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ABSTRACT

INVESTIGATION OF LIX1 AND ITS ROLE IN FELINE SPINAL MUSCULAR ATROPHY
PATHOGENESIS

By

Erin Wakeling

The spinal muscular atrophies (SMA) are a group of inherited disorders distinguished by
proximal muscle weakness and atrophy due to spinal cord lower motor neuron degeneration.
Autosomal recessive SMA is the leading genetic cause of infant mortality and divided into four
subtypes based on severity, age of onset and survival time. In humans, at least 97% of
autosomal recessive SMA is due to a mutation in the survival of motor neuron gene. Despite
intensive research, the molecular mechanism by which SMN depletion results in motor neuron
death remains poorly defined. Feline SMA is an autosomal recessive, juvenile onset lower
motor neuron disease that resembles Type 3 human SMA. Molecular analysis identified a 140
kb deletion on feline chromosome Alq that eliminated exons 4-6 of limb expression 1 (LIX1)
and nearly all of leucyl/cystinyl aminopeptidase (LNPEP). Little is currently known about LIX1,
except that it is highly expressed in the spinal cord. LNPEP is an ubiquitously expressed
aminopeptidase and a Lnpep knockout mouse has been generated and did not demonstrate
any overt neuromuscular phenotype. The aim of my research was to characterize feline SMA
onset and progression and to identify molecular functions of LIX1.

Motor neurons and muscles of SMA affected cats developed normally until 8 weeks. At
this age, motor axons in affected cats failed to undergo radial expansion to generate the
bimodal distribution of axon diameters found in normal animals. Significant ventral root axon
loss and atrophic muscle fibers were observed at 12 weeks. No cell body loss was detected at
21 weeks, although chromatolytic cells and acentric nuclei were observed. Thus the first
pathological change in feline SMA detected in this study was a failure of axon radial outgrowth.

In order to confirm that LIX1 is the feline SMA disease gene and facilitate future investigation of



LIX1 function, a Lix1 knockout mouse was ordered from Lexicon Genetics, Inc. Homozygous
Lix1 knockout mice did not demonstrate any neuromuscular phenotype even at two years of
age, as assessed by motor function tests and spinal cord and muscle histology. However,

expression of a Lix1 alternative transcript (Lix1alt) with an independent promoter was

maintained in Lix1  mice and may compensate for the loss of Lix1.

A yeast two-hybrid screen of a human fetal brain cDNA library was conducted to identify
putative LIX1 interacting partners. This screen of 2 x 10’ clones identified twelve unique preys,

some of which were identified multiple times. Confirmation of the protein interactions was
accomplished by in vitro co-immunoprecipitation and band shift assays. The cytoplasmic
domain of DACHSOUS1 (DCHS1) was identified 20 times in the yeast two-hybrid screen and
was the only prey that had a confirmed interaction with LIX1 in vitro. GFP tagged Lix1 and
Lix1alt co-localized with DsRed tagged Dchsl in cultured Cos7 and NSC34 cells. Although the
co-localization in cultured cells supports an in vivo interaction between Lix1 or Lix1alt and
Dchs1, no such interaction could be detected by in vivo co-immunoprecipitation.
Computational analysis of LIX1 predicted amino acids 22-99 to fold into a double
stranded RNA binding domain. To test this prediction | conducted gel mobility shift assays with
single and double stranded RNA and purified, recombinant LIX1. No interaction with RNA was
observed in vitro. Furthermore, GFP-tagged Lix1 did not co-localize with Poly A Binding Protein
1 (Pabpl) a marker of ribonucleoprotein complexes in cultured NSC34 cells. Therefore, this
does not support the predicted RNA binding activity of LIX1. More work is necessary to confirm
that LIX1 is the feline SMA disease gene and whether the interaction of LIX1 and DCHSL1 is

directly involved or completely unrelated to feline SMA pathogenesis.
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CHAPTER 1: Literature Review

Motor neuron diseases are characterized by degeneration of upper motor neurons, lower
motor neurons or both, without sensory neuron involvement (1). The cell bodies of upper motor
neurons lie in the motor cortex and their axons synapse either directly, or via interneurons, with
lower motor neurons in the brainstem and spinal cord. Lower motor neurons innervate skeletal
muscle fibers and spindles. Upper motor neuron degeneration results in spasticity and
hyperreflexia, as seen in hereditary spastic paraplegia and primary lateral sclerosis. Lower
motor neuron diseases are characterized by muscle weakness and atrophy. The spinal
muscular atrophies (SMA) are a heterogeneous group of lower motor diseases that vary in

onset, severity and genetic basis and are the focus of this review.

Proximal SMA — Clinical classification

Proximal SMA is characterized by weakness and atrophy of proximal limb and trunk
muscles, with muscles of lower limbs being more affected than those of upper limb muscles (2).
Guido Werdnig and Johann Hoffmann first described the disease in 1891 and 1893, respectively
(3). In the century that followed, clinical variability made it difficult to determine whether proximal
SMA was a single entity. Today, proximal SMA is divided into 4 clinical types, based on age of
onset, severity and survival time. Type | SMA, or Werdnig-Hoffmann disease (also infantile
SMA, or acute SMA), is the most severe form of the disease, with onset prior to 6 months of
age. In one-third of cases, onset occurs prior to or at birth (4, 5). In another third of cases, onset
occurs prior to two months (5). Affected individuals never gain the ability to sit up and death
ensues by 2 years of age. Muscle atrophy is often not apparent due to increased adiposity;
instead infants appear hypotonic and weak. Affected infants often have difficulty feeding and

breathing is rapid and diaphragmatic. Atrophy of the intercostal muscles give the trunk a distinct



bell shape (6). Recurrent respiratory infections are common and lead to respiratory insufficiency
and eventually death.

Clinical onset in Type 2 SMA (intermediate form) occurs after 6 months, but prior to 18
months of age (2). Type 2 patients are able to sit up unaided, but never gain the ability to walk
(6-8). Scoliosis is common, and as in Type 1, intercostal weakness gives the trunk a bell shape.
Fasciculations of the tongue and hands are often observed. Approximately 25% of Type 2 cases
have difficulty chewing and swallowing (9). Death occurs due to respiratory insufficiency, but in
the childhood to early adolescent years.

Type 3, or Kugelberg-Welander disease, is the least severe, juvenile onset form of the
disease (2). Onset occurs after 18 months of age and patients are able to stand and walk (10,
11). Type 3 is often divided into sub-types based on age of onset; Type 3a onset occurs prior to
3 years and Type 3b onset occurs after 3 years (12). As the disease progresses, the ability to
walk may be lost and scoliosis is prevalent in patients that are wheelchair-dependent. Unlike
Type 1 and Type 2 there is not a significant decrease in lifespan. Type 4 is the rare adult-onset,

comparatively mild form of proximal SMA and does not result in shortened life span.

Electrophysiology

Electromyography results are dependent on the severity and duration of SMA. Both
severe and mild SMA patients demonstrate loss of motor units (10, 13-15). Abnormal fibrillation
potentials are present in severe SMA patients, but not in Type 3 patients (6, 10, 13). In later
stages of severe SMA and in mildly affected individuals, motor action potentials are increased
due to collateral sprouting of surviving motor axons (11, 13). Nerve conduction velocity is not
typically affected, although there have been some reports of reduced motor nerve conduction

velocity in Type 1 cases (16, 17, 18).



Pathology

Histology of muscle biopsy specimens from all types of proximal SMA, identified groups
of atrophic fibers, rounded hypertrophic fibers and normal fibers (6, 8, 11, 17). Both slow and
fast twitch fibers types are affected in severe SMA, but fast twitch fibers are predominately
atrophic in Type 3 SMA (2, 19). The degree of atrophy increases with disease severity and
duration, as does the amount of connective tissue and fat (13, 15). Immunohistochemistry
against neural cell adhesion molecule (N-CAM), a marker of denervation, was found to be
elevated in biopsied muscles from Type 1 and Type 3 patients (19).

In all types of SMA, loss of large motor neurons in the anterior horn is the most striking
neuropathology (6, 20-22). The remaining motor neurons are often chromatolytic with accentric
nuclei. The perikarya of chromatolytic cells are positive for phosphorylated neurofilaments,
suggesting a defect in anterograde axonal transport (18, 22, 23). In Type | SMA, swollen
achromatic motor neurons, called ballooned neurons, are often observed. These ballooned
neurons contain phosphorylated neurofilaments in the peripheral perikarya and ubiquitinated
epitopes accumulate in the central perikarya. Increases in astrocytes and microglia in the spinal
cord are also observed (6, 20-22). Ventral roots are atrophic with decreased numbers of
myelinated axons and increased amounts of connective tissue. Sensory neurons are not usually
affected; however, there have been a few reports of Type 1 cases in which degeneration in

Clarke’s column and dorsal root ganglia were observed (24, 25).

Inheritance and Incidence

Prior to genetic mapping, the clinical heterogeneity of SMA made it difficult to determine
whether it was a single entity. Pedigree analysis determined that all types of proximal SMA are
inherited in an autosomal recessive manner (4, 6, 10, 15, 26-28). Siblings are usually affected to
the same severity (29); however, there are reports of siblings affected to different degrees (8,

30-32). In these cases, males were more severely affected than their female siblings. Rare



cases of autosomal dominant or X-linked recessive proximal SMA have been documented,
demonstrating some genetic heterogeneity (11, 15, 33). Proximal SMA is the second most
common genetic disorder after cystic fibrosis with a frequency of 1/6,000 live births (34). Type 1
SMA is the most common form of the disease with an incidence of 1/10,000 to 1/25,000 live

births (15, 26, 28, 35, 36). Type 2 and Type 3 occur together at a similar frequency to Type 1.

Mapping of the SMA locus

Through linkage analysis, Type 2 and Type 3 SMA were mapped to chromosome
5011.2-q13.3 in early 1990 (37-39). The lack of large, multiply affected Type 1 SMA families
made mapping by linkage analysis difficult. Instead, Type 1 SMA was mapped by a
homozygosity mapping in consanguineous pedigrees and linkage analysis in a large number of
small pedigrees to 5911.2-q13.3 (38, 40). Thus all three types mapped to an interval between
markers D5S6 and D5639, providing strong evidence that proximal SMA is due to mutations in a
single gene. Genotyping of more families with highly polymorphic microsatellite markers further
refined the SMA locus to a ~ 2 cM region (41-48). Several yeast artificial chromosome and
radiation-hybrid based physical maps of the SMA critical region were constructed (49-51), but
no consensus map could be generated due to the variability of the region (51-53). Inherited and
de novo deletions in Type 1 SMA families were critical to indentifying the minimum SMA region.

Two candidate genes were identified at the SMA locus (Figure 1.1). These genes are
present in multiple copies on chromosome 5q because of a 500 kilobase (kb), inverted
duplication (54, 55). One gene was named neuronal apoptosis inhibitory protein (NAIP) due to
its homology with baculoviral genes that prevent apoptosis within the insect cell it infects. Over-
expression of NAIP significantly decreased apoptosis in serum deprived or free radical induced
mammalian cell culture (56). NAIP spans 70 kb of genomic DNA and consists of sixteen exons

(55). The 3796 nucleotide long open reading frame encodes an 140 kDa protein with two



Figure 1.1. Schematic of 500 kb inverted duplication on chromosome 5q that contains the SMA critical region. Thin black arrows
represent 500 kb duplicated fragments. Red and blue arrows depict the direction of transcription of genes within the duplicated
region. Positions of microsatellite markers (red) used in linkage analysis are also shown. Image from Lunn and Wang, 2008 (57). For

interpretation of the references to color in this and all other figures, the reader is referred to the electronic version of this dissertation.
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predicted transmembrane domains and a ATP/GTP binding site. NAIP expression was detected
in liver and placenta by Northern blots and by reverse transcriptase coupled polymerase chain
reaction (RT-PCR) in spinal cord. Homozygous deletion of NAIP exons 5 and 6 was detected in
45% and 18% of Type 1 and Type 2/3 SMA patients, respectively. However, homozygous loss
of NAIP was also detected in three unaffected parents of SMA children.

The other candidate gene, named the survival of motor neuron (SMN) gene, is present
in two nearly identical copies (54). Exons 7 and 8 of the telomeric SMN gene (SMN1) are
deleted in ~93% of SMA patients. An additional 5% of patients show loss of exon 7 alone (58).
Deletions in the centromeric SMN copy (SMN2) alone were only found in normal controls. The
identification of subtle SMN1 mutations in SMA patients, including missense, splicing and
frameshift mutations, provided evidence that SMNL1 is the proximal SMA disease gene (54, 59-
61). Homozygous deletion of SMN1 exons 7 and 8 were also identified in 0.3% of normal
parents with SMA affected children, suggesting that other genes may be involved in SMA

pathogenesis (62).

SMN1 Structure and Function

SMNL1 spans 20 kb of genomic DNA and contains 9 exons (63). The 1.5 kb transcript
encodes a ~38 kDa protein of 294 amino acids that is ubiquitously expressed (64). Strong
expression is seen in lower motor neurons of mammalian spinal cord and brainstem with higher
expression in neonatal tissues than in adult tissues. SMN protein localizes to the cytoplasm and
nuclear Gemini of Cajal bodies (Gems) (65). SMN protein contains several domains that are
important for SMN interactions with itself and other proteins (Figure 1.2). Exons 1 and 2b
encode residues critical for binding of GEMIN2 (66, 67). A Tudor domain, named for its

homology to the Drosophila melanogaster tudor protein, is encoded by exon 3 (68). This domain



Figure 1.2. SMN transcript and protein structure. Coding regions are depicted in teal and untranslated regions are shown in purple.
Poly-proline motifs are depicted in green and the Y/G box is indicated in orange. The exon 7 cytoplasmic targeting motif, QNQKE, is
indicated in black. Missense mutations identified in SMA patients are labeled below the protein schematic. Figure from Rossoll and

Bassell, 2009 (69).
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mediates interactions between SMN and proteins containing methylated arginine and lysine
residues, such as the Sm proteins. SMN also contains three poly-proline tracts in exons 4-6 that
are bound by PROFILIN. Exons 2b and 6 encode for amino acid residues that are required for
self-oligomerization (67, 70). Missense mutations identified in non-SMN1 deleted patients
cluster around the Tudor domain and Y/G box. The most frequent missense mutation in SMA
patients, Y272C, decreased self-association four-fold in vitro when compared with wild-type
SMN. Thus the Tudor domain and Y/G box are required for SMN function.

The best characterized function for SMN is in spliceosomal small nuclear
ribonucleoprotein (snRNP) synthesis (Figure 1.3). The SMN complex contains nine proteins,
SMN, GEMINS 2-8, and UNRIP at an unknown stoichiometry (66, 71-81). This complex loads
the heptameric ring of Sm proteins onto the stem loops of U snRNAs in an ATP-dependent
manner. After loading of Sm proteins, the 7-methylguanosine cap of the snRNA is
hypermethylated and the entire complex is imported to the nucleus. The shRNPs and SMN
complex then localize to Cajal bodies, where the snRNPs are further modified before
participating in pre-mRNA splicing. In 2008, Zhang et al. reported that SMN deficiency in a SMA
Type 2 mouse model resulted in significant reduction of U11, U12, and U4atac snRNAs in spinal
cord, at P11, or ~3 days before death due to disease (82). RNA isolated from spinal cord was
analyzed with an Affymetrix mouse exon microarray and splicing pattern changes were detected
in 259 genes. However, it was unclear at what ages and thus disease stage these splicing
changes were detected. These results were repudiated by Baumer et al. (2009), who detected
significant changes in splicing only in spinal cord from end-stage SMA mice (83). These data
suggests that splicing defects are secondary to motor neuron dysfunction and thus not involved
in the primary pathogenesis of SMA.

Further evidence for a motor neuron-specific function of SMN came from work in

zebrafish from Christine Beattie's laboratory. Knockdown of SMN with morpholinos results in



Figure 1.3. The snRNP biogenesis pathway. SMN and its associated proteins load the Sm

proteins on U snRNAs. Figure from Burghes and Beattie, 2009 (86).



Figure 1.3 continued.
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motor-axon path-finding defects that can be rescued by human SMN expression (84, 85).
Expression of mutant, human SMN that was able to oligomerize and bind Sm proteins could not
rescue motor-axon defects. Furthermore, knockdown of GEMIN2 had no effect on motor-axon
outgrowth (87).

SMN localizes within granules in axons and growth cones of neurons in culture (88).
These granules co-localize with mRNA and ribosomes and are trafficked along microtubules.
Some of these granules contain Gemins 2 and 3, but Sm proteins were largely absent (89). The
identities of MRNAs within SMN granules remain largely unknown. However, SMN deficient-
motor neurons have reduced f-actin mRNA in axons and B-Actin protein in growth cones (90).
Furthermore, SMN interacts with heterogeneous nuclear ribonucleoprotein R (hnRNP R), which
binds the 3' UTR of g-actin mRNA (91). Knockdown of hnRNP R in zebrafish and cultured
mouse motor neurons results in reduced axon outgrowth of motor neurons and reduced
amounts of distal g-actin mMRNA (92). Recently, SMN, GEMIN2 and GEMIN3 were found to co-
localize and co-immunoprecipitate with g-actin mRNA in human SHSY5Y neuroblastoma cells
(93). Further evidence of SMN'’s role in actin metabolism came from yeast-two hybrid assays
and co-localization studies in motor neurons and PC12 cells that identified Profilin | and Il as a
SMN binding protein (94, 95). In vitro actin polymerization assays demonstrated that SMN has
an inhibitory effect on Profilin’s actin monomer sequestering ability. In vivo, increased Profilin lla
immunofluorescence and decreased expression of Plastin3, an actin bundling protein, were
detected in spinal cord motor neurons of a SMA mouse model (96). PLASTIN3 (PLS3) is
hypothesized to be a protective modifier of SMA (97). Unaffected females, harboring the same
SMNL1 deletions as affected siblings, had significantly higher expression of PLS3 and
filamentous actin in lymphoblasts. Furthermore, over-expression of PLS3 in SMN deficient
mouse and zebrafish embryos rescued axon outgrowth defects. Thus, deregulation of actin

dynamics may be an important factor in SMA pathogenesis. Support for this hypothesis came
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from pharmacological inhibition of RhoA kinase, a modulator of actin dynamics that increased
the lifespan and neuromuscular function of an intermediate SMA mouse model (98).

Several other functions for SMN have been proposed in the literature based on its
interacting partners. SMN interacts with Bcl-2 and p53 (99-101), RNA polymerase 1l (102), small
nucleolar ribonucleoproteins (103), and fibroblast growth factor-2 (104), to name a few. These
interactions suggest SMN functions in diverse cellular pathways such as apoptosis,
transcription, and ribosomal RNA processing. However it remains unclear, which, if any of these

identified SMN functions is important for SMA pathogenesis.

SMN2

In humans, SMN is duplicated on chromosome 5q. The centromeric copy, SMN2, differs
from SMN1 by five nucleotides (Figure 1.4) (54, 63). Three of these changes are located in
introns and one change is located in the 3'UTR. The only exonic nucleotide change,a Cto T
transition in exon 7, is translationally silent. This C to T transition disrupts an exonic splicing
enhancer element that is normally recognized by splicing factor SF2/A2F (105-108). As a result,
approximately 90% of SMN2 transcripts lack exon 7 (SMN2A47). The correct splicing of the
remaining SMN2 transcripts is probably due to binding of an exonic splicing enhancer in the
middle of exon 7 by Htra2-$1, over-expression of which restores exon 7 in 80% of SMN2
transcripts (109, 110). Protein translated from full-length SMN2 transcripts is identical to SMN1
protein. Protein produced from SMN2A47 transcripts is truncated by twelve amino acids. SMNA7
is less stable and has a reduced ability to self-oligomerize (70, 111, 112). Furthermore, SMNA7
lacks a critical cytoplasmic targeting motif (QNQKE) that is required for localization within axons

(88, 113). Expression of SMNA7 in SMN deficient zebrafish is not sufficient to rescue axon
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Figure 1.4. Comparison of SMN1 and SMN2 transcripts. Only 5 nucleotides distinguish SMN1 from SMN2. The C to T transition in

exon 7 of SMN2 results in exon 7 skipping in 90% of SMN2 transcripts. Figure from Wirth, Brichta and Hahnen, 2006 (119).

SMN1
100% FL - transcript

SMN2

10% FL - transcript
90% A7 - transcript
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outgrowth defects (85). Thus SMNAY is not able to compensate for loss of SMN1. The variation
in clinical severity of proximal SMA correlates with full-length SMN expression and thus, SMN2
copy number (115-117). SMN2 is typically present in 1 to 4 copies, with gene conversion being
the most likely mechanism for increased SMN2 and decreased SMN1 copy number (118, 119).
Type 1 patients typically have 2 SMN2 copies; Type 2 patients have 3 SMN2 copies; Type 3
patients have 3 to 4 SMN2 copies and Type 4 patients have 4 to 6 copies (120). A rare variant
in SMN2 exon 7 (c.859G>C) increases the inclusion of exon 7 in SMN2 transcripts, resulting in
Type Il SMA despite the presence of only 2 SMN2 copies (121). The modulation of SMA

severity by SMN2 copy humber has been recapitulated in mouse models of SMA (see below).

SMA variants
There are several motor neuron diseases whose clinical phenotype is similar to 5q
proximal SMA. These diseases can either be inherited or sporadic. A small subset of lower

motor neurons diseases with a known genetic basis is discussed below.

