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Figure 21. Overview of targeting vector construction.

(A) Schematic of the parental targeting vector, pBY49a. (B) 5’ upstream and 3’
downstream flanking arms were amplified from B6(Cg)-Tyr<c-2J>/J ES cells. The 5’
flanking arm was subcloned into pBY49a without further modification. The murine
(CAG)s was expanded before subcloning into the final targeting vector.
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Figure 22. Expansion of the trinucleotide repeat using the megaprimer method.

(A) Schematic of the megaprimer method for expansion of the murine Atxn3(CAG)
repeat. (B) Amplification of a population of megaprimers from Q129 and Q166 human
ataxin-3 cDNA templates using 5’ murine specific / 3’ human specific primers. (C)
Quick-change incorporation of increasingly large megaprimer populations (determined
by band size) into murine Atxn3, exon10. (D) Representative colony PCR reactions.
Primers flanking the trinucleotide expansion were used to detect expanded clones for
further analysis. (E) A summary of sequenced clones illustrates the variety of repeat
lengths and sequence modifications generated using this method.



121

A — T TP IT A
Kpnl Xmal

Digest /Kpnl/Xho‘I/ \Digest /Xmal/EcoR|

1kb f r +C

Purify, clone, and
sequence

D
Clone # Shortest (CAG), | Longest (CAG),
1 63 =100
13 84 > 156
22 78 90
24 80 =100
26 59 83

Figure 23. Laccone method for expansion of the 8Q s-encoding repeat sequence.

A) Schematic of the Laccone method for polyglutamine expansion, showing

amplification from non-repetitive flanking sequences into the trinucleotide repeat
separately in both directions, prior to splicing by overlap extension (SOE). (B) Reactions
“f” and “r” generate populations of amplicons greater or equal to the length of the repeat-
flanking sequences. (C) SOE amplification of these products generates a broad smear of
products comprising the entire 3’ flanking arm of the proposed targeting vector, with
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Figure 23. Continued.

variable numbers of trinucleotide repeats, which were gel purified, cloned, and
sequenced. (D) Representative DNA sequence analysis demonstrating that while this
method generated some very large repeats, every clone sequenced contained multiple
distinct repeat lengths, suggesting either repeat instability, recombination, and contraction
during bacterial culture, or concatenation of the repeat-containing sequences during

cloning.
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Figure 24. Targeting exon 10 of the murine Atxn3 gene for homologous
recombination to insert a trinucleotide expansion.

Schematic representation of exons 8 through 11 of the murine Atxn3 gene, and the

modifications they undergo during targeted gene mutation through homologous

recombination with the Atxn3(KQsg,) targeting vector, and during subsequent FLPe

recombinase-mediated excision of the positive selection cassette.
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Figure 25. Five ES cell colonies showed evidence of targeted gene insertion.

(A) Schematic of screening strategies. PCR-based strategies utilized primers within the
positive selection cassette with primers outside of the 5’ and 3’ flanking arms to assess
homologous recombination at each site. Southern blot-based strategies were designed to
confirm homologous recombination at the 3’ flanking arm (Aflll) and the presence of the
trinucleotide expansion (Spel). Five clones were confirmed to be positive for

homologous recombination and inclusion of th& Qs repeat by (B) Southern blot and

(C) PCR. Dashed arrows indicate the wild type control bands, and solid arrows indicate
bands corresponding to the expanded knock-in allele.
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Figure 26. Chimeras exhibited a very low rate of germline transmission.

(A) Schematic representation of genotyping strategies used to detect germline
transmission of the Atxn3(#BQs2) knock-in allele to F1 progeny. (B) PCR-
amplification of mouse genomic tail DNA from F1 pups with the primer pairs MJD10F1
— MJD10R3 and MJD4F6 — MJD10R4. Evidence of the repeat expansion and the
positive selection cassette is visible in a small subset of F1 pups (*). Knock-in specific
bands are indicated with arrows and endogenous control bands are indicated with
brackets. (C) Only 2.5% of black F1 pups (derived from gametes of cultured ES cell
origin) were hemizygous knock-ins containing an intact positive selection cassette.
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Figure 27. Germline transmission of the Atxn3(GKQsz) knock-in allele with an

intact positive selection cassette followed Mendelian ratios in F1 animals.
(A) Schematic representation of genotyping strategies used to detect germline
transmission of the Atxn3#8Qs) knock-in allele to F2 progeny from F1 x C57BL/6J
crosses. (B) PCR-amplification of mouse genomic tail DNA from F2 pups with the
primer pairs MJD10F1 — MJD10R3 and MJD4F6 — MJD10R4. Evidence of the repeat
expansion and the positive selection cassette is visible in approximately half of these
animals (*), suggesting that the presence of the repeat expansion in the context of an
intact positive selection cassette does not reduce viability of knock-in embryos or pups.
Knock-in specific bands are indicated with arrows and endogenous control bands are
indicated with brackets. (C) Nearly half (43%) of F2 progeny from F1 x C57BL/6J
crosses were hemizygous knock-ins containing an intact positive selection cassette.
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Figure 28. Mosaic excision of the positive selection cassette in FLPe(tg/-) F2
Atxn3(Q3KQg2) knock-in animals.

(A) Schematic representation of genotyping strategies used to detect the AKQZ{Q

knock-in allele and excision of the positive selection cassette in F2 progeny from F1 x

FLPe(tg/tg) crosses. (B) PCR-amplification of mouse genomic tail DNA from F2 pups

with the primer pair MJD10F1 — MJD10R3 identifies animals containing the
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Figure 28. Continued.

trinucleotide repeat expansion (*). PCR-amplification with the primers FLPel and

FLPe2 confirm that all F2 animals from these crosses are FLPe(tg/-) (tg). The presence
of a 3.3 kb band in the MJID4F6 — MJD10R4 reactions indicates the presence of an intact
positive selection cassette in knock-in animals; however, digestion of the lower molecular
weight MID4F6 — MJD10R4 amplicon with Xbal confirms the presence of FRT-only
alleles, suggesting that these animals are mosaic for FLPe recombination.
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Figure 29. Atxn3(Q:KQ g2) knock-in animals express expanded ataxin-3 protein.

Western blot analysis of tissues from an AtxnsKQs2) hemizygous knock-in animal
(mosaic for the positive selection cassette) and its wild type littermate control. Selected
tissues include brain (B), heart (H), kidney (K), liver (L), and spleen (S). Left: 1H9 mAb
recognizes both endogenous wild type murine ataxn-3 (brackets) and expanded ataxin-3
(large arrow) in select tissues. Right: 1C2-positive AtxnRB(@x,) protein expression

(arrow) is detectable in all tissues analyzed except the kidney. Note that expression of
Atxn3 protein from the (CAG)wild type allele (bracket) does not appear to be greatly
reduced by expression of the expanded protein.
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Figure 30. Summary of gene targeting and mating efficiencies.

