does not rescue axonal loss or
NMYJ defects in Gars*>**Y"* mice (Motley et al., 2011). These data suggest that gain-of-
function mechanisms in collaboration with, or independent of, loss-of-function
mechanisms should also be considered. An oft-overlooked consequence of reduced
aminoacylation activity imparted by loss-of-function ARS mutations, is that reduction in
aminoacylation activity would almost certainly lead to increased cellular pools of
uncharged tRNA. These large pools of non-acylated tRNA have the propensity to be
problematic to neurons in several ways: (1) excessive amounts of uncharged tRNA could
be inherently toxic to neurons; (2) uncharged tRNAs could hijack non-cognate ARSs and
undergo mischarging; and (3) uncharged tRNAs may compete with the entry of charged
tRNAs into the A site of the 40S ribosome. Excessive amounts of uncharged tRNA may
impart toxicity to neurons by triggering neuronal cellular stress responses and/or
apoptosis. To test this hypothesis, differentiated neurons can be treated with increasing

amounts of non-acylated or a-hydroxy-treated tRNA (where the tRNA is ligated with a

hydroxyl group) and the effect on cellular stress response proteins and apoptotic markers
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such as heat shock proteins (Hsp10, Hsp27, Hsp70, Hsp60, Hsp90), caspase-3, and
caspase-7 can be evaluated (Beere, 2001; Owczarek et al., 2008). If uncharged tRNAs
evoke cellular stress response pathways and prompt apoptosis, we would expect to
observe a decrease in Hsp27, Hsp70, Hsp90, caspase-3, and casepase-7 levels; along with
an increase in Hsp10 and Hsp60 levels in cells treated with non-acylated tRNA or a-
hydroxy-treated tRNA. Large groups of uncharged tRNAs may also impart toxicity by
aberrantly sequestering ribonucleic acid (RNA)-binding proteins (RBPs), as
demonstrated in fragile X tremor ataxia syndrome (FXTAS), where a (CCG)n expansion
of 70 to 500 base pairs in the 5’ untranslated region (UTR) of the fragile X mental
retardation (FMR1) gene leads to nuclear FMRI RNA foci and sequestration of RBPs
(Jin et al., 2007; Sofola et al., 2007). It would be interesting to determine if uncharged
tRNAs are able to form foci in the neurons of individuals affected with CMT disease, and
to determine if these tRNAs are able to bind with cellular RBPs, especially when present
in excessive amounts. While mutant ARS enzymes are not predicted to participate in
mischarging themselves (see (Stum ef al., 2011)), there is a possibility that uncharged
non-cognate tRNAs can compete with cognate tRNAs for other ARS enzymes, a situation
that may result in mischarging. To determine if uncharged tRNAs undergo mischarging
when present in large quantities, aminoacylation assays can be performed with an ARS
and its cognate tRNA while adding increasing amounts of non-cognate tRNA and
determine if the non-cognate tRNA is acylated. This would allow us to determine
whether a threshold exists where non-cognate tRNAs are able to compete with cognate
tRNAs in the aminoacylation reaction. Finally, it is possible that uncharged tRNAs

compete with charged-tRNAs for entry onto the 40S ribosomal A site, causing
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translational pausing or otherwise slowing elongation. The ribosomal A site is the point
of entry for the majority of aminoacyl-tRNAs, with the exception of Met-tRNAM®, which
enters at the P site (Alberts et al., 2008). We could monitor the effects of uncharged
tRNAs on protein translation by adding increasing amounts of uncharged tRNA or a-
hydroxy-treated tRNA to differentiated neurons and measuring initiation factor EIF2a
phosphorylation and elongation factor eEF2 phosphorylation (Carlberg et al., 1990;
Rowlands et al., 1988). If uncharged tRNAs cause translational pausing, we would expect

increased cellular levels of phosphorylated EIF2a and phosphorylated eEF2.