SMA with respiratory distress (SMARD)

SMARD is a severe infantile onset (prior to six months), distal spinal muscular atrophy
(122). Patients with SMARD typically show decreased fetal movements and intrauterine growth
retardation. Unlike 5qg-linked SMA, patients most often demonstrate respiratory complications
due to diaphragmatic weakness prior to the onset of skeletal muscle weakness. Muscle
weakness first occurs in the distal, lower limbs with eventual paralysis of the limbs and trunk.
Histologic examination of muscle biopsies reveal atrophic and hypertrophied fibers, which is
consistent with neurogenic atrophy. In contrast with proximal SMA, SMARD involves the
sensory neurons as well as anterior horn cells. SMARD is an autosomal recessive disease

caused by mutations in the immunoglobulin u-binding protein 2 gene (IGHMBP2) on
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chromosome 1113 (123). Missense mutations are the most common type of mutation in
IGHMBP2 and these mutations cluster at a DEAD box helicase domain that is often found in
RNA helicases. Similar to SMN, IGHMBP2 in found in the nucleus, in the cytoplasm and in the
axons of motor neurons. IGHMBP2 is ubiquitously expressed and as in 5g SMA, it remains

unclear why mutations in this gene result in motor neuron loss.

Spinal bulbar muscular atrophy (SBMA, Kennedy’s disease)

SBMA is an adult onset, slowly progressing, X-linked recessive lower motor neuron
disease (124). In comparison to 5 SMA, SBMA is rare with an incidence of ~3/100,000. Onset
typically occurs between 20 and 40 years of age and the disease does not result in decreased
lifespan. Affected males most often present with proximal lower limb weakness, difficulty
swallowing, and fasciculations. Approximately 50% of affected males also have gynecomastia.
Female carriers are very rarely symptomatic and these cases are usually attributed to skewed
inactivation of the mutant X chromosome (125). Affected female carriers typically demonstrate
very mild muscle weakness, fasciculations, or muscle cramps. SBMA is caused by a CAG
repeat expansion in the androgen receptor gene (126). This repeat expansion results in an
enlarged poly-glutamine tract in the androgen receptor (AR). Normal individuals have 20 or less
repeats, whereas affected males have greater than 40 repeats. As is seen in other triplet repeat
diseases, repeat length is negatively correlated with age of onset and disease severity (127,
128). In addition to the loss of motor neurons and neurogenic atrophy, SBMA pathology is
characterized by aggregates of mutant AR in the nucleus and cytoplasm. Mutant AR is
hypothesized to cause motor neuron degeneration through a gain of function or toxicity of the

AR aggregates.
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Animal models of SMA
Several animal models, either engineered or naturally occurring, of SMA are in
existence. As humans are the only animals with two SMN genes, homozygous deletion of SMN

in other species is lethal. Mammalian models of spinal muscular atrophy are discussed below.

Engineered mouse models

Homozygous disruption of Smn by lacZ reporter gene insertion resulted in early
embryonic death prior to uterine implantation (129). At six months of age, heterozygous mice
have 40% fewer spinal cord motor neurons, although no overt phenotype was reported (130).
There was no decrease in nuclear Gems and lifespan was normal.

Expression of human SMN2 is sufficient to rescue the embryonic lethality of Smn
absence (131, 132). Furthermore, the copy number of SMN2 transgenes modulated the
phenotype severity. Fifteen percent of mice carrying one or two SMN2 transgenes died within
the first six hours of birth. The remainder appeared normal for the first 48 hours after birth, but
deteriorated rapidly in the next few days. Smn-/-; SMN2 mice became less mobile and were
smaller than their normal littermates. Labored breathing and muscle tremors were apparent by
P3 and mice died by P6. Spinal cord lower motor neurons were normal at birth, but decreased
by ~35% at P5. Primary motor neurons cultured from these mice showed normal survival, but
axon outgrowth was significantly reduced (90). However, this effect was not seen in Smn-/-;
SMN2 mice carrying a HB9:GFP transgene to label motor neurons (133). Axonal swellings
containing neurofilaments in these mice were observed, as were unoccupied acetylcholine
receptor clusters during embryonic and postnatal development. Long living mice exhibited digital
necrosis, which has been reported in some severe Type 1 SMA cases (134, 135). Recently,

heart defects including a thinner inter-ventricular septum and left ventricle wall were identified in
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these severe SMA mice (136). This finding supports a role for SMN in cardiogenesis that has
been suggested by several case reports of Type | SMA patients with cardiac defects (137, 138).

The addition of a SMNA7 transgene onto the Smn-/-; SMN2 background extended
survival to thirteen days (139). At P5, mice carrying the SMNA7 transgene were significantly
smaller than normal littermates and had difficulty righting themselves. Gait abnormalities and
hindlimb tremors were apparent at 10 days. A significant reduction in spinal cord motor neurons
was observed at 9 days and grip strength was significantly decreased at 11 days (140). Loss of
pre-synaptic terminals at neuromuscular junctions and accumulation of neurofilaments were
observed early in the disease course (141). Thus it appears that neuromuscular junctions form
normally in SMA, but that pre-synaptic pathology occurs early in the disease course.

Alternatively, expression of a mutant SMN transgene with the human A2G mutation,
extends survival in Smn-/-;SMN2 mice to approximately 8 months (142). Expression of SMN
A2G failed to complement embryonic lethality in Smn-/- mice, thus low levels of wild-type SMN
are required for the formation of functional SMN complexes. Smn-/-;SMN2 ;SMNA2G mice
become less active, displayed labored breathing and lose weight towards the end of their life.
Muscle weakness and neurogenic atrophy is evident by one month of age by hindlimb clasping
and muscle histology. A 25% reduction in the number of L4 ventral root axons is seen in five
month old mild SMA animals, and the surviving axons are smaller. Presence of the SMN A2G
transgene in two copies extended survival and prevented the development of a neuromuscular
phenotype even at 15 months of age.

Near complete rescue of the Smn-/-;SMN2 phenotype was accomplished by transgenic
expression of SMN under the prion promoter (PrP) (143). Smn null mice with two copies of
SMN2 and PrP-SMN, survived for an average of 210 days. L4 ventral root axon numbers were
normal in these mice; however muscle fiber size was smaller than in Smn+/-;SMN2 controls.

Expression of SMN under the control of the human skeletal actin promoter was not sufficient to
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improve the SMA phenotype of SMN-/-;SMN2 mice. Thus, restoration of SMN expression in the
central nervous system of human patients will be necessary to treat 5q SMA.

Conditional Smn knockout mice have also been generated (144). These mice carry an
Smn allele with LoxP sites flanking exon 7, allowing for tissue specific disruption of Smn when
crossed with different Cre recombinase expressing mice. Loss of full-length Smn in neurons
resulted in mean survival of only 25 days. By two weeks of age, muscle tremor and hypotonia
were evident. Muscle histology revealed neurogenic atrophy at two weeks. L4 ventral root axon
numbers were decreased by 49% at 15 days and 78% at 30 days of age (145, 146). In
comparison, only a 30% reduction in L4 motor neuron cells bodies was observed at day 30.
Abnormal neurofilament accumulation was observed in neuromuscular junctions of 15 day old
mutant mice. Thus, SMA occurs through a dying back process in this mouse model. Deletion of
Smn exon 7 in skeletal muscle resulted in muscular dystrophy (147). Limb paralysis occurred at
4 weeks of age. At the same age, there was great variability in muscle fiber size, centralized
nuclei and increased connective tissue observed in muscle specimens. Furthermore, decreased
expression of Dystrophin was detected in transverse muscle sections. There was no motor
neuron loss or acetylcholine receptor abnormalities noted. Therefore full length Smn expression
is critical for skeletal muscle, but loss of SMN in muscle is not responsible for motor neuron
degeneration in SMA.

The most recently developed model of SMA, is a knock-in mouse in which the
endogenous Smn gene has been replaced with a copy that contains the C to T transition found
in SMN2 (148). Homozygous knock-in mice had reduced levels of full-length SMN mRNA and
protein, but survival was unaffected. Beginning at 60 days of age, knock-in mice were less likely
to rear onto their hindlimbs and grip strength was reduced. Examination of muscle fiber
morphology identified hypertrophied muscle fibers. No motor neuron axon or cell body counts
were reported. This mouse model of SMA is comparable to Type 3 SMA and will assist in the

identification of SMA modifiers.
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Spontaneous mouse models of SMA

There are multiple naturally occurring mouse models in which motor neurons are
affected, three of which are discussed below. The wobbler (wr) mouse was first identified as a
spontaneous mutation in a breeding colony of C57 Bl/Fa mice (149). This mutation results in an
autosomal recessive lower motor neuron disease with clinical signs visible at 4 weeks. These
mice have an abnormal gait with progressive muscle weakness and atrophy that is most
obvious in forelimbs. Progression of the disease continues until 5 months of age and mice
survive until a year of age. Histology of spinal cord and brain revealed motor neuron
degeneration prior to the onset of clinical signs. A striking feature of wobbler motor neurons was
the presence of numerous vesicles in the perikarya. Atrophic fibers were not observed in
transverse muscle sections until after clinical onset. Sensory neurons are unaffected. The
wobbler phenotype is due to a missense mutation (L967Q) in the vacuolar-vesicular protein
sorting factor 54 (Vsp54) gene (150). This mutation is thought to disrupt vesicular trafficking
along motor neurons axons.

The progressive motor neuropathy (pmn) mouse has an autosomal recessive lower
motor neuron disease (151). Hindlimb paralysis develops by the third week and mice die by
seven weeks. The degeneration appears to proceed in a “dying back” manner as distal motor
axons have almost disappeared by 6 weeks, but there is no reduction in ventral root axons
number. However, axon diameter is reduced in affected mice and some mild chromatolysis of
ventral horn motor soma was noted. This phenotype is due to a missense mutation (G524W) in
the tubulin-specific chaperone E (Thce) gene on mouse chromosome 13 (152). Tbce is

essential for the assembly of a-tubulin and B-tubulin heterodimers. Primary motor neurons
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cultured from these mice had shorter axons with axon swellings containing B-tubulin. Thus, this
mutation provides evidence that tubulin dysfunction can result in motor neuron degeneration.
The neuromuscular degeneration (hmd) mouse model develops progressive hindlimb
muscle weakness at 3 weeks of age with paralysis occurring at 5 weeks (153). Mice typically
survive for 14 weeks. Significant loss of spinal cord motor neuron cell bodies was detected as
early as 10 days. By 12 weeks of age, only 30% of lumbar motor neurons remained. Loss of
pre-synaptic terminals was observed at 10 days in the gastrocnemius and quadriceps muscles.
Neuromuscular junctions of the diaphragm were spared even at 14 weeks of age. The nmd
mouse has a 4 base pair insertion in intron 4 of Ighmbp2 creating a cryptic splice site, which
results in aberrant splicing in 80% of transcripts. Thus, the nmd mouse is a naturally occurring
model of human SMARD. However, there are some discrepancies between the human and
mouse disease. Mice do not develop respiratory distress until late in the disease, due to sparing
of the diaphragm motor neurons. Furthermore, there is no involvement of sensory neurons in
the mouse model. Despite these differences the nmd mouse model will provide valuable insight

into the human disease and allow for testing of therapeutic compounds.

Spontaneous large animal models of SMA

Naturally occurring motor neuron disease has been described in three large animals
species; cow, dog and cat. Bovine and canine SMA are described below. For discussion of
feline SMA please refer to Chapter 2. Bovine SMA was first described in 1989 in Brown-Swiss
cattle (154). It is an autosomal recessive disease with onset around 3 weeks of age. Muscle
weakness and atrophy presented in the hindlimbs and progressed to the forelimb. Calves
typically developed bronchopneumonia in later stages of the disease. In addition to the
degeneration of ventral horn motor neurons there is also degeneration in the upper motor
neurons of the motor cortex (155). Due to the involvement of upper motor neurons, bovine SMA

is a better model of amyotrophic lateral sclerosis than SMA. Bovine SMA is caused by a

20



missense mutation (A175T) in the 3-ketodihydrosphingosine reductase (FVT1) gene (156).
FVT1 is a housekeeping gene involved in sphingolipid synthesis. As in human SMA, it is
unknown how a mutation in a housekeeping gene results in a motor neuron specific disease.

Hereditary canine SMA (HCSMA) is an autosomal dominant lower motor neuron disease
in Brittany spaniels (157). The disease is divided into 3 clinical forms based on age of onset and
severity. The accelerated disease presents at 6 weeks with weakness and a fine tremor of the
head. By 13 to 16 weeks affected dogs are unable to stand or lift their heads. In the
intermediate form, the first clinical signs occur at a year of age with pronounced gait
abnormalities. Weakness progresses from proximal to distal and posterior to anterior. By two to
three years of age, dogs are unable to walk. The chronic form is characterized by onset after 6
months, with very slow progressive muscle weakness that is compatible with life beyond 6
years. The numbers of spinal cord and brain stem motor neurons do not appear to be
decreased in HCSMA. However, small-caliber axons are predominant in ventral roots from the
accelerated and intermediate types. Swollen axons were observed in ventral horn gray matter.
The molecular basis of HCSMA remains unidentified; however, the canine SMN and SOD1
genes have been excluded (158, 159).

These large and small animal models of SMA are critical to our understanding of SMA
pathogenesis. Thus far, animal models have implicated RNA metabolism, cytoskeleton
dynamics, vesicle trafficking, and lipid synthesis as being critical to motor neuron maintenance.
Animal models of SMA will be instrumental in safety and efficacy testing of therapeutic agents

as well the identification of new therapeutic targets (see below).

Genetic testing and therapy
The gold standard in SMA diagnosis is confirmation of SMN1 homozygous absence by
DNA testing. Carrier testing and pre-natal diagnosis are available to families in which an

affected child has been born. Carrier testing is not 100% sensitive because 2% of SMA cases
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are caused by de novo deletions or gene conversions and 3% of SMA cases are unlinked to
chromosome 5q (61, 117, 160). Furthermore, 4% of SMA patients are compound heterozygotes
with SMN1 deletion on one chromosome and a subtle SMN1 mutation on the other
chromosome. Carriers of subtle SMN1 mutations are not detected by current SMA genetic tests,
which measure copy number of SMN1 exon 7. SMN2 copy number analysis is predictive of
SMA severity; however it is not absolute (161). Although rare, there are reports of siblings with
identical SMN1 deletions and SMN2 copy number that are affected to varying degrees. Despite
a carrier frequency of 1:35, no neonatal screening program has been established due to the
lack of effective SMA therapy (162). Neonatal screening will become necessary once an
effective treatment is available, so that the therapeutic regimen can be instituted prior to the
onset of pathological changes.

The current treatment for SMA is mainly supportive care (163). Respiratory insufficiency
in Type 1 and Type 2 patients is treated with non-invasive or invasive ventilation and antibiotics
to combat respiratory infections. Proactive care, especially ventilation, has increased the
average life span of Type | patients (164). Infants with Type | SMA born between 1980 and
1994 survived for 7.5 months; whereas, those born between 1995 and 2006 survived for 24
months on average. Special diets and feeding tubes overcome nutritional deficits that result
from feeding difficulties. Surgery is often required to correct scoliosis in non-ambulatory
patients. Finally, wheelchairs, walkers and motorized scooters increase mobility and quality of
life.

As the majority of SMA cases are due to a decrease in SMN protein, researchers have
sought to increase SMN protein expression from the SMN2 locus or exogenously. Several
histone de-acetylase (HDAC) inhibitors have been found to increase transcription of SMN2 and
thus levels of full-length SMN in SMA patient-derived cell lines and/or SMA mouse models. Of
these valproic acid and phenylbutyrate have reached clinical trials. Valproic acid (VPA) is a

Food and Drug Administration (FDA) approved drug that has been used to treat epilepsy and
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has been shown to increase SMN protein levels in SMA patient cell cultures (165, 166). In a
small clinical trial, Britcha et al, 2006 treated 10 SMA carriers and 20 SMA patients with VPA
(167). Seven of ten carriers had increased SMN2 transcript levels in blood. However, SMN2
transcript levels were only increased in 7 patients. Thus, some SMA patients are non-VPA
responders. This finding was supported by a larger, phase Il clinical trial of VPA in 2 SMA Type
1 patients, 29 Type 2 and 11 Type 3 patients (168). Changes in SMN2 transcript levels in blood
were highly variable between patients and in the same patient at different office visits. However,
27 of the 29 SMA Type 2 patients did demonstrate improvement in motor function as assessed
by the Modified Hammersmith Functional Motor Scale (MHFMS). The most common side effect
of VPA treatment was carnitine depletion, and VPA treatment was supplemented with L-
carnitine in a second phase Il trial to avoid negative effects of carnitine insufficiency (169). This
trial, known as the SMA CARNI-VAL trials, was a double blind placebo controlled study. Sixty-
one non-ambulatory SMA patients aged 2-8 years were treated with either VPA or placebo for
six-months followed by VPA treatment for another six months. There was no improvement in
MHFMS scores at six months. However, there was significant improvement in MHFMS scores
after twelve months of treatment in SMA patients aged two to three years. The results of the
SMA CARNI-VAL trial in ambulatory patients have yet to be reported.

Phenylbutyrate (PBA) is a derivative of sodium butyrate, the first HDAC inhibitor to
increase expression of SMN in SMA patient cell lines and in a SMA mouse model (170). PBA is
FDA approved and has been used to treat urea cycle disorders. PBA treatment in SMA patient
fibroblast cell lines resulted in increased SMN levels and nuclear gem number. In a small pilot
study of 4 Type 2 SMA patients, and 2 Type 3 patients, PBA treatment increased full-length
SMN2 transcript levels in blood (171). A modest increase in muscle strength was also reported.
Several other HDAC inhibitors, including trichostatin A and suberoylanilide hydroxamic acid
(SAHA) have shown promise in cell culture and SMA mouse models but have yet to be tested in

humans (133, 172).
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Another method for increasing endogenous levels of full-length SMN transcripts is to
correct splicing of SMN2 exon 7. One way to correct SMN2 splicing is to use antisense
oligonucletides to inhibit binding of negative splicing factors. Antisense oligonucleotides (ASO)
directed to introns 6 and 7 or exon 7 splicing silencers have been shown to increase exon 7
inclusion in SMA-patient derived cells and animal models (173-175). Multiple
intracerebroventricular injections of an intron 6 antisense oligonucleotide increased body weight
and motor function in Smn-/-; SMN2; SMNA7 mice (176). However, the effect of the ASO on
survival of SMA mice was not reported. An alternative to ASOs is bi-functional RNA. These
RNAs contain two regions, one that is complementary to the target and one that contains exonic
splicing enhancer (ESE) elements. The ESE tail acts as a platform to recruit positive splicing
factors. Bi-functional RNAs targeted to SMN2 have successfully corrected exon 7 splicing in
patient-derived cell lines and SMA mouse models (177-179). What remains to be determined
with RNA based therapies are the appropriate delivery method, duration of a single treatment
and thus the number of doses required and potential for adverse immune reactions. Thus
identification of pharmaceutical compounds that correct SMN2 splicing defects may be more
practical. Successful SMN2 exon 7 inclusion has been reported after hydroxyurea treatment in
SMA derived cell lines and clinical trials are currently underway (180, 181).

The sixteen amino acids encoded by SMN exon 7 are critical for protein stability and
cytoplasmic localization. However, work by Christian Lorson et al. suggested that SMN stability
and localization are not sequence specific (182, 183). Rather, the addition of several different,
short peptides to SMN exons 1-6 was able to substitute for exon 7 residues. SMNA7 stability
and cytoplasmic localization in cultured cells was also achieved by administration of different
aminoglycosides known to induce stop codon read-through. Intraperitoneal injection of G418, in
five day old Smn-/-; SMN2; SMNA7 mice resulted in increased levels of SMN in spinal cord and

increased motor function (184). However, chronic administration of G418 was toxic so the effect
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of treatment on survival could not be assessed. Subcutaneous delivery of a novel
aminoglycoside, TC007, in SMA mice improved gross motor function but did not extend survival
(185). Administration of TC007 directly to the CNS was sufficient to increase SMN levels and
ventral horn cell numbers and extend survival 30% (186).

Another method to increase SMN levels is to deliver exogenous copies of SMN1. One
major hurdle to effective SMN1 gene therapy is the blood brain barrier. Azzouz et al. (2004),
were able to achieve efficient transduction of lower motor neurons with an engineered lentivirus
that could be retrogradely transported from muscle to motor neuron cell body (187). Injections of
the SMN1 expressing lentivirus into multiple muscles of Smn-/-; SMN2; SMNA7 mice at a single
time point decreased motor neuron death and increased survival by 3 to 5 days. Although
integrating vectors offer stable transduction of cells, serious adverse events have been reported
because of insertional mutagenesis in gene therapy treated patients with severe combined
immunodeficiency (188-190). Recently, transduction of spinal cord lower motor neurons was
achieved by systemic injection of a self complementary adeno-associated virus serotype 9
(SCAAV9) expressing SMN1 (191, 192). A single injection into the facial vein of one day old
Smn-/-; SMN2; SMNA7 mice was sufficient to significantly improve motor function and extend
survival from 15 to 69 days. More preclinical work is required in rodents and non-human
primates to determine dosage, toxicology, and the therapeutic window in SMA patients.