Schematic summary of the strategy for and efficiencies of gene targeting, blastocyst
colonization, germline transmission of the knock-in allele, FLPe-mediated excision of the
positive selection cassette, and generation of F3 colony founders. The AIKQBR
encoding expansion is represented by a red asterisk, antbafkers indicate cells or

animals which are unsuitable for further analysis or utilization.

Adapted from Seong, E., et al. (2004) Trends GeR6é{(2):59-62.
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(Figure 31), compared to cells expressing either full length 3UIM or 2UIM ataxin-3.
These observations implicate ataxin-3 in cytoskeletal regulation and tubulin stability, and
provide the first clues to the function of this highly conserved but poorly characterized
domain.

Several lines of evidence already suggest direct and indirect links between tubulin
and ataxin-3. First, ataxin-3 interacts directly with bottubulin and Btubulin with a
high affinity (Kq 50 — 70 nM), and partially colocalizes witktebulin in Cos7 cells
(Mazzucchelli et al., 2009). 2UIM Ataxin-3 also interacts with dynein and the
microtubule-associated deacetylase HDACG to facilitate sequestration of misfolded
proteins into centrosomal aggresomes (Burnett and Pittman, 2005). Intriguingly, both
ataxin-3 and HDACSG interact with the microtubule-associated E3 ubiquitin ligase, parkin.
Within neurons, parkin localizes in a punctate pattern along microtubules, where it can
bind both tubulin dimers and microtubules. Parkin has been shown to ubiquitinate
tubulin, leading to enhanced proteasomal degradation, yet it also stabilizes established
microtubules (Ren et al., 2003, Yang et al., 2005). Parkin is also recruited to the
centrosome during inhibition of the 26S proteasome, in a process that requires
parkin:HDACSG interaction and HDACG6-dependent microtubule deacetylation (Jiang et
al., 2008). Ataxin-3 and parkin also directly interact, with the Josephin domain
interacting with the same regions required for parkin binding to tubulin and HDACG6, and
at least one of the ataxin-3 UIMs interacting with the ubiquitin-like (UBL) domain of
parkin. Functionally, ataxin-3 preferentially cleaves K63 linkages within chains formed
during parkin autoubiquitination, enriching the K48-only nature of these chains, and
enhancing degradation of parkin (Durcan et al., 2008); it may also act to edit ubiquitin
chains on parkin substrates. Although centrosortabylin, microtubule associated
proteins, and cytoskeletal regulatory GTPases can also be regulated by ubiquitination,
ataxin-3 binding or DUB activities have not been implicated specifically in these

processes. A model of functional interactions between ataxin-3, HDACS6,
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dynein/dynactin, parkin, and microtubules, however, may explain the phenotype
observed in cells highly overexpressing the UIM3(SA/DG) mutant ataxin-3.

Combining these observations, | propose the following model (Figure 32A). In
the presence of wild type ataxin-3, HDACG6 senses the presence of proteasomal stress
through a signal, such as the accumulation of appropriately edited K48-linked chains on
polyubiquitinated protein substrates, which is dependent on ataxin-3 catalytic activity and
UIMs 1 and 2. In response to this signal, HDAC6 forms a complex with dynein/dynactin,
parkin, and likely polyubiquitinated substrates, and translocates in a microtubule
deacetylation-dependent fashion to the pericentrosomal area to form a compartment
enriched in 20S proteasomal components, polyubiquitinated proteins, and ataxin-3
(Kawaguchi et al., 2003, Burnett and Pittman, 2005). This concentration of protein
quality control machinery may allow protein:protein interactions between ubiquitin
ligases, such as parkin, and chain-editing DUBS, such as ataxin-3, to enhance the
efficiency of proteasomal degradation. This sequestration of misfolded proteins and
protein degradation machinery can be reversed, if the proteasomal stress is mitigated;
however, in the presence of persistent proteasomal stress, this compartment remains
compact and is walled off by a vimentin “cage” to form a cytoprotective aggresome.

| hypothesize that the UIM3(SA/DG) mutant acts in at least one of two ways: (1)
by increasing the ability of ataxin-3 to activate HDACG, and (2) by altering the activity of
the ataxin-3:parkin protein complex, leading to inefficient autoubiquitination and
degradation of parkin (Figure 32B). According to this model, when the UIM3(SA/DG)
mutant is overexpressed, HDACG6 is more efficiently activated to recruit parkin to a
pericentrosomal domain that is still enriched in protein quality control machinery, but
which is not as heavily enriched with misfolded, polyubiquitinated proteins. Within this
pericentrosomal compartment, | hypothesize that ataxin-3:parkin complexes are still
formed (mediated by the Josephin domain of ataxin-3 and the RIR domain of parkin). It

is possible that the ataxin-3:parkin complex does not specifically require UIM3 for



efficient, selective chain editing, but that the increase of HDACG6-dependent microtubule
destabilization and accumulation of protein quality control machinery in the absence of
ample misfolded protein substrates leads to efficient ubiquitination and degradation of the
most abundant parkin substrates available — tubulin dimers. Alternately, it is possible
that in the absence of UIM3:parkin-UBL domain interactions, the efficient, selective K63
chain editing activity of the ataxin-3:parkin complex is impaired, leading to a reduction

of K48-only autoubiquitinated parkin and reduced parkin degradation. The resulting
increase in parkin levels may then increase the degradation of parkin substrates, including
tubulin, and increase the stabilization of intact microtubules by parkin. Either of these
two mechanisms could lead to the observed loss of perinuclear Flag epitope signal,
drastic decreases in total tubulin levels, and persistence of long cellular protrusions in the
presence of overexpressed UIM3(SA/DG). It will be important to test this model to
determine whether UIM3 has an in vivo function involved in either the sensing of
misfolded proteins by HDACG6 or the substrate specificity of ataxin-3 when in
physiological protein-protein complexes.