Mutant ARS enzymes may also impart gain-of-function effects independent of reduced
aminoacylation activity. One possibility is that disease-associated mutations in ARS
enzymes result in shunting of the aminoacylation reaction to produce diadenosine
tetraphosphate (Ap4A), instead of aminoacyl-tRNA (Figure 5.2) Ap4A has proven to be a
signaling molecule affecting many diverse cellular functions including transcriptional
activation, cell division, and apoptosis (Nishimura et al., 1997; Schulze-Lohoff ef al.,
1995; Vartanian et al., 1997). It is possible that mutant ARSs enzymes lead to increased
production of Ap4A, resulting in aberrant neuronal signaling. It would be interesting to
determine if mutant ARS enzymes result in increased Ap4A production in vitro, when
compared to Ap4A production of wild-type enzymes. Another possibility is that mutant
ARS enzymes indiscriminately bind to other cellular RNAs, leading to aberrant RNA
stabilization, splicing, and/or transport. Interestingly, mutations in several genes involved
in RNA processing have recently been implicated in amyotrophic lateral sclerosis (ALS)

including the TAR DNA-binding protein (TARDBP) gene and the fused in sarcoma
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Figure 5.2 Synthesis of Ap4A by Aminoacyl-tRNA Synthetases. The ARS binds the
amino-acid and an adenosine-5'-triphosphate (ATP) molecule to form an aminoacyl-
adenylate intermediate, resulting in the release of two pyrophosphate molecules (PP1). In
the enzyme-bound reaction, the ARS binds the tRNA via its anticodon-binding domain
and the amino acid is transferred onto the tRNA. The aminoacyl-adenylate intermediate
can also be attacked by an ATP molecule, resulting in the release of an AMP molecule
and the formation of adenosine tetraphosphate (Ap4A).

147



(FUS) gene (Kwiatkowski et al., 2009; Sreedharan et al., 2008). Immunoprecipitation of
wild-type and mutant ARS proteins followed by comparative RNA sequencing would

allow us to determine if mutant ARS proteins are acting in a promiscuous manner.

Moving forward, it will be important to continue to explore the various molecular
mechanism(s) by which mutations in ARS genes may lead to peripheral neuropathy. It
will be essential to keep an open mind with respect to assessing the various functional
mechanisms presented here, as it is possible that there are various mechanisms by which
ARS mutations lead to disease pathology, or that one or more mechanisms are working in
concert with each other to contribute to disease pathology. It is only through a complete
understanding of the pathogenic mechanisms of ARS-related peripheral neuropathy that

we can begin to develop therapies and treatments for patients with CMT disease.

Biomedical Implications and Discussion

This dissertation further highlights the importance of aminoacyl-tRNA synthetases in
peripheral nerve health and maintenance, and specifically implicates loss-of-function
mutations in the AARS and KARS genes in patients with inherited peripheral neuropathy.
Given that a cumulative total of six ARS genes have been implicated in CMT disease
thus far, we believe it is critical to genetically and functionally characterize every ARS
mutation identified in patients with CMT disease in order to obtain a more complete
understanding of the breadth of genes and pathogenic mutations involved in ARS-related
peripheral neuropathy. Moving forward, it may also be prudent to screen for mutations in

genes belonging to the aminoacyl-tRNA synthetase-interacting multifunctional protein
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(AIMP) complex along with other genes involved in the translational machinery to

determine if similar perturbations in protein translation lead to disease (Park et al., 2010).

The discovery of disease-associated mutations in multiple ARS genes emphasizes the
importance of protein synthesis in peripheral nerve axons, and highlights protein
synthesis as an emerging mechanism of axonal CMT disease. While protein translation is
required in every cell type, neurons, especially those with long, terminally differentiated
axons, may have stricter translational requirements, and therefore may be more
susceptible to mutations in genes encoding ARS enzymes. We hope that continuing
studies exploring ARS-related peripheral neuropathies will yield further mechanistic
insights into the etiology of these diseases, and serve as a basis for the design of therapies

and treatments for these disorders.
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