Other researchers have focused on non-SMN dependent therapies, such as
neuroprotective or neurotrophic agents. Knockout of the ciliary neurotrophic factor resulted in
decreased motor neuron sprouting and muscle strength in Smn+/- mice (193). Riluzole, a
neuroprotective reagent, was shown to increase lifespan in a neuron specific Smn exon 7
knockout mouse (194). However, there was no improvement in motor function as assessed by
rotarod tests. Furthermore, motor neuron axon loss was not reduced in treated animals. More

research is needed to determine the efficacy of neuro-supportive reagents in the treatment of
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SMA. It may be that effective treatment of SMA, especially in severe cases, will required a
combination of therapeutic agents.
Summary

Proximal SMA is the second most common genetic disease and is the leading genetic
cause of infant mortality. Despite intensive research for the past 15 years, the mechanism by
which SMN depletion causes a motor neuron disease remains unidentified. What is apparent is
that despite normal development motor neurons fail to be maintained in SMA. Animal models,
both engineered and spontaneous, are critical to our understanding of SMA pathogenesis,
testing and development of novel therapies, and identification of candidate genes for non-5¢q
SMA. The remainder of this dissertation focuses on motor neuron pathogenesis in one particular

model, feline SMA, and the function of its candidate disease gene, LIX1, in motor neurons.
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CHAPTER 2: Failure of axon radial growth in feline SMA

Abstract

Feline SMA is a fully penetrant, autosomal recessive lower motor neuron disease in
domestic cats that clinically resembles human SMA Type lll. Affected cats demonstrate clinical
signs at 12 to 13 weeks of age. A whole genome linkage scan identified a ~140 kilobase pair
deletion that abrogates expression of LIX1, a novel SMA candidate gene of unknown function.
To characterize the progression of feline SMA, we assessed pathological changes in muscle
and spinal cord from 3 days of age to beyond clinical onset. Quadriceps femoris muscle fibers
from affected cats appeared smaller at 10 weeks; by 12 weeks atrophic fibers were more
prevalent than in age-matched controls. Significant loss of L5 ventral root axons in affected cats
coincided with onset of clinical signs, and by 21 weeks of age, affected cats had 40% fewer L5
motor axons. There was no significant difference in L5 soma number, even at 21 weeks.
Morphometric analysis of L5 ventral roots and horns revealed that prior to axon loss affected
cats failed to develop large caliber motor neurons, suggesting a role for LIX1 in radial growth of

axons.
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Introduction

The human spinal muscular atrophies (SMA) are a group of lower motor neuron
disorders that vary in age of onset, clinical severity and survival time. Individuals with the
severest form (SMA I; Werdnig-Hoffmannn disease) never gain the ability to sit upright or walk
and do not survive beyond a few years of age. Type Il SMA patients develop clinical symptoms
after six months of age and are unable to walk. SMA 11l (Kugelberg-Welander disease) is the
mildest juvenile onset form of the disease; individuals are able to walk, although this ability may
be lost as the disease progresses. The adult-onset form of the disease (SMA 1V) has the mildest
clinical severity and does not result in shortened life expectancy (1). SMA is the leading genetic
cause of infant mortality, and mutations in the ubiquitously expressed survival of motor neuron 1
(SMN1) account for 98% of cases (2, 3). Copy number variation in a nearly identical gene,
survival of motor neuron 2 (SMN2), modifies clinical severity; eight copies are sufficient to
complement homozygous loss of SMN1 (4). Only 10% of SMNZ2 transcripts are full-length due to
a single nucleotide difference in exon 7 that disrupts an exonic splice enhancer (5-7). Currently,
there is limited understanding of the mechanisms by which mutations of ubiquitously expressed
genes result in SMA and other motor neuron-specific diseases, such as amyotrophic lateral
sclerosis and spinal bulbar muscular atrophy. Treatment for SMA has focused on increasing
levels of full length SMN produced from the SMN2 locus (8). Naturally occurring and engineered
animal models offer insight into motor neuron development and maintenance that is critical for

the discovery and testing of effective treatments.
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Feline SMA is a fully penetrant, autosomal recessive disease resembling SMA Il in
severity and time of onset (9). In affected cats, lower motor neuron degeneration leads to
muscle atrophy and gait abnormalities. Affected cats demonstrate clinical signs at 12 to 13
weeks of age with disease progression reaching a plateau around 8 months. Life expectancy is
~8 years. A whole genome linkage scan and fine mapping identified a 140 kilobase pair deletion
that disrupts expression of limb expression 1 (LIX1) and leucyl/cystinyl aminopeptidase
(LNPEP) (10). We hypothesize that LIX1 is the feline SMA disease gene because it is highly
expressed in the spinal cord and a LNPEP knockout did not produce an overt neuromuscular
phenotype (11, 12). LIX1 is poorly annotated but is predicted to possess a double-stranded
RNA binding domain at its amino terminus. This is particularly intriguing because SMNL1 is
critical for small nuclear ribonucleoprotein (snRNP) biogenesis (13-15) and co-localizes with
MRNA granules in motor neurons (16). Thus far only the end-stage of feline SMA pathology has
been reported. In this study we sought to characterize the onset and progression of disease

through histological and morphometric techniques.

Materials and Methods
Animals

All cats were produced and housed in breeding colonies at Michigan State University.
Animals at MSU were raised and euthanized according to IUCAC approved protocols and
adhered to National Institutes of Health guidelines. Cats were genotyped by multiplex PCR as
previously described (10).
Histology

Quadriceps femoris muscles from two affected cats and two age-matched controls
(homozygous normal and heterozygous) at 6, 8, 10, 12 and 21 weeks were fixed by immersion
in 10% (w/v) neutral buffered formalin, paraffin embedded, sectioned and stained with

hematoxylin-eosin (H&E). Unfixed tibialis anterior (TA), extensor digitorum longus (EDL) and
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soleus muscles from 10 and 12 week old cats were embedded in Tissue-Tek® OCT medium

(Sakura Finetek, Torrance, CA) and frozen in liquid nitrogen cooled 95% ethanol. Muscles were

stored at -80°C until transversely sectioned at 12 um with a cryostat and thaw mounted on

gelatin-coated glass slides. Muscle sections were fiber-typed by ATPase enzymatic reactions at
pH 4.6 and 9.4. Five random, non-overlapping images with a 40x objective of a single H&E
section and 2 images at 10x magnification of a fiber-typed section per cat were captured on an
Eclipse 90i microscope with a DS-Fil digital camera (Nikon, Tokyo, Japan) for fiber shape
examination. The diameters of 50 fibers in H&E stained quadriceps femoris muscle sections
from 10 week old cats were measured at 40x magnification with NIS Elements software (Nikon,
Tokyo, Japan).

One fifth of the frozen sections were screened for neuromuscular junctions (NMJs) with
a modified cholinesterase stain (17). Prior to staining, sections were warmed to room
temperature and fixed in 4% (w/v) paraformaldehyde in 0.1 M sodium phosphate buffer pH 7.4.
Staining was terminated after 15 minutes with distilled water; sections were dehydrated with
graded ethanol washes, cleared with xylene and cover-slipped with Permount (Thermo Fisher
Scientific, Waltham, MA). Sections were examined for the presence of motor endplates.
Sections adjacent to those exhibiting cholinesterase staining were labeled for acetylcholine
receptors by sequential incubation in 1:500 dilution of biotin conjugated anti-bungarotoxin
(Invitrogen, Carlsbad, CA), avidin horseradish peroxidase conjugate (Kirkegaard and Perry
Laboratories, Gaithersburg, MD) and Nova Red peroxidase substrate (Vector Laboratories,
Burlingame, CA).

Tissue-Tek® OCT embedded TA and EDL muscles were also longitudinally sectioned at
20 um with a cryostat and thaw mounted on gelatin-coated glass slides. To label the pre and
post-synaptic regions of the NMJs, sections were first stained for acetylcholine receptors as

above, except that the peroxidase substrate was Vector® Red (Vector Laboratories,
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Burlingame, CA). Sections were then labeled with a 1:1000 dilution of mouse anti-
phosphorylated neurofilaments antibody cocktail (a-SMI1312; Abcam, Cambridge, MA) and a
1:500 dilution of Alexa Fluor® 488 labeled goat anti-mouse IgG (Invitrogen, Carlsbad, CA).

Sections were cover-slipped in ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA) and
stored at 4°C in the dark for laser scanning confocal microscopy.

Spinal cords were fixed by immersion in 10% neutral buffered formalin and the L5
ventral roots and L5 segment were dissected. L5 spinal cord segments were paraffin embedded
and thirty-two 10 um thick serial sections were stained with cresyl violet for cell body counts and
morphometric analysis. L5 ventral roots were embedded in Poly/Bed 812- Araldite, thick
sectioned and stained with toluidine blue for axon counts and morphometry.

Motor neuron and myelin sheath morphometry

All axons within a single, toluidine blue stained cross-section of L5 ventral roots were
counted with Neurolucida (MBF Bioscience, Williston, VT) and a Nikon FX-A microscope
(Tokyo, Japan) at 20x magnification. Non-overlapping images of ventral root cross sections
were captured at 40x. Diameters of two hundred and fifty axons, excluding the myelin sheath,
were measured from these images with Image-Pro Plus 5.1 (Media Cybernetics, Bethesda,
MD). Axon diameters were grouped in 2 um increments, and the number of axons within each
bin was determined. For the 12 and 21 week time-points, the axon morphometrics were
normalized to correct for over-sampling due to axon loss in affected cats. The number of axons
within a size bin was multiplied by the average number of L5 axons in affected cats and then
divided by the average number of L5 axons in control cats.

Average myelin sheath thicknesses were also determined from the toulidine blue stained
ventral root images. Using Image-Pro Plus 5.1, two concentric circles were fitted to one

hundred axons. The larger circle contained the axon and myelin sheath; and the smaller circle
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contained only the axon. Subtraction of the smaller radius from the larger radius was taken as
the myelin sheath thickness.

Cresyl violet positive cell bodies with a distinct nucleus and nucleolus at 10x
magnification were counted with Neurolucida in alternate, 10 um thick cross-sections of L5
spinal cord to prevent double counting of cells. Only a single ventral horn was counted in each
section. Overlapping images of a single cross section at 10x were collected for cell body
morphometrics. Major and minor diameters from 50 cells with distinct nucleoli were measured
by fitting two circles to the soma, one that was contained within the soma and one that
surrounded the soma (18), with Image Pro 5.1. Major and minor diameters were averaged to
obtain the average soma diameter. The average diameters were grouped in 10 um increments
and the number of cell bodies within each bin was determined.

Confocal laser scanning microscopy

Stained longitudinal muscle sections were examined for fluorescence on an Olympus
Fluoview 1000 laser-scanning microscope (Center Valley, PA) equipped with a 40x oil
immersion objective NA=1.30. Autofluorescence of Vector® Red labeled acetylcholine receptors
(red) was excited at 542 nm and emission was detected through a LP 560 nm filter.
Fluorescence of Alexa Fluor 488 labeled neurofilaments (green) was excited at 488 nm and
emission detected through a BP 505-525 nm filter. Structural integrity of NMJs was determined
in red-green merged extended focus images that were optimized for brightness and contrast
with Fluoview v5 software. Junctions in which red and green signals failed to overlay were
scored as denervated.

Data analysis and figure generation
Averages, standard deviations (S.D.), two-tailed Student’s t-test (a=0.05) and all graphs

were generated with Microsoft Excel (Microsoft Corporation Redmond, WA). Figures were
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created in Microsoft PowerPoint and then converted to .tif files in Adobe Photoshop CS4 (San

Jose, CA).

Results

We examined muscle fiber morphology in quadriceps femoris muscle of two normal (N)
and two affected (A) cats aged 6, 8, 10, 12 and 21 weeks (Figure 2.1). We observed no
noticeable difference in fiber shape at 6 and 8 weeks of age (Figure 2.1A-D). At 10 weeks
(Figure 2.1E and F), affected cats had smaller muscle fiber diameters than age-matched
controls (N=17.2 +3.8 um and 22.9 + 4.3 um; A=11.6 £ 1.9 um and 14.5 £ 2.6 um). Small,
angular fibers were more prevalent in affected cats at 12 weeks of age and occasional
centralized nuclei were observed. Groups of atrophic fibers and hypertrophied muscle fibers
were observed in affected cats at 21 weeks (Figure 2.1J). Fiber typing of TA and EDL muscles
(Figure 2.2A, B, D, E) at 12 weeks old (N=2) revealed both slow twitch (Type 1) and fast twitch
(Type 2) atrophic fibers. However, the majority of atrophic fibers in the TA and EDL were fast
twitch (affected TA = 79%, 78%,; affected EDL = 83%, 81%). In contrast, we observed few
atrophic fibers in the soleus (Figure 2.2C and F), a slow twitch muscle, in affected cats. These
observations indicated that neurons innervating fast twitch muscle fibers are primarily affected in
feline SMA.

Neuromuscular junctions (NMJs) in the TA and EDL muscles of affected cats were
structurally intact at 10 weeks of age (Figure 2.3A, B, E, and F), and there was no apparent
difference in end-plate size at 12 weeks (data not shown). However, we observed end-plate
denervation at 12 weeks (Figure 2.3G and H). In the TA muscle, 6 of 21 and 9 of 33 NMJs were
denervated in two affected cats. Six of 18 and 9 of 36 NMJs were denervated in EDL muscles.
In the 12 week control animal, only 1 of 15 and none of 18 NMJs were denervated in TA and

EDL muscle sections, respectively (Figure 2.3C and D). No abnormal accumulations of
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neurofilament were identified in affected cats at either time-point. Therefore, structural disruption
of neuromuscular junctions coincided with the presence of atrophic fibers.

To understand the progression of neurodegeneration in feline SMA, we assessed the
total number of L5 ventral root axons in affected cats and age-matched controls (Figure 2.4A).
At 10 weeks of age, there was no significant difference between the two groups (N=4312 + 747,
A=4481 £ 194; n=3, p=0.6). Loss of L5 motor axons coincided with the onset of clinical signs 2

weeks later (N=4544 + 396, A=3647 + 369; n=3, p=0.03), and by 21 weeks of age, affected cats

had 40% fewer L5 motor axons than controls (N=4575 + 648, A=2734 £+ 472; n=5, p=9x10'4).
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Figure 2.1. Photomicrographs of H&E stained cross sections of quadriceps muscle. B, D, F,
H and J are representative images from affected cats. A, C, E, G and | are from age-matched
controls. Cats were aged 6 wks (A, B), 8 wks (C, D), 10 wks (E, F), 12 wks (G, H) or 21 wks

(1, J) when euthanized. Bars = 20 um.




Figure 2.2. Photomicrographs of fiber-typed hindlimb muscles. TA (A, D), EDL (B, E) and soleus (C, F) from 12 week old SMA

affected (D-F) and control (A-C) cats were fiber typed by myofibrillar ATPase reaction at pH 4.6. Both slow and fast twitch atrophic

fibers were observed in affected cats, although the majority of atrophic fibers were fast twitch. Bars = 20 pum.
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Figure 2.3. Confocal laser scanning microscopy extended focus images of TA and EDL
neuromuscular junctions. Acetylcholine receptors are labeled in red and neurofilaments are
labeled in green. E-H are representative images from SMA affected TA (E and G) and EDL
(F and H) sections at 10 (E and F) and 12 weeks (G and H). A-D are representative images
from age and tissue matched controls. A) 35 optical sections representing a thickness of 10.5
um. B) 71 optical sections representing a thickness of 14.2 um. C) 68 optical sections
representing a thickness of 20 um. D) 76 optical sections representing a thickness of 15.2
um. E) 60 optical sections representing a thickness of 18 um. F) 61 optical sections
representing a thickness of 18.3 um. G) 65 optical sections representing a thickness of 19.5

um. H) 91 optical sections representing a thickness of 18.2 um. Bar = 50 um.
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Figure 2.3 continued.

A
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The axon deficit was not mirrored in L5 motor neuron somas even at 21 weeks (Figure 2.4B).
However, the presence of chromatolysis and acentric nuclei in anterior horn cells beginning at
8-9 weeks (Figure 2.8A and B) provided evidence of somal degeneration. Thus, this observation
of axonal loss prior to cell body loss indicated a mechanism of retrograde degeneration.

During axon counts we observed a lack of large caliber motor axons in affected cats
beginning at 8 weeks of age (Figure 2.5A-H). This finding is consistent with previous
morphometric analysis of a C5 ventral root in an affected adult cat (9). To investigate this
further, we measured axon diameter in 250 L5 ventral root axons in affected and age-matched
cats. At 3 days (data not shown) and 4.5 weeks (Figure 2.6A), the distribution of axon diameter
in affected cats was comparable to normal controls. Distributions in normal and affected cats
broadened as axon calibers increased with age. Beginning at 8 weeks of age, normal cats
developed the characteristic bimodal distribution of ventral root motor axon diameters, but
axons in affected cats maintained a unimodal distribution (Figure 2.6B). Eight week old affected
cats had significantly fewer axons with diameters measuring 6 um and greater. This disparity
was even more pronounced at 12 and 21 weeks of age; axons with calibers equal to or greater
than 8 um are significantly reduced in affected cats (Figure 2.6C and D). Small caliber axons
were present in greater numbers in affected cats at 8, 10 and 12 weeks, but this over-
representation disappeared at 21 weeks of age, presumably due to progressive axon loss.

We observed no overt differences in myelin sheath thickness in affected cats at any age
examined. To properly exclude myelin defects in feline SMA, we measured both myelin
thickness and axon caliber in 100 axons at 8-9, 10, 12 and 21 weeks (Figure 2.7). Even though
a significant decrease in average axon radius was detected at all ages, there was no difference
in average myelin thickness. Thus, affected cats failed to reach normal caliber despite

comparable ensheathment.
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Figure 2.4. L5 motor neuron axon and soma counts. A) Total number of myelinated axons in
L5 ventral root in normal (shaded) and affected (unshaded) cats. B) Number of motor neuron
somas in 160 um thickness of cresyl violet stained L5 spinal cord. Average + S.D shown.

Asterisks denote statistical significance by Student’s t-test (p<0.03, n=3 except at 21 weeks,

where n=5).
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Figure 2.5. L5 toluidine blue stained ventral roots. Panels A-H are representative images of
normal (A, C, E, and G) and affected cat (B, D, F, and H) ventral roots at 4.5 weeks (A and

B), 8-9 weeks (C and D), 12 weeks (E and F) and 21 weeks (G and H). Bar = 20 um.
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Figure 2.6. L5 ventral roots axon morphometrics at 4.5 weeks (A), 8-9 weeks (B), 12 weeks
(C) and 21 wks (D) of normal (shaded) and affected cats (unshaded). In A, n=2. At all other
time points, n was greater than or equal to 3, and thus averages + S.D. were graphed. The
data in C and D were adjusted to account for over-sampling in affected cats (See Material

and Methods). Asterisks denote statistical significance by Student’s t-test (p<0.05).
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Figure 2.6 continued.
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Figure 2.7. Average axon radius and myelin thickness. A) Average L5 ventral root axon
radius as measured in 100 axons. B) Average myelin sheath thickness measured in the
same 100 axons (n=3 except at 21 weeks where n=5). Asterisks indicate statistical

significance by Student’s t-test (p<0.02).
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Morphometric analysis of L5 ventral horn somas also revealed a dearth of large cell
bodies, although this phenomenon occurred at a later age than the deficit in large axon
diameters in the ventral roots. At 8-9 weeks, affected cats had similar distributions of cell body
diameters as age matched controls (Figure 2.8G). No single size increment demonstrated a
significant difference at 12 weeks (Figure 2.8H), but when soma were grouped into two pools,
cells with diameters from 0O to 40 um or cells with diameters greater than 40 um, affected cats
had significantly fewer somas with an average diameter greater than 40 um (N=8 £ 1.2, A=3 +
1.7; n=4, p=0.002). At 21 weeks of age, affected cats still had significantly fewer cells with
diameters of greater than 40 um (Figure 2.8l). The lack of large caliber motor axons preceded
any changes to the cell bodies by ~4 weeks, and was consistent with the primary site of feline

SMA pathogenesis being distal to the soma.

Discussion

We undertook a systematic histological examination of muscles, motor neuron axons
and cell bodies to identify the earliest pathological changes in feline SMA and to follow their
progression. Small, atrophic muscle fibers became apparent at 12 weeks of age, although fibers
appeared smaller at 10 weeks. The appearance of muscle atrophy coincided with structural
denervation of motor end-plates and statistically significant loss of L5 ventral root axons. There
was no significant loss of L5 motor neuron somas by 21 weeks, indicating retrograde
neurodegeneration in feline SMA. This finding is consistent with engineered mouse models of
SMA (19-21).

Myofibrillar ATPase fiber typing of TA, EDL and soleus muscles demonstrated that a
majority of atrophic fibers were Type 2 (fast twitch). Fast twitch muscle fibers belong to larger

motor units and are innervated by larger diameter motor neurons than slow twitch fibers (22,
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Figure 2.8.Cresyl violet stained L5 spinal cord and soma morphometrics. Photomicrographs
of L5 anterior horns from normal cats aged 8 wks (A) 12 wks (C) and 21 wks (E) and from
age-matched affected cats B, D, and F, respectively. Bars=200 um. Cell body morphometrics
at 8-9 wks (G), 12 wks (H) and 21 wks (I). Averages + S.D. for normal (shaded) and affected
cats (unshaded) are shown. Asterisks indicate statistical significance by Student’s t-test at

p<0.03.
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Figure 2.8 continued
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23). Concordantly, morphometric analysis of L5 ventral root axons demonstrated that motor
neurons in affected cats failed to develop a normal bimodal size distribution at 8-9 weeks. The
dearth of large caliber axons was echoed in L5 ventral horn somas at 12 weeks of age and
thereafter is similar to what is observed in autopsy specimens from human SMA patients (24).