To test the effect of UIM3 mutation on HDAC6-dependent formation of a
pericentrosomal protein degradation compartment/aggresome, it would not only be
important to observe the subcellular distribution of HDACG6, parkin, 20S proteasomal
subunits, and vimentin during transient UIM3(SA/DG) overexpression, compared to
3UIM ataxin-3 overexpression, but also to observe this process in cells depleted of
endogenous ataxin-3 and reconstituted as previously described (Burnett and Pittman,
2005) with wild type 3UIM and UIM3-mutant ataxin-3. To test the effect of UIM3
mutation on the activity and linkage specificity of deubiquitination of ataxin-3:parkin
complexes, wild type or UIM3-mutant ataxin-3 could be used in modified in vitro DUB
reactions using autoubiquitinated parkin (Durcan et al., 2008) or other defined substrates,
such as immunopurified ubiquitinated tubulin (Ren et al., 2003), in the presence of

parkin. Similarly, reconstituted in vitro systems could also be used to examine the effect
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of wild type or UIM3-mutant ataxin-3 on active parkin autoubiquitination and substrate
ubiquitination. To directly examine the effects of wild type versus UIM3-mutant ataxin-

3 on the tubulin cytoskeleton, immunofluorescence could be used to compare
microtubule distribution, acetylation, and stability in the presence or absence of
microtubule destabilizing agents, such as colchicine and nocodazole. Note that because
serine phosphorylation occurs within ataxin-3 UIMs (Fei et al., 2007, Mueller et al.,
2009), an important control to include in all of these experimental systems is a UIM3
mutant, such as UIM3(S/A) or UIM3(SA/AG), that is not capable of serving as a UIM3
serine phosphorylation mimic, in order to demonstrate that these alterations are truly due
to disruption of UIM:ubiquitin or UIM:UBL interactions. These studies would aid our
understanding of both the functional importance of UIM3 and the role of ataxin-3 in

protein quality control systems, including aggresome formation.

Cell-specific expression of minor ataxin-3 splice variants in

affected and adjacent brain regions

While 3UIM ataxin-3 is clearly the predominant, physiologically relevant splice
isoform in brain tissue, and the isoform of choice for any experimental attempts to
understand “full length” ataxin-3 function, the aggregation propensity and proteasomal
route of degradation of the 2UIM isoform warrant additional characterization. Although
we were unable to detect unmodified 2UIM ATXN3 in the brains of MJD15.4 or
MJD84.2 animals, it should be noted that a rapidly degraded minor isoform expressed in
a limited subpopulation of cells would be difficult, if not impossible, to detect in whole
brain or even whole cerebellar lysates. If the disease-associated properties of 2UIM
ataxin-3 have any pathophysiological significance, this isoform must be present and
enriched in affected populations of cells. To address the hypothesis that enhanced
expression of 2UIM ataxin-3 contributes to selective neuronal toxicity, it would be

important to determine whether this isoform is enriched at the mRNA level or detectable



at the protein level in affected neuronal populations. Insitu hybridization would be a
reliable method to determine whether selectively vulnerable neuronal populations are
enriched for 2UIM ataxin-3 at the message level. Because there are no existing
antibodies to specifically detect the 2UIM isoform, and because the hydrophobicity of the
domain unique to this isoform makes the successful generation of such a tool unlikely,
immunohistochemistry is not a viable approach to confirm results at the protein level.
Instead, microdissection followed by 2D-Western analyses that compare affected
(pontine and dentate nuclear) and unaffected (cerebral cortical and hippocampal)
neuronal populations would be a viable alternative approach.

While it would be ideal to perform these studies in brain tissue from SCA patients
and controls, this approach is complicated both by the difficulty of obtaining post-
mortem brain tissue with acceptable RNA quality for in situ hybridization, and by the
technical challenge of 2D-based protein analysis due to non-synonymous ataxin-3 SNP
variation within human populations. These studies could also reliably be conducted in
MJD15.4 and MJD84.2 mice (to study splicing of the human transgene), and possibly in
the Atxn3(QKQs2) homozygous knock-in mice generated here. If the knock-in mice
exhibit selective neurodegeneration, MALDI-TOF analysis could supplement a 2D-
Western approach, as the murine putative 2UIM isoform has a shorter hydrophobic
domain (similar to the 2UIM, short SNP variant), and would have a low enough mass to
facilitate a time of flight within the range of detection. Humans with SCA3 and MJD84.2
mice exhibit neurodegeneration in cerebellar dentate and pontine nuclei. In the MJD84.2
mice, 30 — 40% of neurons in these nuclei have been lost by 12 months of age, so it
would be important to look both at and before this time point. Therefore, analysis of
RNA and protein from selected neuronal populations in 6 month and 12 month old mice
would be ideal for these studies. An absence of detectable enrichment of 2UIM-encoding
transcript variants and detectable 2UIM protein in these neuronal populations would

refute the hypothesis that this minor splice variant contributes significantly to the
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selective neuronal toxicity observed in SCA3. In such a scenario, any future research
proposals focusing on the 2UIM isoform of ataxin-3 would be considered to have a much
lower impact and significance to the field, compared to studies utilizing the 3UIM

isoform.

Splice Isoforms and Protein Context in Other

Polyglutamine Diseases

The prevalence of alternative splicing among polyglutamine disease proteins
provides many opportunities to explore the role of alternative splicing in the other
polyglutamine diseases. Some of the most straightforward projects would involve those
variants that have already been partially characterized. For example, the observation that
CACNA 4 transcripts containing polyglutamine-encoding splice variants are enriched in
the Purkinje cells of SCAG6 patients, but not in controls (Tsunemi et al., 2008), needs to be
followed up with studies at the protein level. While it is possible that this enrichment at
the transcript level is mirrored at the protein level, this transcript enrichment could also
be either unrelated to protein levels or compensatory for the selective degradation or
sequestration of polyglutamine-containing,€4 isoforms. Although higher numbers of
Purkinje cells would need to be captured by microdissection (Ball and Hunt, 2004), a
similar comparison of Purkinje cell versus granule cellZZaprotein levels could be
performed on existing snap-frozen human tissues (Tsunemi et al., 2008), as well as on
tissues from SCA®* versus SCAB™ knock-in mice (Watase et al., 2008). Because the
isoforms of interest either contain or lack the polyglutamine domain, they exhibit a shift
in molecular weight corresponding to the documented repeat length, which can be
confirmed by utilization of the polyglutamine-specific monoclonal antibody 1C2
(Ishikawa et al., 2001). Thus, identification of these variants does not require the
development of a novel, isoform-specific antibody. If the enrichment of (FAG)

containing CACNAa transcripts in diseased Purkinje cells is accompanied by an increase
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in polyglutamine containing isoforms, it would provide the strongest evidence to date that
alternative splicing results in cell type-specific, pathologically relevant alterations in
protein context.