Our colleagues at the University of Nantes, France have conducted extensive
neurological and electromyography (EMG) exams in SMA affected and normal cats aged 4 to
36 weeks. Affected cats developed EMG abnormalities in hindlimb muscles at 12 weeks.
Significant decreases in compound motor action potential (CMAP) amplitudes were detected at
8-11 weeks, indicating a functional denervation of NMJs. Despite reduced axon calibers at
earlier ages, changes in nerve conduction velocity (NCV) of the sciatic and radial nerves were
not observed until 16 weeks of age. This is likely explained by the contribution of sensory axons,
which are unaffected in feline SMA, to the overall NCV. Thus the functional changes observed
by our French collaborators coincide with the pathology we identified in muscles and the loss of
L5 ventral root axons.

Taken together this work describes the onset and early disease course of feline SMA.
Neuromuscular development proceeds normally in affected cats until ~8 weeks of age. At this
point, motor axons in affected cats fail to undergo radial growth. Degeneration of these axons
begins between 10 and 12 weeks of age, with significant axon loss by 12 weeks. EMG
abnormalities, muscle atrophy and clinical signs are also present by 12 weeks of age.
Neurodegeneration continues to progress, although cell body numbers are maintained (but
smaller in size) even at 21 weeks.

Thus, our study supports a defect of axon radial growth as the earliest observed
pathological change in feline SMA. Two critical factors in axon diameter regulation are
neurofilaments (NFs) and myelin. NFs are intermediate filaments composed of three
polypeptides, NF-L (light), NF-M (medium), NF-H (heavy). They are the most abundant

cytoskeleton component in neurons. During development, increases in NF expression occur
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after synapse formation and concurrent with myelination and axon radial growth (25). Increases
in NF expression and transport are also seen after axon crush or transection (26, 27). NF-L is
critical for neurofilament assembly and axon radial growth (28). The carboxyl termini of NF-M
and NF-H form the side arms of NFs and are heavily phosphorylated in axons. These negatively
charged phosphate groups are hypothesized to increase NF spacing and, therefore, axon
caliber. Due to the larger number of KSP repeats in NF-H, it was originally thought that the
heavy subunit was more important for axon radial growth. However, knockout of NF-H or
deletion of its tail domain failed to disrupt radial growth and resulted only in a mild decrease in
motor axon number (29, 30). In contrast, deletion of the NF-M tail domain severely inhibited
axon caliber expansion (31, 32). The NF-M tail domain contains few KSP repeats; whose
position and number are not conserved and recent evidence suggests that these residues are
not required for axon radial growth (33).

Another key determinant in axon caliber is myelination. Unmyelinated axons have
smaller calibers than myelinated fibers. Furthermore, within myelinated axons, the unmyelinated
nodes of Ranvier are smaller in diameter than surrounding axonal segments and have reduced
neurofilament spacing and phosphorylation (34). Schwann cells are currently thought to signal
to axons via an unidentified receptor to increase cellular kinase activity and neurofilament
phosphorylation (35, 36). We have excluded demyelination as an explanation of reduced axon
caliber in feline SMA. However, more work is required to determine expression and
phosphorylation levels of neurofilaments and whether LIX1 has a direct role in this or the
signaling between Schwann cells and motor neurons. The research described herein increases
our knowledge of disease progression in a naturally occurring animal model of SMA. This
understanding will greatly aid in the assessment of therapeutic benefits of LIX1 gene therapy or

new pharmacological agents in feline SMA.
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CHAPTER 3: Lix1 knockout does not produce a SMA phenotype

Abstract

Feline SMA is an autosomal recessive, juvenile onset lower motor neuron disease
caused by ~140 kilobase pair deletion, which disrupts expression of two genes, limb expression
1 (LIX1) and leucyl/cystinyl aminopeptidase (LNPEP). A Lnpep knockout mouse has been
previously generated and did not demonstrate any overt neuromuscular phenotype. Little is
known currently about LIX1, except that it is highly expressed in spinal cord motor neurons. To
confirm that loss of Lix1 alone is responsible for the feline SMA phenotype, a Lix1 knockout
(KO) mouse line derived from an intron 1 gene trap clone was ordered from Lexicon Genetics.
Mating of F1 heterozygotes produced offspring in the expected Mendelian ratio. Disruption of
Lix1 expression did not result in any neuromuscular phenotype even at two years of age as
determined by hanging latency, rotarod, footprint ink tests and histological methods. RT-PCR
analysis of spinal cord RNA identified a Lix1 alternative transcript beginning in intron 4 and
containing exons 5 and 6. This transcript appears to be mouse-specific and its expression is not
disrupted in Lix1 KO mice. The expression of this shorter transcript may compensate for the

loss of Lix1 in the KO mice and thus protect against motor neuron degeneration.
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Introduction

Feline spinal muscular atrophy (SMA) is a juvenile onset lower motor neuron disease
that is clinically analogous to Type 3 human SMA (1). Affected cats develop hindlimb muscle
weakness and gait abnormalities at 12-13 weeks with atrophy becoming apparent at 5 months.
Linkage and molecular analysis identified an ~140 kilobase deletion on feline chromosome Alq
(2). This deletion spans intron 3 of limb expression 1 (LIX1) to intron 1 of leucyl/cystinyl
aminopeptidase (LNPEP) and abrogates expression of both genes. LNPEP is widely expressed,
with its strongest expression occurring in the placenta, heart, kidney and small intestine.
Knockout (KO) of Lnpep decreased trafficking of a glucose transporter, GLUT4, to the plasma
membrane in response to insulin stimulation. In mice examined at one year of age, no overt
neuromuscular phenotype was reported (3).

In contrast, relatively little is known about LIX1. LIX1 is highly conserved; the deduced
feline amino acid sequence is >92% identical to that of dog, cow, human, and mouse. In situ
hybridization experiments in chicken identified LIX1 expression in the developing limb bud and
facial primordia (4). Similar experiments in mice found strong expression in spinal cord lower
motor neurons, dorsal root ganglia and some interneurons (5). Thus far, there have been no
cases of human SMA to date that can be linked to LIX1 (2, 6, 7). However the LIX1 expression
profile data and failure of Lhpep KO mice to produce any neuromuscular phenotype support the
hypothesis that LIX1 is responsible for feline SMA. Therefore, we sought to characterize

neuromuscular structure and function in Lix1 KO mice.

Materials and Methods
Mice
We ordered a KO mouse line derived from a Lix1 intron 1 gene trap embryonic stem cell

clone (OST262711) from Lexicon Genetics (The Woodlands, TX). Two male and two female
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heterozygotes (C57BL6/129 Sv Ev Brd) were received and bred to produce F2 Lixl'/' mice and

homozygous normal controls that were used for subsequent behavioral testing and histology.
Mice were housed and handled at Michigan State University according to IUACAC approved
protocols and National Institutes of Health guidelines.

Genotyping

Genomic DNA (gDNA) was isolated from mouse tail biopsies (8). These were digested
overnight at 55°C in 10mM Tris, pH 7.5, 400mM NaCl, 100mM EDTA, 0.6% SDS and 0.5 mg/m
Proteinase K. DNA was ethanol precipitated, and pellets were air dried. DNA was resuspended

in 100 pl of 10mM Tris, pH 8.0, ImM EDTA and stored at -20°C until used in multiplex

polymerase chain reaction (PCR). One ul of gDNA was PCR amplified in 25 pl reactions
containing a final concentration of 250 nM forward and reverse primers (Integrated DNA

Technologies, Coralville, 1A), 1 mM dNTPs (Invitrogen, Carlsbad, CA) and 0.05 U/ul Choice-
Tag™ DNA polymerase and 10 mM Tris-HCI, pH 9.0, 10 mM KCI, 1.5 mM MgSQOj4, 8 mM
(NH4)2S0Oy4, 1.5 mM MgCl,, and 0.05% NP-40 (Denville Scientific, South Plainfield, NJ). One set

of primers (5-GCCCTCGGTTGGCTTTTGAT-3 and 5-GCCCACCTCATCCCAAACTTC-3)
flanked the trapping cassette insertion site and a second reverse primer, 5'-

ATAAACCTCTTGCAGTTGCATC-3', was located in the 5’ long terminal repeat (LTR) of the

trapping cassette (Figure 3.1A). Thermocycling conditions were as follows: 2 minutes 95°C
initial denaturation, 35 cycles at 94°C for 30 seconds (s), 58°C for 30 s, and 72°C for 30 s and

a final extension at 72°C for 10 minutes. Amplification from the wild-type locus yielded a 359 bp

product, whereas, amplification from the mutated locus produced a 219 bp product. Products

were analyzed by agarose gel electrophoresis.
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Hanging latency

Mice were allowed to grip a wire cage lid 40 cm above a cage with bedding. The cage lid
was inverted for 120 s and the time at which the mouse fell was recorded (9). Mice were tested
weekly beginning at 3 weeks of age until 9 months and then were tested monthly until 2 years.
After 8 months, the test was extended to 240 s.
Accelerating rotarod

Mice were tested for endurance and motor coordination by an accelerating rotarod
(Columbus Instruments, Columbus OH; axle diameter 3.6 cm). The test began at 4 rpm and
speed was increased 0.1 rpm/s for 360 s, and the time that the mouse remained on the rod was
recorded (10). Each animal was given three trials with a 10 minute rest between each trial. After
one week on training, mice were tested three times per week and the best trial time from each
day was recorded and averaged to obtain a value for the week. At 9 months of age, the mice
were tested one week per month until 2 years of age.
Footprint ink test

The front and rear paws of mice were painted with red and blue non-toxic acrylic paint,
respectively. Mice were placed at one end of a tube lined with paper and guided to walk to the
other end (9). Three measurements of forelimb stride length, hindlimb stride length, front base
width and hind base width were taken and averaged together to yield a single value for each
parameter. Mice were tested once weekly from 19 weeks until 9 months and once monthly
thereafter.

Histology
After euthanasia by CO» asphyxiation, whole hind limbs were immersion fixed in 10%

neutral buffered formalin. Anterior tibialis (TA) muscles were dissected, paraffin embedded,
transversely sectioned at 5 um and stained with hematoxylin and eosin (H&E). Five random,

non-overlapping fields of view at 40x magnification were examined for muscle fiber morphology.
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Dorsal laminectomies of vertebral columns were performed in 10% neutral buffered formalin.
After 1 week of immersion fixation, L4 ventral roots and L4 spinal cord segments were
harvested. L4 ventral roots were embedded in Poly/Bed 812-Araldite, sectioned at 1 um and
stained with toluidine blue for axon counts and morphometrics. L4 spinal cord was paraffin
embedded, sectioned at 5 um and stained with cresyl violet.
L4 ventral root counts and morphometry

All axons within a single L4 ventral root cross section were counted with Neurolucida
(MBF Bioscience, Williston, BT) and a Nikon FX-A microscope (Tokyo, Japan) at 20x
magnification. A single image of the cross section was captured at 40x magnification and 250
axon diameters, excluding the myelin sheath, were measured with Image-Pro Plus 5.1 (Media
Cybernetics, Bethesda, MD). Axon diameters were grouped in 2 um increments and the number
of axons within a bin was determined.
cDNA amplification by PCR

Whole spinal cord was expelled from the vertebral column of 6 week old mice with a 20

ml syringe filled with 0.1 M phosphate buffered saline (PBS), pH 7.4, and a dulled 18 gauge

needle. Spinal cords were flash frozen in liquid nitrogen and then stored at -80°C until RNA

extraction with RNeasy® Lipid Tissue Midi Kit (Qiagen, Venlo, Netherlands) according to

manufacturer’s instructions. RNA was analyzed by gel electrophoresis and spectrophotometry.

One pg of total RNA was reverse transcribed in a 20 pl reaction at 50°C for 50 minutes with

SuperScript [lI® and oligo dToq (Invitrogen, Carlsbad, CA) according to manufacturer’s

recommendations or with no added reverse transcriptase (no RT). Two ul of cDNA amplification
reactions or no RT reactions were PCR amplified in 50 pl reactions containing a final

concentration of 250 nM forward and reverse primers (Integrated DNA Technologies, Coralville,

IA), 1 mM dNTPs (Invitrogen, Carlsbad, CA) and 0.05 U/ul Choice-Tag™ DNA polymerase and
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10 mM Tris-HCI, pH 9.0, 10 mM KCI, 1.5 mM MgSOg4, 8 mM (NH4)2S0O4, 1.5 mM MgCl», and
0.05% NP-40 (Denville Scientific, South Plainfield, NJ). Primers used for RT-PCR are listed

below. Cycling conditions for Lix1 amplification were initial denaturation at 95°C for 2 minutes,
35 cycles of 30 s denaturation at 94°C, 30 s primer annealing at 62°C, 1 min extension at 72°C
and final extension at 72°C for 10 min. Reaction conditions for y actin (Actgl) were identical

except that the annealing temperature was 58°C and the extension time was 30 s. Products

were analyzed by agarose gel electrophoresis.

Lix1 exon 1 F: 5-CCAGCCTGTCAGCCAGCCTT-3
Lix1 exon 2 F: 5-CTGGGCCTCCCTTTGTGAGCTA-3’
Lix1 exon 5 F: 5-CCAACTACTGCACTGGAATGA-3’
Lixlalt exon 1 F: 5-TCCTGCTGCGCTGAGGAACC-3
Lix1 3 UTR R: 5- ACCTGCCACCTGGCCTTGCT-3
Actgl exon 1 F: 5-AATCGCCGCACTCGTCATTG-3
Actgl exon 2 R: 5-TGTGGTGCCAGATCTTCTCC-3
Quantitative RT-PCR (RT-gPCR)

Whole spinal cords were expelled from 2, 4 and 8 week old mice as described above,
flash frozen and stored at -80°C until RNA extraction. These mice were from a 6 generation
backcross to C57BL6 mice (Jackson Labs, Bar Harbor, ME) to reduce variation in expression

due to genetic background differences. Total RNA was extracted with PureLink™ RNA Mini Kit

(Invitrogen, Carlsbad, CA) according to manufacturer’s specifications. RNA was analyzed by gel

electrophoresis and spectrophotometry. Five hundred ng of RNA per sample was reverse

transcribed with SuperScriptlll® and oligo dTyq primer. The resulting cDNA and no RT controls

were diluted 1:2.5 for subsequent PCR amplification. Two pl of cDNA or no RT controls were
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amplified with 200 nM of primers and Fast SYBR® Green Master Mix (Applied Biosytems,

Carlsbad, CA) in 20 ul reactions on a Step-One Plus Real-Time PCR system (Applied

Biosystems). Samples were incubated at 95°C for 20 s prior to 40 cycles of 95°C for 3 s and

60°C for 30 s. Melt curves were generated for each sample. Data were analyzed with Step-One

Plus® software by the relative standard curve method with g actin (Actb1) and Cyclophilin (Cyp)
serving as reference genes. Primer sequences are listed below. Each gene was replicated in
three technical replicates of three biological replicates.

Lix1: 5-GCCTCCCTTTGTGAGCTATG-3' and 5-GCCTGGCCTCAGCTCTACT-3

Lixlalt: 5-CGCAATAGGCTTCAGCTTTCC-3 and 5-CTTCCTGTCGAGAGCACTTTG-3

Actbl: 5-ACGGCCAGGTCATCACTATT-3 and 5-CGGATGTCAACGTCACACTT-3

Cyp: 5-ACTGTCGCTTTTCGCCG-3 and 5-GCTGTCTTTGGAACTTTGTCTG-3’

Data analysis and figure generation

Averages, standard deviations, x? tests and Student’s t-tests (o = 0.05) were performed

with Excel software (Microsoft Corporation, Redmond, WA). All graphs were generated in Excel.
Figures were created in PowerPoint and converted to tiff files in Photoshop CS4 (Adobe, San

Jose, CA).

Results
Matings of Lix1+/' mice received from Lexicon Genetics produced 85 F2 offspring.

Genotyping of these mice by multiplex PCR (Figure 3.1B) revealed that 25 mice were
homozygous normal, 37 were heterozygous and 23 were homozygous for the Lix1 gene trap

allele. This ratio does not differ significantly from the expected 1:2:1 Mendelian genotypic ratio
(X2=1.9, p=0.1) and thus insertional mutagenesis of Lix1 is not embryonic lethal. To confirm that

gene trapping resulted in disruption of Lix1 expression, | performed RT-PCR on total RNA
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extracted from six week old whole spinal cord. No amplification of Lix1 cDNA was detected in
homozygous KO mice (Figure 3.1C).
Mice were examined for signs of neuromuscular dysfunction by weighing, hanging

latency, accelerating rotarod and footprint ink test weekly until 9 months of age, and monthly

thereafter until two years of age. At all ages, there was no difference between Lixl'/' and Lix1+/+

control animals (Figures 3.2 and 3.3). Furthermore, Lix1 KO did not result in decreased survival
(Figure 3.4). The failure of Lixl'/' mice to show any overt difference in motor function led me to

examine the mice for more subtle motor phenotypes. Therefore, | assessed L4 ventral root axon

number and size distribution at three ages, six months, one year and two years. No axon loss

was observed in Lixl'/' mice (Figure 3.5). There were significantly more axons with diameters of

4 to 6 ym in knockout mice at two years of age (Figure 3.6l), however there was no difference in
the range of axon diameters observed. Examination of TA muscle and L4 spinal cord did not
reveal any overt pathology (Figure 3.7, n = 3). Thus in mice, disruption of Lix1 was not sufficient
to reproduce the feline SMA phenotype as determined by motor functions tests and spinal cord
and muscle histology.

In an effort to explain the lack of phenotype in our Lix1 gene trap mouse, | undertook
further RT-PCR examination of the Lix1 locus. No amplification was detected in Lixl'/' mice
when primers were located in exon 2 and the 3' UTR (Figure 3.8A). However, a product was
detected when the forward primer was moved downstream to exon 5 (Figure 3.8B). Query of the
Lix1 locus on the University of California Santa Cruz genome browser, identified a mouse

specific, alternative Lix1 transcript beginning in intron 4 and containing exons 5 and 6 of Lix1.

Primers were designed to PCR amplify this alternative transcript and a product was detected in
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Figure 3.1. Insertional mutagenesis of Lix1 is non-embryonic lethal null allele. A) Schematic
of wild-type and Lix1 intron 1 gene trapped loci. Black arrows represent approximate position
of genotyping primers. LTR = long terminal repeats. SA and SD = splicing acceptor and
donor site, respectively. pA = polyadenylation signal. NEO = neomyocin resistance gene.
PGK = phosphoglycerate kinase promoter. BTK = Bruton tyrosine kinase exon. B)

Representative image of multiplex PCR genotyping results of F2 progeny. Lane 1: Molecular

weight marker. Lane 2: HoO negative control. Lane 3: F1 Lix1+/' positive control. Lanes 4-6:
Lix1**. Lanes 7-9: Lix1”". Lanes 10 and 11: Lix1™". C) RT-PCR of Lix1 and Actgl. Lane 1:
Lix1"*. Lane 2: Lix1"* no RT. Lane 3: Lix1™". Lane 4: Lix1*" no RT. Lane 5: Lix1™". Lane 6:

Lix1”" no RT. Lane 7: H,0 negative control.
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Figure 3.1 continued.

A Wild-type locus

Mutated locus

oo .-

B 12345678 9 1011

"

C 4 5 6 7

Lix1

1 2 3 -
- -
- e - Actg1

78



Figure 3.2. Weights and motor function tests at 6 months, 1 year and 2 years. A) Average
weights of mice (6 months n = 18; 1 year n = 12; 2 years n = 5). B) Hanging latency test
results (6 months n = 14; 1 year n = 12; 2 years n = 5). C) Accelerating rotarod test results (6

months n = 4; n = 12; 2 year n = 5). Averages = S.D. are shown. For all p > 0.05 Shaded

bars represent Lix1+/+ mice. Unshaded bars represent Lixl'/'.
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Figure 3.2 continued.
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Figure 3.3. Footprint ink tests. A) 6 monthsn=5.B) 1yearn=9. C) 2 yearsn =5.

Averages * S.D are shown. For all p > 0.05. Shaded bars represent Lix1+/+ mice. Unshaded

bars represent Lix1 ",
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Figure 3.3 continued.

A

Distance (cm)

Distance (cm)
o = N w H (03] [e)} ~ (000}

O B N W B 01 O N o

Distance (cm)

O R, N W b U1 O N ®

Forelimb
Stride

"l
W |

Hindlimb Front Base  Hind Base
Stride Width Width

82



Figure 3.4. Survival of Lixl'/' mice. KO of Lix1 did not result in decreased lifespan (n = 7).

Mice were sacrificed at 2 years of age for histology. Lix1+/+ = solid line, Lixl'/' = dashed line.
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Figure 3.5. Total number of L4 ventral root axons at 6 months (n = 4), 1 year (n =5) and 2

years (n = 5) of age. Averages + S.D. are shown. For all p > 0.05. Shaded bars represent

Lix1 ™" mice. Unshaded bars represent Lix1” mice.
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Figure 3.6. Photomicrographs of toluidene blue stained L4 ventral roots and morphometrics.
Representative images of Lixl'/' mice at 6 months (B), 1 year (D) and 2 years (F) and age-
matched controls (A, C, and E). Bar = 20 um. Ventral root morphometrics at 6 months (G, n =

4), 1 year (H, n =5) and 2 years (I, n =5). Averages + S.D. are shown. For all p > 0.05.

except 4-6 ym at 2 years where asterisk denotes statisitical significance at p<0.05 by

Student’s t-test. Shaded bars represent Lix1+/+ mice. Unshaded bars represent Lixl'/' mice.
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Figure 3.6 continued.
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Figure 3.7. Photomicrographs of L4 spinal cords and TA muscles at 2 years. Representative

images of cresyl violet stained ventral horns from Lixy " (A) and Lix1"" mice (B).

Representative images of H & E stained TA muscles from Lixy " (C) and Lix1™” mice (D).

Bars = 100 um in A and B. Bars = 20 um in C and D.
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Figure 3.8. RT-PCR analysis of Lix1 locus. A) Forward primer is located in exon 2 of Lix1. B)
Forward primer is located in exon 5 of Lix1. C) Forward primer is located in exon 1 of the

Lix1 alternative transcript. For A-C the reverse primer is located in the Lix1 3' UTR. D) Actgl

control. For all: Lane 1: Molecular weight marker. Lane 2: Lix1+/+. Lane 3: Lix1+/+ no RT.
Lane 4: Lix1*". Lane 5: Lix1*"" no RT. Lane 6: Lix1™". Lane 7: Lix1”" no RT. Lane 8: H-,O

negative control.

‘(q
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Lixl'/' mice (Figure 3.8C). Therefore the intron 1 gene trap does not abrogate expression of this
alternative transcript, which will be referred to as Lix1alt from this point forward.

To determine whether Lix1alt expression is up regulated in Lixl'/' or whether it is the
predominant transcript in mice, | performed RT-qPCR on whole spinal cord from 2, 4, and 8

week old mice (Table 3.1, Figure 3.10). There was no increase in Lix1alt expression in Lixl'/'

mice nor was it expressed at a higher level than the longer Lix1 transcript in normal controls.
However, our lack of a Lix1 antibody has prevented evaluation of Lix1 and Lix1alt protein

expression in hormal and Lix1 knockout mice.

Discussion

The feline SMA mutation disrupts expression of two genes, LIX1 and LNPEP. Based on
expression profiles and results from a previous Lnpep KO mouse, we hypothesized that loss of
LIX1 was responsible for lower motor neuron disease in SMA affected cats. To test this
hypothesis, | assessed Lix1 gene trap mice for neuromuscular dysfunction by several motor
function tests
and histological methods. Lix1 KO mice did not demonstrate any deficit in strength, endurance
or coordination as determined by hanging latency, rotarod and footprint ink tests. Furthermore,
Lix1 KO did not result in axon loss or decreased axon caliber as was observed in SMA affected
cats.

RT-PCR analysis did identify a mouse specific Lix1 alternative transcript, Lix1alt, whose
expression persisted in Lixl'/' mice. This transcript begins in intron 4 of Lix1 and contains Lix1

exons 5 and 6. This transcript contains a 468 base pair open reading frame that is predicted to
encode an 18 kDa protein with the final 120 residues being identical to Lix1. Lix1alt expression

is not increased in Lix1 KO mice, nor is the alternative transcript a major transcript in normal
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Figure 3.9. Testing of RT-gPCR primers for Lix1 (A), Lix1alt (B), Actbl (C), and Cyp (D).
Lane 1: Lix1+/+. Lane 2: Lix1+/+ no RT control. Lane 3: H,O negative control. Cycling

conditions were identical to RT-gPCR except that annealing (60°C 30 s) and extension (72T

30 s) were separate steps. Total number of cycles is 35.
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Table 3.1. Cycle thresholds (Ct) from RT-qgPCR. Averages * S.D. from three technical
replicates of three biological replicates at 2, 4 and 8 weeks of age.

Average C; £ S.D.

Genotype Age Lix1 Lix1alt Actb1 Cyp
Lix1t/+ > weeks 26:0+0.24 343£06 1574098 18.8%0.7
Lix17~ 34.3+0.53 16.2+0.99 18.9 + 0.94
Lix1%/+ 4 weeks 23:3+0.52 324+042 19.9+0.14 183+0.12
Lix17~ 33.4+0.85 21.0+0.99 18.6+ 0.4
Lix1%/* 8 weeks 242%+0.45 31.9+082 204£0.99 19.9%1.5
Lix17~ 30.4 +0.48 17.3+0.29 18.8 + 0.29
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Figure 3.10. Relative expression of Lix1 and Lix1alt in 2 (A), 4 (B), and 8 (C) week old animals.

Lix1 and Lix1alt expression is normalized to Cyp and Actb. Averages + S.D. are shown. For all p

> 0.05. Shaded bars represent Lix1+/+. Unshaded bars represent Lixl'/' mice.
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Figure 3.10 continued.
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mice. However, protein translated from the Lix1alt transcript may be functionally redundant to
Lix1 and thus protect against SMA in Lix1 KO mice.

Functional redundancy has been previously documented in several mouse models that
fail to mimic human disease. Lesch-Nyhan syndrome is (LHS) a severe X-linked recessive
disease characterized by self-injurious behavior and is caused by a deficiency of hypoxanthine-
guanine phosphoribosyltransferase (HPRT) enzyme. However, HPRT deficient mice failed to
demonstrate self-mutilation or motor defects seen in human patients (11, 12). Recapitulation of
the human phenotype was seen after administration of an adenine phosphoribosyltransferase
(APRT) inhibitor that disrupted an alternative purine salvage pathway that is more active in mice
(13). Another example of functional redundancy is seen in a naturally occurring mouse model of
Duchenne muscular dystrophy (DMD). In humans and golden retrievers, null mutations in the
dystrophin gene result in severe muscle wasting and premature death. The mdx mouse has a
nonsense mutation in dystrophin; however, these mice show little muscle weakness and have a
normal lifespan (14). A more severe phenotype is prevented by functional redundance of a
dystrophin homolog, utrophin (15, 16). Thus to exclude Lix1 as the feline SMA disease gene,
another knockout mouse in which both Lix1 and Lix1lalt are disrupted is required.

There is also evidence of varying phenotypic robustness in similar mutations of mouse
and human orthologous genes. A comparison of 120 essential genes in humans and the
knockout of the mouse ortholog identified that ~20% of the genes were non-essential in mice
(17). In humans, a valine for alanine substitution at residue 4 of Cu, Zn superoxide dismutase
(SOD1) causes amyotrophic lateral sclerosis, a fatal, late onset motor neuron disease (18).
However, transgenic mice over-expressing this mutant SOD1 failed to develop any signs of
motor neuron disease (19). It is possible that another knockout mouse, in which expression from
the Lix1 locus is completely disrupted, will still fail to show a neuromuscular phenotype.

Two other hypotheses exist to explain the discrepancy between Lix1 KO mice and SMA

affected cats. First, feline SMA could be due to deletion of a regulatory element. An example of
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enhancer mutation resulting in disease is found in pre-axial polydactyly. Disruption of a long-
range sonic hedgehog enhancer by point mutations or targeted deletion causes limb defects in
humans and mice (20, 21). Identification of enhancer elements in the feline SMA deletion would
require comparative genomics to identify putative regulatory elements followed by reporter gene
assays to assess those sequences for regulatory function. Finally, targeted deletion of those
sequences in mice with the Cre-Lox system would be necessary. Alternatively, loss of Lix1 and
Lnpep could be required to recapitulate feline SMA in mice. Unfortunately, the close proximity
between Lix1 and Lnpep makes it impossible to create Lix1 and Lnpep double knockouts
through breeding. Instead, a chromosome engineering strategy based on the Cre-Lox system
would be required (22). In summary, | was unable to exclude or prove Lix1 as a candidate feline
SMA disease gene in this study. Further research is required to prove or disprove a role for Lix1
in motor neuron disease. We are currently working with colleagues at the University to Nantes
to deliver LIX1 by adeno-associated virus based gene therapy in affected cats. The amelioration
or delay of clinical signs in treated SMA cats will provide evidence that LIX1 is indeed the feline

SMA disease gene.
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CHAPTER 4: DCHS1 is a LIX1 interacting partner
Abstract
LIX1, the candidate feline SMA disease gene, has no known function. A yeast two-hybrid

screen of a human fetal brain cDNA library was conducted to identify putative LIX1 interacting

partners and thus assign a function for LIX1. This screen of 2 x 10’ clones identified twelve

unique preys, three of which were identified multiple times. Confirmation of the protein
interactions was accomplished by in vitro co-immunoprecipitation and band shift assays. The
cytoplasmic domain of Dachsousl1 (DCHS1) was identified 20 times in the yeast two-hybrid
screen and was the only prey that had a confirmed interaction with LIX1 in vitro. GFP-tagged
Lix1 and Lix1alt, a murine specific transcript from an alternative promoter, both co-localized
strongly with DsRed-tagged Dchsl in tranfected Cos7 and NSC34 cells. However no interaction
between Lix1 and Dchsl was detected in co-immunoprecipitation experiments of Cos7 and
NSC34 cell lysate. The large GFP and DsRed tags may interfere with the interaction between
Dchsl and Lix1, as another group has recently reported the successful co-immunoprecipitation
of these proteins from cultured cells. Nothing is yet known about the function of DACHSOUS1 in

vertebrates; therefore, the role of the LIX1 and DACHSOUS interaction remains unclear.
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Introduction

The putative feline SMA disease gene, LIX1, is poorly annotated. Prior to our
laboratory’s report in 2006, there were only two other published reports on LIX1. These were
two in situ hybridization studies, one in chicken and one in mouse, which demonstrated LIX1
expression in the developing limb bud, facial primordia and central nervous system, particularly
in spinal cord lower motor neurons and dorsal root ganglia (1, 2). Semi-quantitative RT-PCR by
our lab confirmed that LIX1 is expressed in the central nervous system and most strongly in the
spinal cord (3). The deduced amino acid sequence (282 residues) of feline LIX1 is highly
conserved among dog (99% identical), human (97%), cow (97%), mouse (92%), chicken (85%),
and Drosophila melanogaster (51%). Residues 22-99 of LIX1 are predicted by computerized
secondary structure analysis to fold into a double-stranded RNA-binding domain (see Chapter
5); however no other conserved protein domains were identified. With the relatively little
information available about LIX1 it was difficult to propose pathogenic mechanisms by which
loss of LIX1 resulted in feline SMA. Therefore, | undertook a yeast two-hybrid screen to identify
putative LIX1 interacting partners and thus impute a function for LIX1. Interactions between
LIX1 and proteins identified by yeast two-hybrid were confirmed by in vitro co-
immunoprecipitation and band shift assays. The interaction between LIX1 and DACHSOUS1

was further investigated by confocal microscopy and co-immunoprecipitation from cultured cells.

Material and Methods
Yeast Two-Hybrid Analysis
The human LIX1 open reading frame was PCR amplified from a full-length cDNA IMAGE

clone (ID #: 5264055) in a 50 pl reaction containing a final concentration of 250 uM dNTPs

(Invitrogen, Carlsbad, CA), 0.05 U/ul AmpliTaq Gold® DNA polymerase and 10 mM Tris-HCI,

pH 8.3, 50 mM KCI, 1.5 mM MgCl,, and 0.001% gelatin (Applied Biosystems, Carlsbad, CA)
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with 250 nM of primers 5-TTTTCATATGGACATAACCTTGGAATCT-3' and 5'-
TTTTCCCGGGCTAGTGATAGGCCACACAGGGC’-3' (MSU Macromolecular Structure Core,

East Lansing, MI) to introduce Ndel and Xmal restriction sites. Thermocycling conditions were

as follows: 2 minutes 95°C initial denaturation, 35 cycles at 94°C for 30 seconds (s), 62°C for

30 s, and 72°C for 1 minute and a final extension at 72°C for 10 minutes. The PCR product and

pGBKT?7 vector (Clontech Laboratories, Mountainview, CA) were double digested with Ndel and
Xmal (New England Biolabs, Ipswich, MA) restriction enzymes according to manufacturer’s
recommendations. The digested vector and insert were ligated with T4 DNA ligase (Promega,
Madison, WI) according to manufacturer’s specifications and transformed into chemically
competent Escherichia coli (E. coli) DH5a by heat shock. The pGBKT7-hLIX1 vector was
purified from overnight liquid cultures with the Qiaprep Spin Miniprep kit (Qiagen, Hilden,
Germany), and the insert was sequenced at the University of Michigan DNA Sequencing Core
(Ann Arbor, MI) with the T7 sequencing primer and 3' DNA-BD sequencing primer (Qiagen).

Saccharomyces cerevisiae (S. cerevisiae) strain AH109 was transformed with pGBKT7-

hLIX1 by the lithium acetate mediated method as described in the Matchmaker ™ Gal4 Two-

Hybrid System 3 Yeast Protocols Handbook (Clontech Laboratories). AH109 yeast expressing
GAL4-LIX1 were mated with S. cerevisiae strain Y187 that was pre-transformed with a human
fetal brain cDNA library (Clontech Laboratories). Diploid yeast were selected and tested for
activation of yeast-two hybrid reporter genes on minimal medium containing 5-bromo-4-chloro-
3-indolyl a-D-galactopyranoside (Glycosynth, Warrington, England) and lacking leucine,
tryptophan, adenine and histidine. Bait and prey vectors were extracted from yeast-two hybrid
positive clones by lyticase/SDS lysis and Qiaprep Spin Miniprep kit purification (Qiagen). Prey
vector (pGADTY7) inserts were PCR amplified as described above except with primers 5'-

CGATGATGAACATACCCCACCA-3 and 5-TGGTGCACGATGCACAGTTG-3'. Thermocycling

conditions were as follows: 2 minutes 95°C initial denaturation, 35 cycles at 94°C for 30 s, 62°C
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for 30 s, and 72°C for 3 minutes and a final extension at 72°C for 10 minutes. PCR products

were sequenced with the T7 sequencing primer at the University of Michigan DNA Sequencing
Core and the sequences were compared to the human genomic plus transcript DNA database
with the BLAST computer algorithm on the National Center for Biotechnology Information
(NCBI) website.

In vitro co-immunoprecipitation

Myc-tagged hLIX1 and HA-tagged prey proteins were in vitro transcribed and translated

according to manufacturer’s specifications with the TN T® Quick Coupled T7

Transcription/Translation System (Promega) and Redivue L-[358] methionine (GE Healthcare,

Waukesha, WI) from yeast two hybrid system vectors. Ten pl of c-Myc-hLIX1 was incubated at
room temperature for one hour with ten ul of HA-tagged prey proteins. Complexes were
immunoprecipitated with 5 ul of either mouse anti-c-Myc monoclonal antibody (Clontech) or
mouse anti-HA monoclonal antibody (Sigma Aldrich, Saint Louis, MO) and 10 ul Protein A
agarose beads (Sigma). Immunoprecipitates were washed three times with 500 pul of 20 mM Tris
HCI pH 8.0, 137 mM NaCl, 1% nonidet P-40, 2 mM EDTA, 1 mM N-ethylmaleimide and 1 mM
phenylmethylsulfonyl fluoride. Proteins were eluted in 15 ul of 1x SDS sample buffer (50 mM

Tris HCI pH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol, 100 mM dithiothreitol) at 80°C

for 5 minutes. Eluted proteins were separated on 10% SDS-polyacrylamide gels. Gels were
fixed for 30 minutes in 50% methanol, 10% acetic acid and vacuum dried to 3M Whatman
paper. Gels were exposed to phosphor screens overnight and visualized by autoradiography.
In vitro band shift assays

Three pl of in vitro transcribed and translated c-Myc-LIX1 and three ul of HA tagged prey
protein were incubated at room temperature for five to sixty minutes. Samples were loaded onto

13% polyacrylamide,10 mM MOPS-KOH pH 6.8 gels or 13% polyacrylamide, 37.5 mM Tris-
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glycine pH 8.8 gels and run at 4°C, 175 V for 2 hrs in 10mM MOPS-KOH pH 6.8 or 25 mM Tris,

192 mM glycine pH 8.3, respectively. Gels were fixed and dried as described above and then
exposed to phosphor screens overnight and visualized by autoradiography.
Cloning of mammalian expression vectors

Mouse spinal cord total RNA was extracted and reverse transcribed as described in
Chapter 3. The open reading frames of Lix1 and Lix1alt with and without a stop codon were
PCR amplified to introduce flanking attB1 and attB2 A recombination sites in 50 ul reactions
containing a final concentration of 250 nM forward and reverse primers (see below) (Integrated
DNA Technologies, Coralville, 1A), 1 mM dNTPs (Invitrogen) and 0.02 U/ul Phusion® DNA

polymerase and 1x Phusion® HF buffer (New England Biolabs). Thermocycling conditions for

Lix1 were as follows: 30 s 98°C initial denaturation, 35 cycles at 98°C for 10 s, 58°C for 30 s,
and 72°C for 45 s and a final extension at 72°C for 10 minutes. Thermocycling conditions for

Lix1alt were identical except that the annealing temperature was 56°C and the extension time
was 30 s. PCR products were purified with the Wizard® SV Gel and PCR Clean-Up System
(Promega) and cloned into pDONR ™ 221 vector (Invitrogen) by A recombination with the BP

Clonase™ enzyme according to manufacturer’'s recommendations (Invitrogen). Chemically

competent E. coli DH5a were transformed by heat shock wth 5 pl of the BP Clonase ™ reaction

and transformants were selected for on LB/kanamycin plates. Plasmid DNA was purified from
kanamycin resistant clones with PureYield™ Plasmid Miniprep System (Promega) and
sequenced at the University of Michigan DNA Sequencing Core (Ann Arbor, MI) with M13

forward and reverse sequencing primers. After sequence verification, Lix1 and Lix1alt inserts
were cloned into pcDNA-DEST47 and pcDNA-DEST53 vectors with LR Clonase ™ enzyme

according to manufacturer’s instructions (Invitrogen). Chemically competent E. coli DH5a were
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transformed by heat shock wth 5 pl of the LR Clonase ™ reaction and transformants were

selected for on LB/ampicillin plates. Plasmids were purified from ampicillin resistant clones with
the PureYield™ Plasmid Midiprep System (Promega) for transfections.

Lix1 without stop codon F and R:
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGACAGAACCTTGGAATC-3 and
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCATGATAGCCACACAGAGC-3
Lix1 with stop codon F and R:
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGACAGAACCTTGGAATC-3 and 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATGATAGCCACACAGA-3
Lix1alt without stop codon F and R:
5-GGGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGCCCTTGGATTTTCTGT-3 and
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCATGATAGCCACACAGAGC-3
Lix1alt with stop codon F and R:
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCCCTTGGATTTTCTGT-3 and 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATGATAGCCACACAGA-3

Nucleotides 1 through 723 of Dchs1 cDNA were PCR amplified in a 50 pl reaction
containing a final concentration of 250 uM dNTPs (Invitrogen, Carlsbad, CA), 0.02 U/ul
Phusion® DNA polymerase and 1x Phusion® HR buffer with 250 nM of primers 5'-
TTTTAAGCTTACCATGCAGAAGGAGCTGAGTGTC-3 and 5'-
TTTTGAATTCGTCCAGAAGTGTCACATCTAGC-3' (Integrated DNA Technologies), to

introduce Hindlll and EcoRl restriction sites. Thermocycling conditions were as follows: 30 s

98°C initial denaturation, 35 cycles at 98°C for 10 s, 62°C for 30 s, and 72°C for 45 s and a

final extension at 72°C for 10 minutes. Nucleotides 8754 to 9873 of Dchs1 cDNA were PCR

amplified as above with primers 5-TTTTGAATTCGCACCTGACCTCAACTTGCTA-3 and 5'-
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TTTTGGTACCGTGATGCGCAGCTCTGTGTCATC-3' (Integrated DNA Technologies), to

introduce EcoRI and Kpnl restriction sites. Thermocycling conditions were as above except for a

60°C annealing temperature. PCR products were analyzed by agarose gel electrophoresis. The

N-terminal PCR product was double digested with Hindlll and EcoRI restriction enzymes
according to manufacturer’'s recommendations, and the C-terminal PCR product was double
digested with EcoRI and Kpnl accord to manufacturer's recommendations (New England
Biolabs). The vector, pDsRed-Monomer-N1 (Clontech), was double digested with Hindlll and
Kpnl and all three digestion products were ligated with T4 DNA ligase according to
manufacturer’s directions (Promega) and transformed into chemically competent E. coli

DH5a by heat shock. The pDsRed-Monomer-N1-Dchs1AECD plasmid was purified from
kanamycin resistant clones with the PureYield™ Plasmid Miniprep System (Promega) and

sequenced with at the University of Michigan DNA Sequencing Core with the following primers:
5-CTTGGAGCCGTACTGGAACT-3 and 5-GGAGGTCTATATAAGCAGAG-3'.

Dchs1A4ECD lacking the last 300 nucleotides (Dchs1AECDAC) was PCR amplified from

pDsRed-Monomer-N1-Dchs1AECD as above with primers 5'-
TTTTAAGCTTACCATGCAGAAGGAGCTGAGTGTC-3' and 5'-
TTTTGGTACCCTTATCGTCGTCATCCTTGTAATCAATACGGGGAGCTGGAGGAC-3' to

introduce flanking Hindlll and Kpnl restriction sites and FLAG tag. Thermocycling conditions
were as above except for a 57°C annealing temperature. The PCR product was cloned into

pDsRed-Monomer N1 via the Hindlll and Kpnl restrictions sites, transformed, purified and

sequenced as described above. Both pDsRed-Monomer-N1-Dchs1AECD and pDsRed-
Monomer-N1-Dchs1AECDAC were purified from transformed E. coli DH50. with the PureYield ™

Plasmid Midiprep System (Promega) for transfections.
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Rabbit anti-Dchs1 custom antibody
Custom anti-mouse Dchs1 peptide sera and affinity-purified antibodies were generated
by immunizing rabbits with synthetic peptide CTESGLEPPDDTELR (Dchs1 residues 3277-

3291) at ProSci (Poway, CA). For western blots and immunocytochemistry experiments to test

the Dchs1 antibody, the affinity-purified antibody was incubated overnight a 4°C with five fold

immunizing peptide in PBS, pH 7.4 or PBS alone. The antibody was centrifuged for 1 minute at
4°C 14,000 x g to pellet any aggregate, and the supernatant was used as the primary antibody
for western blots and immunocytochemistry.