Due to the androgen-dependence of polyglutamine toxicity in SBMA, it is
generally thought of as a disease that only affects men; some heterozygous and
homozygous females, however, exhibit mild symptoms (Ishihara et al., 2001, Schmidt et
al., 2002, Tomik et al., 2006, Karaer et al., 2008, Soraru et al., 2008). Moreover,
symptoms in female carriers are not necessarily correlated with X-inactivation (Ishihara
et al., 2001, Paradas et al., 2008). Similarly, while there is a strong inverse correlation
between age of symptom onset and repeat length in SBMA, there is still a wide variation
in the age of onset for any particular symptom between individual patients with a given
repeat length. Splicing of the androgen receptor is dysregulated in some breast (Zhu et
al., 1997) and prostate cancers (Jagla et al., 2007, Dehm et al., 2008, Hu et al., 2009,
Marcias et al., 2010). This alternative splicing produces some isoforms that exhibit
enhanced retention in the cytoplasm (Jagla et al., 2007) and others that exhibit
constitutive activation with androgen-independent nuclear translocation and
transcriptional regulatory activities (Dehm et al., 2008, Hu et al., 2009, Marcias et al.,
2010). It would be interesting and clinically relevant to determine whether any splice
variants belonging to this latter category are observed or enriched in females who exhibit
some SBMA symptoms (compared to asymptomatic carriers) and SBMA patients who
are resistant to clinical improvement during leuprorelin therapy (compared to
responders). If constitutively activated isoforms are overrepresented in either of these
groups of individuals, AR alternative splicing might be a useful prognostic indicator of
disease penetrance and therapeutic response in SBMA.

Finally, examination of splice variation in affected neuronal populations
compared to unaffected cell types may provide clues to the question of which elements of

protein context are important to disease pathophysiology. The use of tissue
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microdissection coupled with splice variant analysis, similar to that discussed earlier for
CACNA;» mRNA, may reveal variants that are selectively enriched in vulnerable
neuronal populations (either constitutively or only in the context of a (gE&%@ansion).

If this type of splice variation exists among other polyglutamine disease gene products,
careful examination of the corresponding protein isoforms may highlight peptide
sequences important for conformational stability, subcellular protein localization, post-
translational modifications, and specific protein:protein interactions that could modulate

polyglutamine toxicity.

Phenotypic Characterization of Atxn3XDs,) Knock-in

Mice

While we know that the F2 FLPe(tg/-), positive selection cassette mosaic,
Atxn3(Q:KQs2)(+/-) knock-in animals are viable and express detectable polyglutamine-
expanded ataxin-3 protein, significant work remains for the establishment of this line.
These F2 animals are currently being mated to wild type C57BL/6J animals to generate
FLPe(-/-), FRT-only Atxn3(GKQs)(+/-) F3 founders. These animals will be crossed to
C57BL/6J mice to establish the knock-in line, and crossed to each other to produce
homozygous knock-in mice. These animals and their progeny will also be used for the
initial phenotypic characterization of this mouse model of SCA3. The colony will be
monitored to assess whether transmission of the knock-in allele follows the predicted
Mendelian ratios in Atxn3(€KQs2)(+/-) x wild type C57BL/6 and Atxn3(§KQsg2)(+/-) X
Atxn3(Q:KQs2)(+/-) crosses. Genotyping will also routinely be conducted with the
primers MJD10F1 and MJD10R3, to monitor progeny for large intergenerational changes
in repeat length (Figure 25 — 27). Selected animals will also be assessed for somatic and
intergenerational repeat instability analysis by PCR-amplification using primers flanking

the (CAG), repeats followed by DNA sequencing, as previously described (Boy et al.,
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2010). Both male and female knock-in animals will be used as breeders, with in order to
increase the likelihood of anticipation and repeat stability, respectively.

Wild type, hemizygous knock-in, and homozygous knock-in mice will be
longitudinally followed for rigorous phenotypic analysis. An initial cohort of animals
will be followed to assess monthly weights and survival. At 3, 6, 9, 12, and 18 months of
age, cohorts of animals will undergo anatomic, biochemical, and behavioral assessment,
based on the SmithKline Beecham, Harwell, Imperial College School of Medicine, Royal
London Hospital, Phenotype, Assessment (SHIRPA) protocol (Rogers et al., 1997).
While a comprehensive evaluation will include a complete SHIRPA protocol, priority
studies will be dedicated to assessing the protein aggregation and neurodegenerative
phenotypes in these animals. Protein misfolding and aggregation will be assessed by
non-denaturing protein fractionation of brain lysates and immunolabeling of prepared
brain tissue. Behavioral analysis focused on the anticipated neurodegenerative phenotype
will include open field analysis to assess activity level, as well as beam walking and gait
analysis to detect an ataxic phenotype. Additionally, cohorts of these animals will be
assessed for proteasomal dysfunction (Bowman et al., 2005), transcriptional
dysregulation (Li et al., 2002, Evert et al., 2006), and alterations of alternative splicing

(Chapter 2).

Conclusions
The importance of protein context in the manifestation of specific polyglutamine
diseases has become increasingly clear. While therapeutic strategies for the treatment of
polyglutamine diseases have included approaches designed to reduce toxic protein
expression or non-specifically neutralize the toxicity of the expanded polyglutamine
repeats, the most promising therapeutic strategy in clinical trials to date was developed
based on a protein context-specific understanding of the behavior of the AR within cells

(Banno et al., 2009). Data from leuprorelin trials (Katsuno et al., 2004, Banno et al.,
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2009) and conditional mouse models (Orr and Zoghbi, 2000, Yamamoto et al., 2000)
suggest that the progression of polyglutamine disease symptoms are reversible with
interventions that reduce key disease-specific toxic events. Although there is ample room
for exploration of approaches that decrease levels of all expanded polyglutamine proteins
or generally enhance cellular protein quality control mechanisms, protection of
vulnerable neuronal populations may require protein context-specific approaches. Future
studies must seek to better understand polyglutamine-induced loss of protein function
events, to characterize polyglutamine-induced aberrations in functional protein
complexes and restore endogenous protein-protein interactions, and to understand the
complexity that alternative splicing adds to disease-specific protein context. To meet
these goals, the polyglutamine disease field requires additional model systems that
preserve as much of the genomic, transcript, and protein context as possible, while
manifesting quantifiable symptoms that are robust enough to test the efficacy of

interventions.
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Figure 31. Mutation of UIM3 decreases tubulin levels.