Cell culture and transfection

Cos7 cells (provided by Dr. Karen Friderici) were cultured in Dulbecco’s Maodified Eagle

Medium (D-MEM) with 1,000 mg/L glucose, 110 mg/L sodium pyruvate, 2 mM L-glutamine and
10% fetal bovine serum (FBS) (Invitrogen) at 37°C, 5% CO». Cos7 cells were passaged 1:4
when they were ~95% confluent. Cos7 cells grown in 60 mm dishes or sterile glass coverslips

were transfected with Lix1, Lixlalt and Dchs1 expression vectors with Lipofectamine™ 2000

according to manufacturer’'s recommendations (Invitrogen). Twenty-four to 48 hours after
transfection, cells were harvested for western blots or those grown on coverslips were fixed in
4% paraformaldehyde in 100 mM phosphate buffered saline (PBS), pH 7.4. Coverslips were
washed three times in PBS, pH 7.4 and then dehydrated in graded ethanol washes before being
mounted on glass slides in SlowFade® Gold antifade reagent with DAPI (Invitrogen).

NSC34 cells (provided by Dr. William Atchison) were maintained in D-MEM with 4.5 g/L

d-glucose, 100 mg/L sodium pyruvate, 2 mM L-glutamine, 5-10% FBS (Invitrogen) and 1x
antibiotic-antimycotic (15240-096, Invitrogen) at 37°C, 5% CO». Cells were passaged 1:4 when

95% confluency was reached. To differentiate NSC34 cells and induce neuritogenesis, cells

were cultured in Ham’s F12 medium with 1% FBS. NSC34 cells grown in 60 mm dishes or on
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sterile glass coverslips were transfected with Fugene® HD at a ratio of 8 ul transfection reagent
to 2 ug expression vector according to manufacturer’s instructions (Roche Applied Science,
Basel, Switzerland). Eight hours after transfection, mediim was replaced with Ham’s F12/1%
FBS or fresh high glucose D-MEM/10% FBS. Cells in dishes were harvested for reverse
transcriptase-polymerase chain reaction and western blots or cells on coverslips were fixed in
4% paraformaldehyde in PBS, pH 7.4 for immunocytochemistry.

Reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA from cultured NSC34 cells was extracted with PureLink™ RNA Mini kit
according to manufacturer’s instructions (Invitrogen). RNA was analyzed by gel electrophoresis
and spectrophotometry. One pg of total RNA was reverse transcribed at 50°C for 50 minutes
with SuperScript I1I® and oligo dTyq (Invitrogen) according to manufacturer's recommendations

or with no added reverse transcriptase (no RT). Two ul of cDNA amplification reactions or no RT
reactions were PCR amplified in 50 pl reactions containing a final concentration of 250 nM

forward and reverse primers (Integrated DNA Technologies), 1 mM dNTPs (Invitrogen) and 0.05

U/ul Choice-Tag™ DNA polymerase and 10 mM Tris-HCI, pH 9.0, 10 mM KCI, 1.5 mM MgSQOy,
8 MM (NHg4)2S0y4, 1.5 mM MgCl,, and 0.05% NP-40 (Denville Scientific, South Plainfield, NJ).
Cycling conditions for Lix1 and Dchs1 amplification were initial denaturation at 95°C for 2
minutes (min), 35 cycles of 30 s denaturation at 94°C, 30 s primer annealing at 60°C, 1 min
extension at 72°C and final extension at 72°C for 10 min. Reaction conditions for Lix1alt were

identical except that the annealing temperature was 62°C and the extension time was 30 s.

Products were analyzed by agarose gel electrophoresis. Primers used for cDNA amplification by
PCR are listed below.

Lix1 F: 5-CCAGCCTGTCAGCCAGCCTTT-3
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Lix1 and Lixlalt R: 5-ACCTGCCACCTGGCCTTGCT-3’
Lixlalt F: 5-TCCTGCTGCGCTGAGGAACC-3’
Dchsl F: 5-CAGCGCCATTCTCTCCGTCTCT-3
Dchsl R: 5-CCTCAAGGCACCCGAGTTCTCA-3
Immunocytochemistry

NSC34 cells were cultured and transfected on sterile glass coverslips as described
above. After 24 hours in Ham'’s F12 medium with 1% fetal bovine serum, cells were rinsed with
phospate buffered saline, pH 7.4, and fixed for 30 minutes in 4% paraformaldehyde in
phosphate buffered saline (PBS), pH 7.4. Cells were then permeabliized with ice-cold acetone

for 5 minutes. After 3 washes with PBS, cells were blocked with 10% normal goat serum in PBS

with 0.1% Tween 20 (PBST). Cells were then incubated overnight at 4°C in rabbit anti-Dchs1

polyclonal antibody (1:100 dilution; ProSci, Poway, CA) and/or mouse anti-neurofilament heavy
subunit (NF-H) monoclonal antibody (1:500 dilution of SMI-32; AbCam, Cambridge, MA). Cells
were washed 3 times with PBS prior to a 2 hour incubation at room temperature in goat anti-
rabbit IgG Alexa Flour® 488 (1:500) and/or goat anti-mouse IgG Alexa Fluor® 350 (Invitrogen,
Carlsbad, CA). After washing with PBS, coverslips were mounted onto glass slides with Prolong
Gold antiFade (Invitrogen) and sealed with clear nail polish.
Confocal laser scaning microscopy

Immunolabeled cells or transfected cells were imaged for fluorescence on an Olympus
Fluoview 1000 laser-scanning microscope (Center Valley, PA) equipped with a 40x (NA=1.3)
and 60x (NA=1.42) oil immersion objectives. Fluorescence of Alexa Fluor® 350 labeled NF-H
(blue) or DAPI stained nuclei was excited at 405 nm and emission was detected through a 430-
470 nm band pass filter. Fluorescence of GFP tagged Lix1 and Lix1alt or Alexa Fluor® 488
labeled Dchsl (green) was excited at 488 nm and emission detected through a 505-525 nm

band pass filter. Fluorescence of DsRed tagged Dchs1l (red) was excited at 543 and emission
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was detected through a LP 560 nm filter. Co-localization of Lix1 or Lixlalt with Dchsl was
determined in red-green merged images that were optimized for brightness and contrast with
Fluoview v5 software.
In vivo co-immunoprecipitation

Cos7 or NSC34 cells were transfected with Lix1 and Dchsl1 expression vectors as

described above. Twenty-four hours after transfection, cells were harvested in 1 ml PBS, pH 7.4

and centrifuged at 3,000 x g for 3 minutes at 4°C. Cells were lysed on ice for ten minutes in 25

mM Tris-HCI pH7.4, 150 mM NacCl, 0.5% nonidet P-40, 0.02% NaN3 and EDTA-free complete
protease inhibitor cocktail (Roche Applied Science, Basel, Switzerland) with frequent vortexing.
Lysate was cleared at 14,000 x g for 10 minutes at 4°C, and protein was quantified by Bradford
assay (Bio-Rad Laboratories, Hercules, CA). Seven hundred and fifty ug of total protein was
incubated overnight at 4°C with 20 ul of rabbit anti-GFP sepharose beads (AbCam, Cambridge,

MA). Beads were washed three times with Tris-buffered saline (25 mM Tris, 150 mM NaCl pH
7.2 with EDTA-free complete protease inhibitor cocktail), and protein was eluted in 1x non-

reducing SDS sample buffer (50 mM Tris HCI pH 6.8, 2% SDS, 0.1% bromophenol blue, 10%

glycerol) at 100°C for 5 minutes. Proteins were separated by electrophoresis on 10% SDS-

acrylamide gels and analyzed by western blotting.
Western blots

After SDS-PAGE, proteins were transferred to PVDF membrane (Millipore, Billerica, MA)
at 4°C 20 V overnight or 100 V for 1 hour. Membranes were blocked for 1 hour at room

temperature in 5% non-fat milk in 20 mM Tris-HCI pH 7.4, 150 mM NaCl and 0.1% Tween 20

(TBST). Primary antibodies were appropriately diluted with 5% non-fat milk in TBST and
membranes were incubated in the dilution overnight at 4°C. After four TBST washes,

membranes were incubated for 2 hours at room temperature in diluted secondary antibodies.
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Signals were visualized with enhanced chemiluminescence (ECL) plus detection kit
(PerkinElmer, Waltham, MA) after four more TBST washes. When necessary, blots were
stripped in 200 mM glycine, 0.1% SDS, 1% Tween 20 pH 2.2 followed by two PBS, pH 7.4
washes and a TBST wash. Membranes were re-hydrated in methanol and washed once with
TBST prior to blocking and incubation in another primary antibody. Antibodies used for western

blots are listed below.

Primary Antibody Working Dilution Manufacturer
rabbit anti-GFP polyclonal 1:2000 Invitrogen (Carlsbad, CA)
goat anti-GFP polyclonal 1:2500 AbCam (Cambridge, MA)
rabbit anti-Dchs1 polyclonal 1:1000 ProSci Incorporated (Poway, CA)
mouse anti-FLAG monoclonal M2 1:500 Sigma-Aldrich (Saint Louis, MO)
Living Colors® DsRed rabbit polyclonal 1:1000 Clontech (Mountainview, CA)
mouse monoclonal to alpha tubulin 1:1000 AbCam (Cambridge, MA)

Secondary Antibody Working Manufacturer
Dilution

rabbit anti-mouse IgG (whole molecule) _ _
, 1:80,000 Sigma-Aldrich
peroxidase

goat anti-rabbit IgG (whole molecule) _ ,
_ 1:80,000 Sigma-Aldrich
peroxidase

Santa Cruz Biotechnology (Santa

donkey anti-goat IgG horseradish peroxidase 1:5000
Cruz, CA)

Results

For the yeast two-hybrid screen, a GAL4-DBD-LIX1 fusion protein bait was used to

screen a human fetal brain cDNA library. A screen of >2 x 10 clones resulted in 54 reporter-

positive interactions. Sequencing the cDNA insert of the prey plasmid and a BLAST search of
the human genomic and transcript database determined identity of each interacting prey protein.

Table 4.1 summarizes the identified LIX1 interacting partners, some of which were identified
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Table 4.1. Putative LIX1 interacting proteins identified by yeast-two hybrid analysis.

Candidate Gene # of
Interacting Protein | Symbol Function clones
Bromodomain
adjacent to zinc 1
finger domain 2B BAZ2B | Unknown
Chromosome 6
open reading 1
frame 134 C6orf134 | Unknown
Chromosome 11
open reading 1
frame 17 Cllorfl7 | Unknown

planar cell polarity,
proximal-distal 20
Dachsousl DCHS1 | patterning
Deleted in
azoospermia
! , 1
associated protein
2 DAZAP2 | Unknown
electron transfer
from
Electron transport dehydrogenases to 2
flavoprotein a mitochondrial
subunit ETFA respiratory chain
Leucine zipper,
putative tumor putative - cell cycle 1
suppressor 2 LZTS2 | control
translation of
Mitochondrial mitochondrial
. . 1
ribosomal protein encoded
subunit 6 MRPS6 | polypeptides
n-myc downstream putative - neurite >
regulated gene 4 NDRG4 | outgrowth
Splicing factor 3A 1
60 kDa subunit SF3A3 | subunit of ShARNP2
Zinc finger protein 1
33A ZNF33A | Unknown
Zinc finger protein 1
74 ZNF74 | Unknown
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multiple times. The preys listed below represent 34 of the positive interaction clones; the
remaining 17 clones could not be amplified or did not represent any known transcript. Of these
putative interacting proteins, four have fairly well described functions. Dachsousl (DCHS1) is a
cell-surface adhesion and signaling protein that has been extensively studied in Drosophila
melanogaster and found to play a role in the proximal-distal patterning of the wings and legs (4).
The electron transfer flavoprotein o subunit is one of two protein subunits involved in the
transfer of electrons from several dehydrogenases to the mitochondrial respiratory chain (5).
The mitochondrial ribosomal protein subunit 6 is a nuclear encoded protein that is involved in
translation of the thirteen polypeptides encoded in the mitochondrial genome, including subunits
of the respiratory chain (6). Finally, splicing factor 3A 60 kDa subunit is one of three subunits of
splicing factor 3A, itself a subunit of the U2 snRNP which recognizes the 3’ splice site in pre-
MRNA (7). The functions of C11orf17, DAZAP2 and NDRG4 have yet to be determined.
However, RNA interference experiments demonstrated that reduced NDRG4protein resulted in
decreased neurite outgrowth in rat pheochromocytoma (PC12) cells differentiated with nerve
growth factor (8). Although the yeast two-hybrid system is useful for identifying novel protein
interactions, disadvantages of the yeast two-hybrid system are 1) that there is a significant false
positive rate, 2) protein-protein interactions identified in the yeast nucleus may not occur in
mammalian cells where the proteins may be compartmentalized differently and 3) the temporal
and spatial expression of the two proteins may differ. Therefore, it is necessary to confirm
putative protein interactions through biochemical methods.

An in vitro co-immunoprecipitation (co-1P) assay was employed to examine the
interaction of LIX1 with seven preys, C110RF17, DAZAP2, DCHS1, ETFA, MRPS6, NDRG4,
and SF3A3. Although not implicated by yeast two-hybrid, an interaction between LIX1 and
SMN1 was also investigated by in vitro co-IP. A representative autoradiogram from the in vitro
co-IPs is shown in Figure 4.1A. DCHS1 was the only protein to reciprocally immunoprecipitate

with LIX1 (Figure 4.1A lanes 7 and 8). The co-IP results were confirmed by band shift assays on
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Figure 4.1. Representative autoradiograms of in vitro co-IP band shift assays. (A) in vitro co-IP
of LIX1 with DCHS1 and NRDG4 demonstrates that LIX1 co-immunoprecipitates with DCHS1
but not NDRG4. Lane 1: LIX1 10% input; Lane 2: LIX1 + anti c-myc; Lane 3: LIX1 + anti HA-
Tag; Lane 4: DCHS1 10% input; Lane 5: DCHS1 + anti c-myc; Lane 6: DCHS1 + anti HA-Tag;
Lane 7: LIX1 + DCHSL1 + anti c-myc; Lane 8: LIX1 + DCHS1 + anti HA-Tag; Lane 9: NDRG4
10% input; Lane 10: NDRG4 + anti c-myc; Lane 11: NDRG4 + anti HA-Tag; Lane 12: LIX1 +
NDRG4 + anti c-myc; Lane 13: LIX1 + NDRG4 + anti HA-Tag. (B) Band shift assay (pH 6.8) of
LIX1 with DCHS1 and SF3A3. Lane 1: LIX1; Lane 2: DCHS1,; Lane 3: LIX1 + DCHS1; Lane 4:
LIX1; Lane 5: SF3A3; Lane 6: LIX1 + SF3A3. (C) Band shift assay (pH 8.8) of LIX1 and DCHS1.

Lane 1: LIX1; Lane 2: DCHS1, Lane 3: LIX1 + DCHS1.

A1 2 3 45 6 7 8 910 1112 13

B1 2 3 4 5 6 C1 2 3
- = B -
» . A _
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Figure 4.2. Representative confocal laser scanning microscopy images of GFP-Lix1 and GFP-
Lix1alt transfected Cos7 cells. (A-F) GFP-Lix1 transfected cells. (G-L) GFP-Lix1alt transfected
cells. (A, D, G, J) DAPI (blue) fluorescence. (B, E, H, K) GFP (green) fluorescence. (C, F, I, L)

Blue- green merged images. In A-F and J-L, bars = 20 pm. In G-I, bars = 50 pym.

114



Figure 4.2 continued.




native polyacrylamide gels, pH 6.8 (Figure 4.1B) and pH 8.8 (Figure 4.1C), A shift in gel mobility
was seen when LIX1 and DCHS1 were incubated together. No such shift was seen with LIX1
and SF3A3. In agreement with the co-IP results, a mobility shift was not detected with LIX1 and
any of the other proteins examined (results not shown). Therefore, of the proteins identified in
the yeast two-hybrid, only LIX1 and DCHSL1 interact in vitro.

Next the co-localization of Lix1 or Lixlalt (see Chapter 3) with Dchs1 was examined in
transfected Cos7 cells. When transfected alone, GFP-Lix1 localizes to the nucleus and
cytoplasm of Cos7 cells (Figure 4.2A-F). A similar expression pattern is seen with GFP-Lix1alt
(Figure 4.2G-L). In some cells, there were granules of GFP-Lix1alt (Figure 4.2J-L), however,
this may have been an artifact of over-expression. Due to the large size of Dchs1 (>3000 amino
acids), a Dchs1 deletion construct with C terminal DsRed tag was cloned. This deletion
construct, called pDsRed-Monomer-N1-Dchs1AECD, contained the sequences coding for the
endogenous Dchs1 signal peptide, the first extracellular cadherin domain, the transmembrane
domain, and cytoplasmic domain. As Lix1 is an intracellular protein, the cytoplasmic domain of
Dchs1 is the only domain that could interact with Lix1. Furthermore, the cytoplasmic domain of
DCHS1 was sufficient to interact with LIX1 in vitro. Therefore, if Lix1 and Dchs1 interact in vivo,
the Dch1AECD-DsRed protein should contain the required residues for that interaction. When
transfected together, GFP-Lix1 no longer localized to the nucleus (Figure 4.3A-F). Expression of
GFP-Lix1 was entirely cytoplasmic and co-localized strongly with Dchs1AECD-DsSRED. GFP-
Lix1alt also co-localized with Dchs1AECD-DsSRED, however, GFP-Lix1alt was not excluded
from the nucleus like GFP-Lix1. The co-localization of GFP-Lix1 and GFP-Lix1alt with
Dchs1AECD-DsRed is consistent with an interaction between these proteins. Based on these
results, the co-localization of Lix1 or Lix1lalt with Dchsl was examined in NSC34 cells.

The NSC34 cell line is a hybrid cell line created by the fusion of mouse neuroblastoma

cells with motor neuron-enriched embryonic day 12-14 spinal cord cells (9). The resulting hybrid
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Figure 4.3. Representative laser scanning confocal microscopy images of co-transfected Cos7
cells. (A-F) Cos7 cells co-transfected with GFP-Lix1 and Dchs1AECD-DsRed. (G-L) Cos7 cells
co-transfected with GFP-Lixalt and Dchs1AECD-DsRed. (A, D, G, J) GFP (green) fluorescence.
(B, E, H, K) DsRed (red) fluorescence. (C, F, I, L) Red-green merged images. In A-C, bars = 20

pgm. In D-F and J-L, bars = 50 ym. In G-I, bars = 50 pm.
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cell line is immortal and possesses several motor heuron characteristics. NSC34 cells
synthesize and accumulate acetylcholine, extend neurites with well-defined growth cones and
express the neurofilament triplet proteins. Furthermore, RT-PCR analysis of this cell line
indicated endogenously expresses Lix1, Lixlalt and Dchsl (Figure 4.4). Dchsl1 was expressed
in undifferentiated and differentiated cells, whereas, Lix1 and Lix1alt were only expressed in
differentiated cells. | was unable to examine endogenous Lix1 and Lix1alt localization because
production of a custom LIX1 antibody was unsuccessful. Generation of a rabbit anti-Dchs1
peptide antibody was successful. This rabbit polyclonal antibody was suitable for both western
blots (Figure 4.5) and immunocytochemistry (Figure 4.6). However, | was unable to
immunoprecipitate either endogenous Dchsl or Dchs1AECD-DsRed (data not shown).
Endogenous Dchsl in NSC34 cells localized to the periphery of the cell body and was found
along neurites and within growth cones (Figure 4.6B and G). The expression pattern of
Dchs1AECD-DsRed in NSC34 cells was very similar to endogenous Dchsl, thus it appear that
the extra-cellular domain deletion does not impact the protein localization (Figure 4.6G-I).

As was seen in Cos7 cells, GFP-tagged Lix1 co-localized with Dchs1AECD-DsRed in
NSC34 cells (Figure 4.7). Lix1 was located throughout the cell body, neurites and growth cones.
The position of the tag either C-terminal (Figure 4.7A-D) or N-terminal (Figure 4.7E-H) did not
affect the cellular distribution of Lix1 or its ability to co-localize with Dchs1AECD-DsRed. GFP-
tagged Lix1alt also co-localized with Dchs1AECD-DsRed in the cell body, neurites and growth
cones of NSC34 cells (Figure 4.8). Similar to results in Cos7 cells, GFP-tagged Lix1alt localized
to the nucleus whereas GFP-tagged Lix1 did not. The co-localization of GFP-tagged Lix1 and
GFP-tagged-Lix1alt with Dchs1AECD-DsRed is consistent with an interaction between these
proteins.

Recently, Mao et al. (2009) demonstrated that LIX1 co-immunoprecipitated from

Drosophila S2 cells with the intracellular domains of DACHSOUS (Ds) and a related planar cell
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polarity protein, FAT (10). The last 100 amino acids of FAT and Ds are similar and were found
to be important for the association of FAT and LIX1. Based on these results, | constructed
another DsRed tagged Dchsl expression construct that not only lacked the extracellular
domain, but also the last 100 amino acids of the cytoplasmic domain. Since the C terminal
deletion removes the peptide recognized by our custom Dchs1 antibody (Figure 4.5B), | also
included a FLAG tag for future immunoprecipitations and western blots. When NSC34 cells
were transfected with pDsRed-Monomer-N1-Dchs1AECDAC-FLAG, localization of
Dchs1AECDAC-FLAG-DsRed was similar to Dchs1AECD-DsRed. However, the DsRed
fluorescence intensity was always lower in cell expressing Dchs1AECDAC-FLAG-DsRed than in
cells expressing Dchs1AECD-DsRed. GFP tagged Lix1 and Lix1alt did co-localize with
Dchs1AECDAC-FLAG-DsRed (Figure 4.9); however, the apparent co-localization was strongly
reduced when compared with Dchs1AECD-DsRed.

Since intracellular co-localization is consistent with but does not prove a physical
interaction, | immunoprecipitated GFP-tagged Lix1 from transfected Cos7 and NSC34 cells and
analyzed the precipitated complexes for the presence of Dchs1AECD-DsRed by western blots
(Figure 4.10). | was unable to detect any Dchs1AECD-DsRed or Dchs1AECDAC-FLAG-DsRed
in any of the GFP immunoprecipitates from either Cos7 (Figure 4.10A) or NSC34 cells (Figure
4.10B). The reciprocal co-immunoprecipitations could not be performed because neither
commercially available anti-DsRed antibodies nor our custom anti-Dchs1 antibody are suitable
for immunoprecipitations. Therefore, these data do not support an interaction between Dchsl1

and Lix1 under the conditions tested, but remain inconclusive.
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Figure 4.4. RT-PCR analysis of NSC34 cells. Lane 1: 100 bp DNA ladder (New England
Biolabs); Lane 2: mouse spinal cord with reverse transcriptase (RT); Lane 3: mouse spinal cord
no RT control; Lane 4: undifferentiated NSC34 cells with RT; Lane 5: undifferentiated NSC34

cells no RT control; Lanes 6, 8, and 10: NSC34 cells differentiated for 24, 48 and 72 hours,

respectively; Lanes 7, 9 and 11: no RT controls for lanes 6, 8 and 10; Lane 12: H,O negative

control.
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Figure 4.5. Representative results from western blots with our custom rabbit anti-Dchs1
antibody. (A) Immunoblot of mock transfected (Lane 1) and pDsRed-Monomer-N1-Dchs1AECD
transfected (Lane 2) Cos7 cell lysate. Ten ug of protein were loaded into each well. (B)
Immunoblot of pDsRed-Monomer-N1-Dchs1AECD (lane 1) or pDsRed-Monomer-N1-

Dchs1AECDAC-FLAG (lane 2) transfected NSC34 cell lysate. Fifteen pg of protein were loaded

into each well.
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Figure 4.6. Confocal laser scanning microscopy of NSC34 cells immunolabeled with rabbit anti-
Dchsl. (A, C, and E) Fluorescence of goat anti-mouse Alexa Fluor® 350 immunolabeled NF-H
(blue). (B, D, and F) Fluoresence of goat anti-rabbit Alexa Fluor® 546 immunolabeled Dchsl
(red). (A and B) Untransfected NSC34 cells immunolabeled with mouse anti-NFH and rabbit
anti-Dchsl. (C and D) Untransfected NSC34 cells immunolabeled with mouse anti-NFH and
immunizing peptide blocked rabbit anti-Dchsl. (E and F) Untransfected NSC4 cells
immunolabeled with mouse anti-NFH and goat anti-rabbit Alexa Fluor® 546. (G-I) NSC34
transfected with Dchs1AECD-DsRed and immunolabeled with rabbit anti-Dchsl. (G)
Fluorescence of goat anti-rabbit Alexa Fluor® 488 immunolabeled Dchs1 (green). (H)
Fluorescence of Dchs1AECD-DsRed (red). (1) Red-green merged image. In A and B the bars =

20 ym. In C-F the bars =50 pm. In G-I the bars = 10 um.
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Figure 4.6 continued.
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Figure 4.7. Representative confocal laser scanning microscopy image of NSC34 cells co-
transfected with GFP tagged Lix1 and Dchs1AECD-DsRed. (A-D) NSC34 cell expressing C-
terminally tagged Lix1-GFP and Dchs1AECD-DsRed. (E-H) NSC34 cell expressing N-terminally
tagged GFP-Lix1 and Dchs1AECD-DsRed. (A and E) Fluorescence of goat anti-mouse Alexa
Fluor® 350 immunolabeled NF-H (blue). (B and F) GFP fluorescence (green). (C and G) DsRed

fluorescence (red). (D and H) Red-green merged images. Bars = 20 pym.
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Figure 4.7 continued.
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Figure 4.8. Representative confocal laser scanning microscopy image of NSC34 cells co-
transfected with GFP tagged Lix1alt and Dchs1AECD-DsRed. (A-D) NSC34 cells expressing C-
terminally tagged Lix1alt-GFP and Dchs1AECD-DsRed. (E-H) NSC34 cells expressing N-
terminally tagged GFP-Lix1alt and Dchs1AECD-DsRed. (A and E) Fluorescence of goat anti-
mouse Alexa Fluor® 350 immunolabeled NF-H (blue). (B and F) GFP fluorescence (green). (C

and G) DsRed fluorescence (red). (D and H) Red-green merged images. Bars = 20 pym.
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Figure 4.8 continued.
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Figure 4.9. Representative confocal laser scanning microscopy image of NSC34 cells co-
transfected with GFP tagged Lix1 or Lixlalt and Dchs1AECDAC-FLAG-DsRed. (A-D) NSC34
cells expressing C-terminally tagged Lix1-GFP and Dchs1AECDAC-FLAG-DsRed. (E-H)
NSC34 cells expressing N terminally tagged GFP-Lix1 and Dchs1AECDAC-FLAG-DsRed. (I-L)
NSC34 cells expressing N-terminally tagged GFP-Lix1alt and Dchs1AECDAC-FLAG-DsRed. (A,
E and 1) Fluorescence of goat anti-mouse Alexa Fluor® 350 immunolabeled NF-H (blue). (B, F
and J) GFP fluorescence (green). (C, G and K) DsRed fluorescence (red). (D, H and K) Red-

green merged images. In A-D, bars = 20 ym. In E-K, bars = 10 ym.
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Figure 4.10. Representative western blots showing the results of co-immunoprecipitation
experiments. (A) Western blots of Cos7 lysate 5% input and anti-GFP sepharose
immunoprecipitates. Lane 1: Cos7 mock transfected lysate; Lane 2: Cos7 cells transfected with
Lix1-GFP and Dchs1AECD-DsRed; Lane 3: Cos7 cells transfected with GFP-Lix1 and
Dchs1AECD-DsRed; Lane 4: Cos7 cells transfected with Lix1-GFP and Dchs1AECDAC-FLAG-
DsRed; Lane 5: Cos7 cells tranfected with GFP-Lix1 and Dchs1AECDAC-FLAG-DsRed. (B)
Western blots of NSC34 lysate 6.67% input and anti-GFP sepharose immunoprecipitates. Lane

1: NSC34 cells transfected with GFP-Lix1 and Dchs1AECD-DsRed, Lane 2;: NSC34 cells
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transfected with GFP-Lix1 and Dchs1AECDAC-FLAG-DsRed.

131



Discussion

The cytoplasmic domain of Dachsousl (DCHS1) was identified 20 times in this yeast
two-hybrid screen. An interaction between the cytoplasmic domains of DCHS1 and LIX1 was
confirmed in vitro by co-immunoprecipitation and band shift assay. Furthermore, an interaction
in cultured Cos7 and NSC34 was suggested by the co-localization of GFP-tagged Lix1 and
Lix1alt with Dchs1AECD-DsRed. However, a physical interaction in cells could not be confirmed
by co-immunoprecipitation experiments. LIX1 did co-immunoprecipitate with DACHSOUS and
FAT in immunoprecipitation experiments reported previously in D. melanogaster S2 cells (10).
However, these experiments used much smaller epitope tags to label LIX1, DACHSOUS and
FAT. Therefore, it is possible that the large GFP and DsRed tags used in my experiments are
interfering with the ability of Lix1 and Dchs1 to associate. | was also unable to use the same
lysis and wash buffer conditions for my experiments, because the RIPA buffer (50 mM Tris-HCL
pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) utilized by Mao et al,
disrupted the interaction between the anti-GFP sepharose beads and GFP tagged Lix1 (data
not shown).

Dachsous (Ds) is a unigue member of the cadherin superfamily that was first discovered
in D. melanogaster (11). This large type | transmembrane protein possesses 27 extracellular
cadherin (EC) domains in contrast to the 4 EC domains found in classical vertebrate cadherins.
The large intracellular domain shares sequence similarity to the Bcatenin binding sites of
vertebrate cadherins; however, the sequence is interrupted by a stretch of amino acids, and
binding of B-catenin has yet to be demonstrated (12). Ds mutants have shortened wings and
legs and the photoreceptor cells of the eyes are disorganized (13). Flies with severe mutations
in ds emerge from the pupa with a reduced frequency and adults cannot fly, jump or reproduce

(11).
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Ds is involved in planar cell polarity (PCP), a process by which epithelia become polarized
along the axis perpendicular to the apical-basal axis (11). PCP is necessary for the proper
organization of the wing hairs and body bristles of D. melanogaster and the stereocilia of the
vertebrate inner ear (14). In D. melanogaster, Ds was found to play a role in the proximal-distal
patterning of the wings, legs and abdominal denticle belts as well as the equatorial-polar
patterning of the eye (15, 16). Ds expression is graded with the highest expression in the
proximal portion of the wing and polar region of the eye and lower expression in the distal wing
and equatorial region of the eye. This gradient is complemented by opposing expression of
Four-jointed (Fj), a Golgi-associated kinase that modulates the PCP activity of Ds (17, 18).
Together, Ds and Fj regulate the activity of Fat (Ft) another unique cadherin (13). Ds and Ft
bind in a heterophilic manner and stabilize each other in the plasma membrane, and this
interaction directs planar cell polarity (19). It was originally thought that Ft exerted its effects by
activating Frizzled (Fz), a member of the wingless signaling pathway, to polarize Starry Night
(Stan) and a set of other core PCP proteins (20, 21). However, recent evidence suggests that
planar cell polarity is conferred by two separate pathways, the Ds system and the Fz/Stan
system (22).

Mice and humans have two Ds homologs; murine Dchs1/Dchs2 are 26% and 28%
similar to D. melanogaster Ds (23). The human proteins are 98% and 79% similar to the
respective mouse proteins. During murine embryogenesis, Dchs1 is expressed in the brain and
the mantle layer of the neural tube, which later develops into the spinal cord gray matter. Dchsl
is also expressed in the adult brain, heart, kidney, muscle and spleen. Although the function of
Dchsl in vertebrates has yet to be determined, the strong conservation of protein sequences
and overlapping expression patterns with other PCP genes implies that Dchs1 may play a
similarly important role as in D. melanogaster. Knockout of the mouse Fat homolog, Fat4

resulted in death at birth, polycystic kidneys and disorientation of cochlear stereocilia (24). More
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relevant to my work was the observation that the spinal cords of Fat4'/' mice were significantly

wider than normal controls. However, this observation was not further investigated.

The only known binding partner for the intracellular domain of DACHSOUS, is LIX1(10,
25). The intracellular domain of Ds is not necessary to determine PCP in the D. melanogaster
wing, suggesting that it may have another function (26, 27). Loss of Ds function results in
aberrant outgrowth of scaffold axons in the D. melanogaster eye (28). Defects in axon growth
and guidance are also seen in Fz3 or Celsr3 null mice, which are homologs of core D.
melanogaster PCP genes (29). Thus, DCHS1 and LIX1 may function to direct axonal outgrowth.
However, axonal outgrowth defects were not observed our SMA affected cats. Therefore, it
remains to be seen whether the LIX1 and DCHS1 interaction is critical for feline SMA

pathogenesis or completely unrelated to it.
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Chapter 5: LIX1 and its putative RNA binding activity
Abstract
The putative feline SMA disease gene, LIX1, is poorly annotated. Computational
secondary structure analysis predicted the N-terminus of LIX1 to fold into a double-stranded

RNA binding domain. To test this prediction | conducted in vitro gel mobility shift assays with

purified recombinant LIX1 and p 5’ end labeled RNAs of varying secondary structure. No

interaction was seen between LIX1 and any of the RNA species in any reaction condition tested.
Furthermore, GFP tagged Lix1 and its alternative transcript Lix1alt failed to co-localize with an
MRNA granule marker, Poly A-binding protein (Pabpl) in cultured motor neuron like cells. GFP
tagged Lix1 and Lix1alt also failed to co-localize with Smn, the protein depleted in human SMA,
in NSC34 cell cultures. These results are inconsistent with the predicted RNA binding ability of

LIX1.
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Introduction

The vast majority of human SMA cases are caused by mutations in a ubiquitously
expressed gene, SMNL1. The first identified function of SMN was its role in ShRNP biogenesis,
where it loads the Sm proteins onto U snRNAs (1, 2). SMN has also been found to bind poly-G
RNA in vitro and to co-localize with mRNA granules in axons of cultured neurons (3, 4). Most
recently, SMN has been found to co-immunoprecipitate with g-actin mRNA in a human
neuroblastoma cell line (5). Immunoglobulin x binding protein 2 (IGHMBP2) the gene mutated in
a similar motor neuron disease, SMA with respiratory distress, is predicted to have a DEAD/H
box domain, often found in RNA helicases and a single stranded nucleic acid binding domain (6;
7). IGHMBP2 has recently been shown to unwind RNA duplexes 5’ to 3’ in vitro in an ATP
dependent manner (8). Furthermore, IGHMBP2 co-localized with ribosomes in the axons and
growth cones of cultured primary motor neurons. Taken together, these data suggest a critical
role for axonal ribonucleoprotein complexes (RNP) in the maintenance of lower motor neurons.

The feline SMA candidate disease gene, LIX1, has no identified function. However,
secondary structure prediction software identified a putative double stranded RNA binding
domain in its N-terminus (9). This potential function provides a link between the clinically similar
but molecularly distinct human and feline disease. To test this computational prediction, |
conducted in vitro gel mobility shift assays with purified recombinant LIX1 and RNA with varying
degrees of secondary structure. Furthermore, | assessed transfected NSC34 cells for co-
localization of GFP tagged LIX1 with markers of axonal RNPs, Poly-A Binding Protein (Pabpl)

and Smn.

Materials and Methods

Cloning of human LIX1
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The open reading frame of human LIX1 was PCR amplified from a full-length cDNA

IMAGE clone (ID #: 5264055) in a 50 ul reaction containing a final concentration of 250 uM

dNTPs (Invitrogen, Carlsbad, CA), 0.05 U/ul Choice-Tagq™ DNA polymerase and 10 mM Tris-

HCI, pH 9.0, 10 mM KCI, 1.5 mM MgSOg4, 8 mM (NH4)2S04, 1.5 mM MgCl,, and 0.05% NP-40
(Denville Scientific, South Plainfield, NJ) with 250 nM of primers 5'-
TTTTGTCGACATGGACATAACCTTGGAATCTC-3' and 5'-
TTTTAAGCTTCTAGTGATAGCCACACAGCT-3' (Integrated DNA Technologies, Coralville, 1A),

to introduce Sall and Hindlll restriction sites. Thermocycling conditions were as follows: 2

minutes 95°C initial denaturation, 35 cycles at 94°C for 30 seconds (s), 57°C for 30 s, and

72°C for 1 minute and a final extension at 72°C for 10 minutes. The PCR product and pMalC4x

vector (New England Biolabs, Ipswich, MA) were sequentially digested with Sall and Hindlll
(New England Biolabs) restriction enzymes according to manufacturer’'s recommendations. The
digested vector and insert were ligated with T4 DNA ligase (Promega, Madison, WI) according
to manufacturer’s specifications and transformed into chemically competent Escherichia coli (E.

coli) DH5a by heat shock. The pMalC4x-hLIX1 vector was purified from overnight liquid cultures
with the PureYield™ Mini-prep System (Promega), and the insert was sequenced at the

University of Michigan DNA sequencing core with the following primers: 5'-
GGTCGTCAGACTGTCGATGAAGCC-3 and 5-CAAGGCTAAGTTGGGTAAC-3..

Expression and purification of recombinant Maltose Binding Protein 2-hLIX1 (MBP2-hLIX1)
Recombinant MBP2-hLIX1 was expressed and purified with the pMal™ Protein Fusion

and Purification System (New England Biolabs) according to manufacturer’s instructions.
Sequence confirmed pMalC4x-hLIX1 vector was transformed by heat shock into chemically
competent E. coli TB1 cells (New England Biolabs). A single, transformed colony was used to

inoculate 25 mls of Luria broth (LB) with 100 ug/ml of ampicillin. Ten mls of this overnight culture
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were used to inoculate 1 liter of LB with 100 ng/ml of ampicillin and 0.2% d-glucose. The 1 liter
culture was incubated at 37°C with shaking until ODgp=0.5. Expression of MBP2-hLIX1 was
induced with 0.3 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG), and the culture was

incubated at 15°C for 18 hours. Cells were harvested by centrifugation at 4,000 x g for 20

minutes at 4°C, and the pellet was resuspended in column buffer (20 mM Tris-HCI, pH 7.4, 200
mM NacCl, 1 mM EDTA). Cells were lysed by sonication for 2 minutes of 15 s pulses, and the
lysate was cleared at 9,000 x g for 30 minutes at 4°C. The supernatant was diluted 1:5 in

column buffer and loaded onto a 15 ml amylose resin column at a rate of 1 ml/minute. The
column was washed with 12 column volumes of column buffer and bound protein was eluted
with column buffer plus 10 mM maltose. The elutant was collected in 3 ml fractions and MBP2-
hLIX1 was detected in the fractions by UV absorbance at 280 nm and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 5.1). Fractions containing the
recombinant protein were pooled and protein was quantitated by a Bradford assay (Bio-Rad
Laboratories, Hercules, CA).

Labeling and purification of RNA

In vitro transcribed A6U (ATPase subunit 6) or CYbU (cytochrome b) RNA (Figure 5.2),

provided by Dr. Donna Koslowsky, was 5’ end labeled with [y-32P] ATP (3,000 Ci/mmol) (Perkin
Elmer, Waltham, MA) by incubation at 37°C for 45 minutes with 20 U of T4 polynucleotide

kinase (New England Biolabs) in 70 mM Tris-HCI, pH 7.6, 10 mM MgCl,, 5 mM DTT, and 1.6

uM ATP. Labeled RNA was purified on 10%, 7 M urea acrylamide gels and extracted overnight
at 4°C in 600 pl of 20mM Tris, pH 7.8, 0.1% SDS, 2 mM EDTA, 120 mM NaOAc and 400 pl of

phenol. RNA was then ethanol precipitated from the aqueous phase and resuspended in
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nuclease free water. Concentration of the purified 32P-Iabeled RNA was determined by isotope

incorporation.

Figure 5.1. Purification of recombinant MBP2-hLIX1. (A) Absorbance at 280 nm of fractions
collected during the elution of SMBP2-hLIX1 from an amylose resin column. (B) Image of
Coomassie stained gels from SDS-PAGE analysis of MBP2-hLIX1 purification. Lane 1:
molecular weight marker; Lane 2: lysate from uninduced TB1 cells transformed with pMalC4x-
hLIX1; Lane 3: lysate from IPTG-induced TB1 cells transformed with pMalC4x-hLIX1; Lane 4:
soluble fraction of cell lysate; Lane 5; insoluble fraction of cell lysate; Lanes 6-14: fractions 1-9
of MBP2-hLIX1 elution from amylose resin column. Fractions 4 through 8 were pooled for gel

mobility shift assays.

142



Figure 5.1 continued.
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Figure 5.2. Secondary structure of A6U and CYbU RNAs. CYbU forms a very stable stem loop and its almost entirely double

stranded. Figure courtesy of Dr. Donna Koslowsky (10).

3’ AG A
UA ﬁ %A%
A
A G G
u G G A= G
AAy_¢é ﬁ A 6
U—A A"'\U,
A Ba & G-C
a n
A G A v e9 A-U
U U A < 2 GC.'B A-U
An eV A v,-2% _o° U
cC-G < N A=Yy
U-A > > 2 A A
A-U “ %, A AA Ao\ U
G-U °c,’ UUAUAAUUUUAUAUAA GCGG \OOG
A-U U LI e [ 111 A
A-U AgGUAU UAAGAUAUAUU—UGUU
U_@ A G G
A ©
'q ,;;E\'l
@e\é@@ CYbU
‘f@égy A6U (AG,50c = -24.5 Kcal mole?)

(AG,5. = -8 Kcal mole™?)