Representative Western blotting of lysates from Cos7 cells transiently expressing Flag-
tagged ataxin-3 constructs. Overexpression of the UIM3(SA/DG) mutant, but neither
endogenous C-terminal splice variant, dramatically decreatd®ifin levels. GAPDH

is used as a loading control.
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Figure 32. Model for the role of UIM3 in aggresome formation and microtubule

stability.
(A) The normal role of ataxin-3, HDACS6, and parkin in pericentrosomal degradation of
misfolded proteins. (Al) Ataxin-3 is required for HDACG6 to sense abundant misfolded
proteins. (A2) HDACG6 forms a complex with dynein/dynactin to transport parkin and
polyubiquitinated substrates towards the centrosome, in a microtubule deacetylation-
dependent manner. (A3) This compartment is enriched in 20S proteasomal components,
polyubiquitinated proteins, and ataxin-3. The concentration of protein quality control
machinery and misfolded proteins facilitates an interaction between parkin and ataxin-3.
(A4) The cooperative ubiquitin chain elongation and editing activities of ataxin-3:parkin
complexes enhance the efficiency of proteasomal degradation. (B) The ataxin-3
UIM3(SA/DG) mutant dysregulates this process, leading to decreases in total tubulin,
loss of IF signal from an N-terminal Flag epitope in the pericentrosomal area, and an
increase in 3-dimensional cellular complexity. (B1) The ataxin-3 UIM3(SA/DG) mutant
may be able to more efficiently activate HDACG6 to (B2) recruit parkin to the
pericentrosomal domain in the absence of a large burden of misfolded proteins. (B3) The
resulting domain is still enriched in protein quality control machinery, but not as heavily
enriched with misfolded, polyubiquitinated proteins. In this environment, HDACG6-
dependent accumulation of protein quality control machinery in the absence of ample
misfolded proteins may lead increased ubiquitination and (B4) degradation of abundant
tubulin dimers provided during the deacetylation-dependent HDACG6 destabilization of
microtubules. (B3) Alternately, UIM3-mutant ataxin-3:parkin complexes may behave
abnormally, reducing the autoubiquitination and degradation of parkin, and leading to
(B4) increased degradation of parkin substrates, including tubulin. Decreased levels of
soluble tubulin dimers will further destabilize the tubulin cytoskeleton; increased ratios of
parkin to microtubules, however, may increase the peripheral stability of the remaining,
intact microtubules. Note that in this model, formation of the ataxin-3:parkin complex
masks the N-terminal Flag epitope.



Legend

% Misfolded
Protein
@w Flag-Ataxin-3

Flag-Ataxin-3
B4 LIM3(SADG)

=y HDACS

kxb = Parkin
/
©)

N,

Dynein
Acetylated
- Mirotubules
@ Tubulin Dimer
= Ubiquitin

' Proteasome

~
e

ot
C




14¢

REFERENCES

Affaitati A, de Cristofaro T, Feliciello A, Varrone S (2001) Identification of alternative
splicing of spinocerebellar ataxia type 2 gene. Gene 267:89-93.

Albrecht A, Mundlos S (2005) The other trinucleotide repeat: polyalanine expansion
disorders. Current Opinion in Genetics & Development 15:285-293.

Ambrose CM, Duyao MP, Barnes G, Bates GP, Lin CS, Srinidhi J, Baxendale S,
Hummerich H, Lehrach H, Altherr M, et al. (1994) Structure and expression of
the Huntington's disease gene: evidence against simple inactivation due to an
expanded CAG repeat. Somat Cell Mol Genet 20:27-38.

Amiel J, Trochet D, Clément-Ziza M, Munnich A, Lyonnet S (2004) Polyalanine
expansions in human. Human Molecular Genetics 13:R235-R243.

Arbizu T, Santamaria J, Gomez JM, Quilez A, Serra JP (1983) A family with adult spinal
and bulbar muscular atrophy, X-linked inheritance and associated testicular
failure. J Neurol Sci 59:371-382.

Atsuta N, Watanabe H, Ito M, Banno H, Suzuki K, Katsuno M, Tanaka F, Tamakoshi A,
Sobue G (2006) Natural history of spinal and bulbar muscular atrophy (SBMA): a
study of 223 Japanese patients. Brain 129:1446-1455.

Auerbach W, Dunmore JH, Fairchild-Huntress V, Fang Q, Auerbach AB, Huszar D,
Joyner AL (2000) Establishment and chimera analysis of 129/SvEv- and
C57BL/6-derived mouse embryonic stem cell lines. Biotechniques 29:1024-1028,
1030, 1032.

Ball HJ, Hunt NH (2004) Needle in a haystack: microdissecting the proteome of a tissue.
Amino Acids 27:1-7.

Banfi S, Servadio A, Chung MY, Kwiatkowski TJ, Jr., McCall AE, Duvick LA, Shen Y,
Roth EJ, Orr HT, Zoghbi HY (1994) Identification and characterization of the
gene causing type 1 spinocerebellar ataxia. Nat Genet 7:513-520.

Banno H, Katsuno M, Suzuki K, Takeuchi Y, Kawashima M, Suga N, Takamori M, Ito
M, Nakamura T, Matsuo K, Yamada S, Oki Y, Adachi H, Minamiyama M, Waza
M, Atsuta N, Watanabe H, Fujimoto Y, Nakashima T, Tanaka F, Doyu M, Sobue
G (2009) Phase 2 trial of leuprorelin in patients with spinal and bulbar muscular
atrophy. Ann Neurol 65:140-150.

Berke SJ, Chai Y, Marrs GL, Wen H, Paulson HL (2005) Defining the role of ubiquitin-
interacting motifs in the polyglutamine disease protein, ataxin-3. J Biol Chem
280:32026-32034.

Bettencourt C, Santos C, Montiel R, Costa MD, Cruz-Morales P, Santos LR, Simoes N,
Kay T, Vasconcelos J, Maciel P, Lima M (2010) Increased transcript diversity:
novel splicing variants of Machado-Joseph Disease gene (ATXN3).
Neurogenetics 11(2):193-202.



14¢

Bichelmeier U, Schmidt T, Hubener J, Boy J, Ruttiger L, Habig K, Poths S, Bonin M,
Knipper M, Schmidt WJ, Wilbertz J, Wolburg H, Laccone F, Riess O (2007)
Nuclear localization of ataxin-3 is required for the manifestation of symptoms in
SCAZ3: in vivo evidence. J Neurosci 27:7418-7428.

Bothe GW, Bolivar VJ, Vedder MJ, Geistfeld JG (2004) Genetic and behavioral
differences among five inbred mouse strains commonly used in the production of
transgenic and knockout mice. Genes Brain Behav 3:149-157.

Bowman AB, Lam YC, Jafar-Nejad P, Chen HK, Richman R, Samaco RC, Fryer JD,
Kahle JJ, Orr HT, Zoghbi HY (2007) Duplication of Atxnll suppresses SCA1
neuropathology by decreasing incorporation of polyglutamine-expanded ataxin-1
into native complexes. Nat Genet 39:373-379.

Bowman AB, Yoo SY, Dantuma NP, Zoghbi HY (2005) Neuronal dysfunction in a
polyglutamine disease model occurs in the absence of ubiquitin-proteasome
system impairment and inversely correlates with the degree of nuclear inclusion
formation. Hum Mol Genet 14:679-691.

Boy J, Schmidt T, Schumann U, Grasshoff U, Unser S, Holzmann C, Schmitt I, Karl T,
Laccone F, Wolburg H, Ibrahim S, Riess O (2010) A transgenic mouse model of
spinocerebellar ataxia type 3 resembling late disease onset and gender-specific
instability of CAG repeats. Neurobiology of Disease 37:284-293.

Brock G, Anderson N, Monckton D (1999) Cis-acting modifiers of expanded CAG/CTG
triplet repeat expandability: associations with flanking GC content and proximity
to CpG islands. Hum Mol Genet 8:1061-1067.

Burnett B, Li F, Pittman RN (2003) The polyglutamine neurodegenerative protein ataxin-
3 binds polyubiquitylated proteins and has ubiquitin protease activity. Hum Mol
Genet 12:3195-3205.

Burnett BG, Pittman RN (2005) The polyglutamine neurodegenerative protein ataxin 3
regulates aggresome formation. Proc Natl Acad Sci U S A 102:4330-4335.

Cemal CK, Carroll CJ, Lawrence L, Lowrie MB, Ruddle P, Al-Mahdawi S, King RH,
Pook MA, Huxley C, Chamberlain S (2002) YAC transgenic mice carrying
pathological alleles of the MJD1 locus exhibit a mild and slowly progressive
cerebellar deficit. Hum Mol Genet 11:1075-1094.

Chai Y, Shao J, Miller VM, Williams A, Paulson HL (2002) Live-cell imaging reveals
divergent intracellular dynamics of polyglutamine disease proteins and supports a
sequestration model of pathogenesis. Proc Natl Acad Sci U S A 99:9310-9315.

Chen S, Berthelier V, Hamilton JB, O'Nuallain B, Wetzel R (2002) Amyloid-like features
of polyglutamine aggregates and their assembly kinetics. Biochemistry 41:7391-
7399.

Colomer Gould VF, Goti D, Pearce D, Gonzalez GA, Gao H, Bermudez de Leon M,
Jenkins NA, Copeland NG, Ross CA, Brown DR (2007) A mutant ataxin-3
fragment results from processing at a site N-terminal to amino acid 190 in brain of
Machado-Joseph disease-like transgenic mice. Neurobiol Dis 27:362-369.



15C

Crawley JN (1996) Unusual behavioral phenotypes of inbred mouse strains. Trends
Neurosci 19:181-182; discussion 188-189.

Cummings CJ, Zoghbi HY (2000) Trinucleotide repeats: mechanisms and
pathophysiology. Annu Rev Genomics Hum Genet 1:281-328.

Dehay B, Bertolotti A (2006) Critical role of the proline-rich region in Huntingtin for
aggregation and cytotoxicity in yeast. J Biol Chem 281:35608-35615.

Dehm SM, Schmidt LJ, Heemers HV, Vessella RL, Tindall DJ (2008) Splicing of a novel
androgen receptor exon generates a constitutively active androgen receptor that
mediates prostate cancer therapy resistance. Cancer Res 68:5469-5477.

Deng C, Capecchi MR (1992) Reexamination of gene targeting frequency as a function
of the extent of homology between the targeting vector and the target locus. Mol
Cell Biol 12:3365-3371.

do Carmo Costa M, Sequeiros J, Maciel P (2002) Identification of three novel
polymorphisms in the MJD1 gene and study of their frequency in the Portuguese
population. J Hum Genet 47:205-207.

Doss-Pepe EW, Stenroos ES, Johnson WG, Madura K (2003) Ataxin-3 interactions with
rad23 and valosin-containing protein and its associations with ubiquitin chains
and the proteasome are consistent with a role in ubiquitin-mediated proteolysis.
Mol Cell Biol 23:6469-6483.

Durcan TM, Kontogiannea M, E.A F (2008) Ataxin-3 Controls Parkin Levels by Editing
K63-linked Ubiquitin Chains. In: NAF 2008 Annual Investigator's meeting
(Foundation, N. A., ed), p PA8 Las Vegas, NV.

Einum DD, Clark AM, Townsend JJ, Ptacek LJ, Fu YH (2003) A novel central nervous
system-enriched spinocerebellar ataxia type 7 gene product. Arch Neurol 60:97-
103.

Ellisdon AM, Thomas B, Bottomley SP (2006) The two-stage pathway of ataxin-3
fibrillogenesis involves a polyglutamine-independent step. J Biol Chem
281:16888-16896.

Evert BO, Araujo J, Vieira-Saecker AM, de Vos RA, Harendza S, Klockgether T,
Waullner U (2006) Ataxin-3 represses transcription via chromatin binding,
interaction with histone deacetylase 3, and histone deacetylation. J Neurosci
26:11474-11486.

Fei E, Jia N, Zhang T, Ma X, Wang H, Liu C, Zhang W, Ding L, Nukina N, Wang G
(2007) Phosphorylation of ataxin-3 by glycogen synthase kinase 3beta at serine
256 regulates the aggregation of ataxin-3. Biochem Biophys Res Commun
357:487-492.

Fisher RD, Wang B, Alam SL, Higginson DS, Robinson H, Sundquist WI, Hill CP
(2003) Structure and ubiquitin binding of the ubiquitin-interacting motif. J Biol
Chem 278:28976-28984.



151

Gaspar C, Jannatipour M, Dion P, Laganiere J, Sequeiros J, Brais B, Rouleau GA (2000)
CAG tract of MJD-1 may be prone to frameshifts causing polyalanine
accumulation. Hum Mol Genet 9:1957-1966.

Gatchel JR, Zoghbi HY (2005) Diseases of unstable repeat expansion: mechanisms and
common principles. Nat Rev Genet 6:743-755.

Geiser M, Cebe R, Drewello D, Schmitz R (2001) Integration of PCR fragments at any
specific site within cloning vectors without the use of restriction enzymes and
DNA ligase. Biotechniques 31:88-90, 92.

Gerlai R (1996) Gene-targeting studies of mammalian behavior: is it the mutation or the
background genotype? Trends Neurosci 19:177-181.

Gonzalez-Alegre P, Afifi AK (2006) Clinical characteristics of childhood-onset (juvenile)
Huntington disease: report of 12 patients and review of the literature. J Child
Neurol 21:223-229.