144



Gel mobility shift assays
Prior to gel mobility shift assays, MBP2 (New England Biolabs) and MBP2-hLIX1

proteins were exchanged into binding buffer (L0mM Tris-HCI, pH 7.5, 50 mM KCI, 0.1 mM DTT,

1 mM EDTA, 10 mM MgCl, or MgOAc, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride and 1

mM N-ethylmaleimide) and concentrated to 100 uM in 30,000 NMWL Ultrafree-MC filter units

(Millipore, Billerica, MA). CybUT and A6U RNAs were denatured at 70°C for 5 minutes and then
cooled 2°C per minute to 4C to allow RNA to refold. For the 20 ul binding reactions, 5 nM of

CybUT or A6U RNA (10,000 cpm of 32p Jabeled RNA) was incubated with 0 to 50 uM of protein

for 30 minutes at room temperature in binding buffer with 25 to 200 mM KCIl and 2 U of RNasin
(Promega). Reactions were loaded onto 5% native polyacrylamide (37.5:1) gels (50 mM Tris-

glycine, pH 8.8, 10 mM MgOAc) with 6x loading dye (10 mM Tris-HCI, pH 7.5, 50 mM EDTA,
15% Ficoll® 400, 0.03% bromophenol blue and 0.03% xylene cyanol FF) and run at 4°C 160

volts until the xylene cyanol band was 2 inches from the bottom of the 0.1 cm x 20 cm 20 cm
gel. Gels were fixed for 20 minutes in 7% acetic acid, 7% methanol and vacuum dried. Gels
were exposed to phosphor screens overnight and visualized by autoradiography.
Immunocytochemistry

NSC34 cells were cultured and transfected with Lix1 or Lixlalt expression vectors on
sterile glass coverslips as described in Chapter 4. After 24 hours in Ham’s F12 medium with 1%
fetal bovine serum, cells were rinsed with phosphate buffered saline (PBS), pH 7.4, and fixed for
30 minutes in 4% paraformaldehyde in PBS, pH 7.4. Cells were then permeabliized with ice-

cold acetone for 5 minutes. After 3 washes with PBS, cells were blocked with 10% normal goat

serum in PBS with 0.1% Tween 20 (PBST). Cells were then incubated overnight at 4°C in rabbit

anti-PABP1 polyclonal antibody (1:50 dilution; Cell Signaling Technology, Danvers, MA) and

mouse anti-neurofilament heavy subunit (NF-H) monoclonal antibody (1:500 dilution of SMI-32;
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AbCam, Cambridge, MA) or mouse anti-SMN monoclonal antibody (1:100 dilution; BD
Biosciences, Franklin Lake, NJ). Cells were washed 3 times with PBS prior to a 2 hour
incubation at room temperature in goat anti-rabbit IgG Alexa Flour® 546 (1:250) and goat anti-
mouse IgG Alexa Flour® 350 (1:500) or goat anti-mouse IgG Alexa Flour® 546 (1:250)
(Invitrogen, Carlsbad, CA). After washing with PBS, coverslips were mounted onto glass slides
with Prolong Gold antiFade (Invitrogen) and sealed with nail polish.
Confocal laser scanning microscopy

Immunolabeled cells were imaged for fluorescence on an Olympus Fluoview 1000 laser-
scanning microscope (Center Valley, PA) equipped with a 60x oil immersion objective NA=1.42.
Fluorescence of Alexa Fluor® 350-labeled NF-H (blue) was excited at 405 nm and emission
was detected through a BP 430-470 nm filter. Fluorescence of GFP-tagged Lix1 or Lixlalt
(green) was excited at 488 nm and emission detected through a BP 505-525 nm filter.
Fluorescence of Alexa Fluor® 546-labeled Smn or Pabpl was excited at 543 and emission was
detected through a LP 560 nm filter. Co-localization of Lix1 or Lix1alt with Pabpl and Smn was
determined in red-green merged images that were optimized for brightness and contrast with

Fluoview v5 software.

Results

Recombinant MBP2-hLIX1 did not bind either A6U or CYbU RNA in vitro in any of the
reaction conditions tested (salt and protein titrations, binding reactions from 1 to 60 minutes).
The result of a single representative gel mobility shift assay is shown in Figure 5.3. Furthermore,
dialysis into and then out of 7M urea, to denature MBP2-hLIX1 and MBP2 and refold the
proteins, did not improve results. Thus, the predicted RNA binding activity of LIX1 was not
confirmed in vitro with the RNA species tested.

To assess the ability of LIX1 to bind RNA in vivo, transfected NSC34 cells were

examined by confocal microscopy for co-localization of GFP tagged Lix1 and a marker of RNPs,
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Figure 5.3. CYbU and recombinant LIX1 gel mobility shift assay. (A) Representative
autoradiogram from gel shift assay of MBP2-hLIX1 with 5’ end-labeled CYbU RNA. (B)
Representative autoradiogram from gel shift assay of MBP2 with 5’ end-labeled CYbU RNA.

Protein concentrations ranged from 0 to 50 uM (0 to 10x RNA concentration).
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Figure 5.3 continued.
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Pabpl. Lix1 only co-localized with Pabpl very infrequently (Figure 5.4). The position of the GFP
tag did not affect the level of co-localization (N terminal 4.85 + 2.7% co-localization; C terminal
8.17 £ 1.98% co-localization in 9 images each) (Figure 5.4D and H). Furthermore, the Lix1
alternative transcript (Lix1alt), which does not contain the Lix1 putative RNA binding domain, co-
localized with Pabp1l to the same extent as full-length Lix1 (9.79 + 3.75% co-localization in 4
images; Figure 5.4L). Therefore, Lix1 does not interact with Pabpl in cultured NSC34 cells.
Finally, transfected NSC34 cells were examined by confocal microscopy to determine
whether Lix1 is associated with Smn-containing granules (Figure 5.5). Lix1 and Lix1alt failed to
co-localize with Smn despite all three proteins being expressed in the same cellular
compartments. Placement of GFP tag did not affect the level of co-localization (N terminal 10.51
+ 13.46% co-localization; C terminal 8.9 £ 6.64% co-localization in 18 and 14 images,
respectively). In contrast, Smn and Pabp1 co-localized 65.9 + 20.9% of the time (10 images).

Therefore, Lix1l and Smn do not associate in cultured neuronal cells.

Discussion

Amino acids 22-99 of LIX1 were predicted to form a double stranded RNA binding
domain by computational analyses. | tested this prediction by in vitro gel mobility shift assays
with purified recombinant LIX1 and two different RNAs, A6U and CYbU. These RNA species are
encoded by mitochondrial DNA of the African sleeping sickness causing parasite, Trypanosome
brucei (10). In nature LIX1 would never encounter either of these RNAs, but | used these
particular RNAs for my in vitro assays because of their well-characterized secondary structure.
CYbU RNA forms a very stable stem-loop compared to the less stable secondary structure of
A6U RNA. Therefore, | hypothesized that LIX1 would have a higher affinity for CYbU than A6U.
However, no interaction was seen between LIX1 and either RNA in any of the reaction

conditions tested. These data contradict the proposed RNA binding ability of LIX1.
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Figure 5.4. Co-localization of Lix1 or Lixlalt with Pabpl. (A-D) Representative confocal images
of C terminally tagged Lix1-GFP transfected NSC34 cells immunolabelled with anti-
neurofilament and anti-Pabp antibodies. (E-H) Representative confocal images of N terminally
tagged GFP-Lix1 transfected NSC34 cells immunolabelled with anti-neurofilament and anti-
Pabp antibodies. (I-L) Representative confocal images of N terminally tagged GFP-Lix1alt
transfected NSC34 cells immunolabelled with anti-neurofilament and anti-Pabp antibodies. (A,
E, 1) anti-NFH immunofluoresence. (B, F, J) GFP fluorescence. (C, G, K) anti-Pabp
immunofluorescence. (D, H, L) Red-green merged images used for co-localization analysis.

Size bars = 10 um.
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Figure 5.4 continued.




Figure 5.5. Co-localization of Lix1, Lixlalt or Pabpl with Smn. (A-C) Representative confocal
images of Lix1-GFP transfected NSC34 cells immunolabelled with anti-Smn antibody. (D-F)
Representative confocal images of GFP-Lix1 transfected NSC34 cells immunolabelled with anti-
Smn antibody. (G-1) Representative confocal images of GFP-Lix1alt transfected NSC34 cells
immunolabelled with anti-Smn antibody. (J-L) Representative confocal images of NSC34 cells
immunolabelled with anti-Smn and anti-Pabp1 antibodies (A, D, G) GFP fluorescence. (B, E, H,
K) anti-Smn immunofluorescence. (C, F, I, L) Red-green merged images used for co-localization

analysis. (J) anti-Pabpl immunofluorescence. (A-F) Size bars = 10 um. (G-I) Size bars = 25 um.

(J-L) Size bars =20 um.
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Figure 5.5 continued.




To test the ability of LIX1 to interact with RNA in a cellular environment, | examined
NSC34 cells for co-localization of GFP-tagged Lix1 or Lix1alt with a marker of RNPs, Pabpl.
SMN, the protein diminished in human SMA, has been found to co-localize with PABP1
containing mRNA granules in cultured neurons (4). However, Lix1 and Lix1alt did not co-localize
frequently with Pabp1l in these experiments. Furthermore, Lix1 and Lix1alt rarely co-localized
with endogenous Smn. Therefore, these experiments do not support the predicted RNA binding
activity for LIX1. These data support two distinct pathogenic mechanisms for human and feline

SMA.
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CHAPTER 6: Summary and Future Directions

Feline SMA is a lower motor neuron disease that resembles human SMA type 3.
Affected cats demonstrate overt clinical signs (muscle weakness, gait abnormalities) around 12
weeks of age. The disease progresses rapidly until seven or eight months of age, but slows
thereafter and affected cats live to at least eight years of age. Previous work in animals that had
reached the chronic stage of disease revealed variable myofiber size and several angular
shaped atrophic fibers of both fiber types. Histopathological examination of affected cat spinal
cord revealed astrogliosis accompanying loss of motor neurons in the ventral horn gray matter
and loss of axons in the ventral horn roots. A whole genome scan for linkage in the feline SMA
family identified a 140 kb deletion on feline chromosome Alq that removed exons 4-6 of LIX1
and all but exon 1 of LNPEP from the disease allele. The genomic alteration abrogates mRNA
expression of both genes. LIX1 expression is restricted almost entirely to the central nervous
system, whereas LNPEP is ubiquitously expressed. Furthermore, a Lnpep knockout (KO)
mouse demonstrated no overt neuromuscular dysfunction. Therefore, | hypothesized that LIX1,
a gene of unknown function, is the feline SMA disease gene.

To gain understanding of feline SMA pathogenesis and potentially ascribe a function to
LIX1, I undertook a systematic examination of muscle, ventral roots and spinal cord in normal
and SMA cats. Motor neurodegeneration in feline SMA proceeds in a retrograde direction with
significant loss of motor neuron axons occurring at 12 weeks but no cell body loss even at 21
weeks. This “dying back” of motor neurons is consistent with engineered mouse models of
SMA. Retrograde degeneration is thought to indicate primary pathogenesis at cellular sites
distal to the soma. However, there has yet to be a motor neuron disease identified in which the
degeneration is a "dying forward" process. A potential explanation is that retrograde
degeneration is a natural survival mechanism utilized by motor neurons under stress and is

independent of the lesion location. During stress conditions, motor neurons retract their axons
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until the insult has subsided and new axons are then extended. In cases of chronic stress, as in
genetic disease, motor neurons initially retract axons but are unable to extend new projections
due to continued stress. Eventually the cell undergoes apoptosis due to a lack of trophic support
from target muscle cells. This model would explain the delay in cell body loss seen in our feline
SMA model and other SMA mouse models. If this model is correct it suggests that therapeutic
intervention does not need to be administered prior to disease onset, but just prior to motor
neuron cell death. Although it is ideal to prevent the onset of SMA symptoms by therapeutic
intervention, the potential expansion of the treatment window provides hope to patients already
displaying SMA symptoms.

The first pathological change in SMA affected cats, detected at 8 weeks of age was the
failure of motor axons to develop the characteristic bimodal distribution of axon diameter. This
failure in radial growth suggests a role for LIX1 in the regulation of axon caliber. Two key factors
are known to regulate axon caliber, neurofilament expression/phosphorylation and myelination.
Average myelin thickness was not significantly different in L4 ventral roots of normal and SMA
affected cats, thus a structural deficit in myelin can be excluded. However, the loss of LIX1 may
result in the disruption of a signaling cascade initiated by Schwann cells to increase axon caliber
in motor neurons. Little is currently known about the components of this “outside in” pathway;
however, the Myelin Associated Glycoprotein (MAG) is required for axon caliber increases in the
peripheral nervous system (1). LIX1 could function downstream of the MAG neuronal receptor
to elicit cytoskeletal changes necessary for axon caliber expansion.

Alternatively, LIX1 could function in a motor neuron autonomous pathway that regulates
neurofilament expression. Therefore it is critical to determine the levels of both phosphorylated
and non-phosphorylated neurofilament subunits in affected cats. There are several
commercially available antibodies against neurofilaments that could be used for immunoblots of

normal and affected cat ventral root homogenate. The ventral roots alone should be used to
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prevent neurofilament expression in sensory neurons and interneurons from obscuring a motor
neuron specific change.

One region of the motor neuron that had been neglected in this research and other SMA
research are the dendrites and their synapses with sensory neurons and interneurons.
Therefore, | would propose to look at the structure of the motor neuron dendrites in paraffin
embedded L5 spinal cord from SMA affected and normal cats aged 4.5 weeks to 21 weeks. To
examine the gross, overall structure of the dendritic arbor an anti-microtubule associated protein
2 (MAP2) antibody would be used for immunohistochemistry. To examine the synapses of
sensory neurons and interneurons with L5 motor neurons, antibodies against the vesicular
glutamate transporters 1 and 2 (vGLUT1, vGLUTZ2), respectively, would be used for
immunohistochemistry (2). It is critical to our understanding of feline SMA pathogenesis to
determine whether any changes occur in the dendritic synapses and if those changes occur
prior to, at the same time, or after axonal changes.

The smaller muscle fiber size and reduced compound motor action potentials at 10
weeks suggests a functional disruption of neuromuscular junctions (NMJs) prior to the
denervation | observed at 12 weeks. Therefore | would propose to repeat the NMJ double-
labeling experiments at 8 and 10 weeks of age in teased muscle fiber preps. For these
experiments, | would use fluorophore conjugated a-bungarotoxin and anti-synaptophysin or anti-
syntaxin antibodies to label the NMJs. Combined with the 100x objective now available on the
laser scanning confocal microscope, these labeling techniques will provide a higher resolution
image of the neuromuscular junction than was possible with the experiments | conducted.

Understanding feline SMA disease progression is also critical for LIX1 gene therapy
experiments initiated by our collaborators in Nantes, France. The results presented in Chapter 2
provide a baseline from which to assess LIX1 adeno-associated virus (AAV-LIX1) treated cats.
Injections of SMA affected kittens with AAV-LIX1 began in fall 2010. If successful, these

experiments will demonstrate the feasibility and efficacy of gene therapy as a treatment for CNS
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disease in an animal larger than a mouse. Furthermore, these experiments could provide the
first functional evidence that LIX1 is indeed the feline SMA disease gene.

I had hoped to confirm the role of LIX1 in feline SMA by the characterization of a Lix1
gene trap knockout mouse. However, the mice failed to show any neuromuscular phenotype
even at two years of age. | did identify that expression of a murine specific Lix1 alternative
transcript (Lix1alt) with an independent promoter in intron 4 persisted in knockout mice. |
hypothesize that Lix1alt is able to compensate for loss of Lix1 through redundant interactions
with Lix1 protein partners. To test this hypothesis, a knockout mouse that disrupts both
transcripts is required. | would propose to construct a gene-targeting vector to introduce LoxP
sites flanking exon 5. This vector would then be injected into mouse embryonic stem cells to
generate mice with a “floxed” Lix1 allele that could then be crossed with Cre recombinase
expressing mice to generate true Lix1 knockout mice. These mice could then be examined by
the same functional tests and histological techniques described in Chapter 3 to identify and
follow neuromuscular dysfunction. The advantage of the Cre-Lox system over other knockout
techniques is that Lix1 disruption could be accomplished in the whole animal or in a temporally
or spatially restricted manner. Alternatively, successful treatment of SMA affected cats with a
Lix1lalt adeno-associated virus would also provide strong evidence of Lix1 and Lix1alt functional
redundancy. However, a lack of phenotype in this proposed Lix1 knockout mouse or the failure
of Lix1 or Lixlalt gene therapy to ameliorate feline SMA symptoms, would suggest that feline
SMA is due to loss of both LIX1 and LNPEP or a critical regulatory element located in the ~140
kb deletion.

In this research | also identified an interaction between LIX1 and DCHS1 by yeast two-
hybrid. This interaction was confirmed in vitro by co-immunoprecipitation and band shift assays
and was supported in vivo by co-localization of GFP tagged Lix1 and DsRed tagged Dchsl. |
was unable to confirm a physical interaction in vivo by co-immunoprecipitation; however,

another group has recently reported the in vivo co-immunoprecipitation between LIX1 and the
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D. melanogaster homolog of DCHS1, DACHSOUS. For future co-immunoprecipitation
experiments, Lix1 and Dchsl should be tagged with smaller epitope tags, such a FLAG and c-
Myc, to prevent steric inhibition of an interaction. These small epitope tags will also allow for
reciprocal co-immunoprecipitation experiments, which | was unable to conduct due to the lack of
suitable antibodies. The interaction between LIX1 and DCHS1 can also be confirmed in cultured
cells by fluorescence energy transfer (FRET) or bimolecular fluorescence complementation
(BiFC). In BIFC, the two proteins are fused to either the N or C terminal portion of a fluorophore
(YFP or CFP) and then co-transfected into cultured cells. If the two proteins interact, it will bring
the two fluorophore domains in close enough proximity to fluoresce. FRET and BIFC also offer
the advantage that protein interactions can be studied in live cells.

As it currently stands, DCHS1 and FAT are the only known LIX1 interacting partners.
Identification of other LIX1 interacting partners will be necessary to understand LIX1 function in
motor neurons and to identify candidate genes to be screened in the 3% of human SMA
patients who have no identified SMN1 mutation. To identify more LIX1 interacting partners, |
would propose to immunoprecipitate c-Myc-Lix1 containing complexes from transfected NSC34
cells and then to analyze those complexes by tandem mass spectrometry. A similar experiment
could be conducted with GFP-Lix1alt to identify proteins that interact with Lix1 and Lix1alt.
These interactions would then need to be confirmed by in vitro and in vivo co-
immunoprecipitation.

It remains unclear whether DCHS1 is directly involved in feline SMA pathogenesis or if
its interaction with LIX1 is completely unrelated to motor neuron disease. No function for
DCHSL1 in the CNS has been described; therefore, | would propose a set of yeast two-hybrid
screens of the human fetal brain cDNA library used in Chapter 4. These yeast two-hybrid
screens, one with the extracellular domain of DCHS1 and one with the intracellular domains of
DCHS1 would identify new interacting partners that may provide insight into the function of

DCHS1 in the CNS. Being that DCHSL1 is a transmembrane protein with adhesive and signaling
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functions, it is an excellent candidate for a MAG interacting protein. If an interaction between
DCHS1 and MAG is identified by yeast-two hybrid or co-immunoprecipitation experiments, a
model emerges in which LIX1 acts as an effecter of MAG to DCHSL1 signaling to regulate axon
caliber in motor neurons. As loss of LIX1 and MAG each result in reduced axon caliber in motor
neurons only, a Dchsl1 knockout mouse would be highly interesting. However, it may be
necessary to construct a neuron, or motor-neuron specific Dchs1 knockout mouse to prevent
pleiotropic effects from planar cell polarity disruption.

Alternatively, LIX1 is known to regulate Ds/Fat signaling in Drosophila melanogaster.
The Ds/Fat signaling pathway is known to regulate planar cell polarity and tissue size, as loss of
Fat results in over-growth of wing imaginal discs (3, 4). Loss of lowfat, the Drosophila homolog
of LIX1, results in decreased Ds/Fat signaling and a similar, although milder phenotype to fat
mutants (5). Whether LIX1, DCHS1 and FAT in the mammalian CNS carry out the same
functions as their homologs in D. melanogaster remains to be seen. However, one can envision
a model in which loss of LIX1 disrupts DCHS1/FAT control of motor neuron size leading to the
axon caliber phenotype seen in SMA affected cats.

A D. melanogaster genome-wide reciprocal yeast two-hybrid screen also identified a
putative interaction between Ds and the kinesin light chain (KLC), a protein involved in axonal
transport (6). This interaction is putative and needs to be confirmed by co-immunoprecipitation.
If DCHS1 and KLC do interact, this would suggest a role for DCHS1 and LIX1 in axonal
transport. Loss of LIX1 in SMA affected cats may disrupt axonal transport, resulting in decrease
transport of neurotrophic factors required for motor neuron survival. To examine axonal
transport in SMA cats, | would propose to retrogradely label motor neurons by injecting
horseradish-peroxidase in hindlimb muscles of normal and affected cats. Cats would then be
sacrificed at different time points after injection, and the number of labeled motor neurons in

lumber spinal cord would be determined by immunohistochemistry. If axonal transport is
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affected in feline SMA, | predict that fewer motor neurons would be labeled in affected cats
and/or that labeling would occur at later time points in these cats compared with control animals.
The data presented in this dissertation as well as the results from proposed experiments
are necessary for our understanding of feline SMA pathogenesis, a naturally occurring large
animal model of human SMA. Studying the molecular pathogenesis of motor neuron disease in
human patients is nearly impossible because the majority of specimens available for research
are from autopsies of individuals with end-stage disease. Without appropriate animal models to
investigate disease pathogenesis, discovery of therapeutic treatments is substantially more
difficult. Although molecularly distinct, the phenotypic similarities between the feline and human
diseases make the feline disease a good model in which to identify cellular pathways required
for motor neuron maintenance and survival that may be disrupted in non-5g SMA patients and
individuals with other motor neuron diseases. Identification of cellular functions critical for
normal motor neuron physiology will aid in the development of novel treatments for SMA and
other motor neuron diseases. Finally, the feline disease provides a naturally occurring model to
the research community for safety and efficacy testing of therapeutics prior to clinical trials in

humans.
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