Goti D, Katzen SM, Mez J, Kurtis N, Kiluk J, Ben-Haiem L, Jenkins NA, Copeland NG,
Kakizuka A, Sharp AH, Ross CA, Mouton PR, Colomer V (2004) A mutant
ataxin-3 putative-cleavage fragment in brains of Machado-Joseph disease patients
and transgenic mice is cytotoxic above a critical concentration. J Neurosci
24:10266-10279.

Goto J, Watanabe M, Ichikawa Y, Yee SB, lhara N, Endo K, Igarashi S, Takiyama'Y,
Gaspar C, Maciel P, Tsuji S, Rouleau GA, Kanazawa | (1997) Machado-Joseph
disease gene products carrying different carboxyl termini. Neurosci Res 28:373-
377.

Helmlinger D, Hardy S, Abou-Sleymane G, Eberlin A, Bowman AB, Gansmuller A,
Picaud S, Zoghbi HY, Trottier Y, Tora L, Devys D (2006a) Glutamine-expanded
ataxin-7 alters TFTC/STAGA recruitment and chromatin structure leading to
photoreceptor dysfunction. PLoS Biol 4:e67.

Helmlinger D, Hardy S, Eberlin A, Devys D, Tora L (2006b) Both normal and
polyglutamine- expanded ataxin-7 are components of TFTC-type GCN5 histone
acetyltransferase- containing complexes. Biochem Soc Symp 155-163.

Helmlinger D, Hardy S, Sasorith S, Klein F, Robert F, Weber C, Miguet L, Potier N,
Van-Dorsselaer A, Wurtz JM, Mandel JL, Tora L, Devys D (2004) Ataxin-7 is a
subunit of GCN5 histone acetyltransferase-containing complexes. Hum Mol
Genet 13:1257-1265.

Heng MY, Detloff PJ, Albin RL (2008) Rodent genetic models of Huntington disease.
Neurobiol Dis 32:1-9.

Heng MY, Duong DK, Albin RL, Hunter J, Osmand A, Paulson HL, Detloff PJ (2010)
Early Autophagic Response in a Novel Knock-In Model of Huntington Disease.
Hum Mol Genet 19:3702-20.

Heng MY, Tallaksen-Greene SJ, Detloff PJ, Albin RL (2007) Longitudinal evaluation of
the Hdh(CAG)150 knock-in murine model of Huntington's disease. J Neurosci
27:8989-8998.



152

Hirata S, Shoda T, Kato J, Hoshi K (2003) Isoform/variant mRNAs for sex steroid
hormone receptors in humans. Trends Endocrinol Metab 14:124-129.

Hu R, Dunn TA, Wei S, Isharwal S, Veltri RW, Humphreys E, Han M, Partin AW,

Vessella RL, Isaacs WB, Bova GS, Luo J (2009) Ligand-independent androgen

receptor variants derived from splicing of cryptic exons signify hormone-
refractory prostate cancer. Cancer Res 69:16-22.

Hughes ED, Qu YY, Genik SJ, Lyons RH, Pacheco CD, Lieberman AP, Samuelson LC,
Nasonkin 10, Camper SA, Van Keuren ML, Saunders TL (2007) Genetic

variation in C57BL/6 ES cell lines and genetic instability in the Bruce4 C57BL/6
ES cell line. Mamm Genome 18:549-558.

Ichikawa Y, Goto J, Hattori M, Toyoda A, Ishii K, Jeong SY, Hashida H, Masuda N,
Ogata K, Kasai F, Hirai M, Maciel P, Rouleau GA, Sakaki Y, Kanazawa | (2001)
The genomic structure and expression of MJD, the Machado-Joseph disease gene
J Hum Genet 46:413-422.

Irwin S, Vandelft M, Pinchev D, Howell JL, Graczyk J, Orr HT, Truant R (2005) RNA
association and nucleocytoplasmic shuttling by ataxin-1. J Cell Sci 118:233-242.

Ishihara H, Kanda F, Nishio H, Sumino K, Chihara K (2001) Clinical features and
skewed X-chromosome inactivation in female carriers of X-linked recessive
spinal and bulbar muscular atrophy. J Neurol 248:856-860.

Ishikawa K, Owada K, Ishida K, Fujigasaki H, Shun Li M, Tsunemi T, Ohkoshi N, Toru

S, Mizutani T, Hayashi M, Arai N, Hasegawa K, Kawanami T, Kato T, Makifuchi
T, Shoji S, Tanabe T, Mizusawa H (2001) Cytoplasmic and nuclear
polyglutamine aggregates in SCA6 Purkinje cells. Neurology 56:1753-1756.

Jagla M, Feve M, Kessler P, Lapouge G, Erdmann E, Serra S, Bergerat JP, Ceraline J
(2007) A splicing variant of the androgen receptor detected in a metastatic

prostate cancer exhibits exclusively cytoplasmic actions. Endocrinology
148:4334-4343.

Jiang Q, Ren Y, Feng J (2008) Direct binding with histone deacetylase 6 mediates the
reversible recruitment of parkin to the centrosome. J Neurosci 28:12993-13002.

Joensuu T, Lehesjoki A-E, Kopra O (2008) Molecular background of EPM1—
Unverricht—Lundborg disease. Epilepsia 49:557-563.

Johnson JM, Castle J, Garrett-Engele P, Kan Z, Loerch PM, Armour CD, Santos R,
Schadt EE, Stoughton R, Shoemaker DD (2003) Genome-wide survey of human
alternative pre-mRNA splicing with exon junction microarrays. Science
302:2141-2144.

Jorgensen ND, Andresen JM, Lagalwar S, Armstrong B, Stevens S, Byam CE, Duvick

LA, Lai S, Jafar-Nejad P, Zoghbi HY, Clark HB, Orr HT (2009) Phosphorylation
of ATXN1 at Ser776 in the cerebellum. J Neurochem 110:675-686.

Kanumilli S, Tringham EW, Elizabeth Payne C, Dupere JRB, Venkateswarlu K, Usowicz
MM (2006) Alternative splicing generates a smaller assortment of CaVv2.1
transcripts in cerebellar Purkinje cells than in the cerebellum. Physiol Genomics
24:86-96.



15¢

Karaer H, Kaplan Y, Kurt S, Gundogdu A, Erdogan B, Basak NA (2008) Phenotypic
differences in a large family with Kennedy's disease from the Middle Black Sea
region of Turkey. Amyotroph Lateral Scler 1-6.

Katsuno M, Adachi H, Kume A, Li M, Nakagomi Y, Niwa H, Sang C, Kobayashi Y,
Doyu M, Sobue G (2002) Testosterone reduction prevents phenotypic expression
in a transgenic mouse model of spinal and bulbar muscular atrophy. Neuron
35:843-854.

Katsuno M, Adachi H, Tanaka F, Sobue G (2004) Spinal and bulbar muscular atrophy:
ligand-dependent pathogenesis and therapeutic perspectives. J Mol Med 82:298-
307.

Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, Yao TP (2003) The deacetylase
HDACSG regulates aggresome formation and cell viability in response to misfolded
protein stress. Cell 115:727-738.

Kawaguchi Y, Okamoto T, Taniwaki M, Aizawa M, Inoue M, Katayama S, Kawakami
H, Nakamura S, Nishimura M, Akiguchi I, et al. (1994) CAG expansions in a
novel gene for Machado-Joseph disease at chromosome 14g32.1. Nat Genet
8:221-228.

Keskintepe L, Norris K, Pacholczyk G, Dederscheck SM, Eroglu A (2007) Derivation
and comparison of C57BL/6 embryonic stem cells to a widely used 129
embryonic stem cell line. Transgenic Res 16:751-758.

Kontgen F, Suss G, Stewart C, Steinmetz M, Bluethmann H (1993) Targeted disruption
of the MHC class Il Aa gene in C57BL/6 mice. Int Immunol 5:957-964.

Koshy BT, Zoghbi HY (1997) The CAG/polyglutamine tract diseases: gene products and
molecular pathogenesis. Brain Pathol 7:927-942.

Kumari D, Usdin K (2009) Chromatin Remodeling in the Noncoding Repeat Expansion
Diseases. Journal of Biological Chemistry 284:7413-7417.

Laccone F, Maiwald R, Bingemann S (1999) A fast polymerase chain reaction-mediated
strategy for introducing repeat expansions into CAG-repeat containing genes.
Hum Mutat 13:497-502.

Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES,
Carpenter EM, Zanjani H, Hurst RS, Efstratiadis A, Zeitlin S, Chesselet MF
(1999) Enhanced sensitivity to N-methyl-D-aspartate receptor activation in
transgenic and knockin mouse models of Huntington's disease. J Neurosci Res
58:515-532.

Li F, Macfarlan T, Pittman RN, Chakravarti D (2002) Ataxin-3 is a histone-binding
protein with two independent transcriptional corepressor activities. J Biol Chem
277:45004-45012.

Li LB, Yu Z, Teng X, Bonini NM (2008) RNA toxicity is a component of ataxin-3
degeneration in Drosophila. Nature 453:1107-1111.



154

Libby RT, Monckton DG, Fu YH, Martinez RA, McAbney JP, Lau R, Einum DD, Nichol
K, Ware CB, Ptacek LJ, Pearson CE, La Spada AR (2003) Genomic context
drives SCA7 CAG repeat instability, while expressed SCA7 cDNAs are
intergenerationally and somatically stable in transgenic mice. Hum Mol Genet
12:41-50.

Lim J, Crespo-Barreto J, Jafar-Nejad P, Bowman AB, Richman R, Hill DE, Orr HT,
Zoghbi HY (2008) Opposing effects of polyglutamine expansion on native protein
complexes contribute to SCAL. Nature 452:713-718.

Lin B, Nasir J, MacDonald H, Hutchinson G, Graham RK, Rommens JM, Hayden MR
(1994) Sequence of the murine Huntington disease gene: evidence for
conservation, alternate splicing and polymorphism in a triplet (CCG) repeat
[corrected]. Hum Mol Genet 3:85-92.

Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, Ren S,
Li XJ, Albin RL, Detloff PJ (2001) Neurological abnormalities in a knock-in
mouse model of Huntington's disease. Hum Mol Genet 10:137-144.

Lin X, Cummings CJ, Zoghbi HY (1999) Expanding our understanding of polyglutamine
diseases through mouse models. Neuron 24:499-502.

Lorenzetti D, Watase K, Xu B, Matzuk MM, Orr HT, Zoghbi HY (2000) Repeat
instability and motor incoordination in mice with a targeted expanded CAG repeat
in the Scal locus. Hum Mol Genet 9:779-785.

Maguat LE (2005) Nonsense-mediated mRNA decay in mammals. J Cell Sci 118:1773-
1776.

Marcias G, Erdmann E, Lapouge G, Siebert C, Barthelemy P, Duclos B, Bergerat JP,
Ceraline J, Kurtz JE (2010) Identification of novel truncated androgen receptor
(AR) mutants including unreported pre-mRNA splicing variants in the 22Rv1
hormone-refractory prostate cancer (PCa) cell line. Hum Mutat 31:74-80.

Matsuyama N, Hadano S, Onoe K, Osuga H, Showguchi-Miyata J, Gondo Y, |Ikeda J-E
(2000) Identification and Characterization of the Miniature Pig Huntington's
Disease Gene Homolog: Evidence for Conservation and Polymorphism in the
CAG Triplet Repeat. Genomics 69:72-85.

Matsuyama Z, Yanagisawa NK, Aoki Y, Black lii JL, Lennon VA, Mori Y, Imoto K,
Inuzuka T (2004) Polyglutamine repeats of spinocerebellar ataxia 6 impair the
cell-death-preventing effect of CaVv2.1 Ca2+ channel--loss-of-function cellular
model of SCA6. Neurobiology of Disease 17:198-204.

Mazzucchelli S, De Palma A, Riva M, D'Urzo A, Pozzi C, Pastori V, Comelli F, Fusi P,
Vanoni M, Tortora P, Mauri P, Regonesi ME (2009) Proteomic and biochemical
analyses unveil tight interaction of ataxin-3 with tubulin. Int J Biochem Cell Biol
41:2485-2492.

McEwan 1J (2001) Structural and functional alterations in the androgen receptor in spinal
bulbar muscular atrophy. Biochem Soc Trans 29:222-227.



15¢

Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF (2003) Time course of early
motor and neuropathological anomalies in a knock-in mouse model of
Huntington's disease with 140 CAG repeats. J Comp Neurol 465:11-26.

Merienne K, Trottier Y (2009) SCA8 CAG/CTG expansions, a tale of two TOXICities: a
unique or common case? PL0oS Genet 5:1000593.

Messaed C, Rouleau GA (2009) Molecular mechanisms underlying polyalanine diseases.
Neurobiology of Disease 34:397-405.

Mueller T, Breuer P, Schmitt I, Evert BO, Wullner U (2009) CK2-Dependent
Phosphorylation Determines Cellular Localization and Stability of Ataxin-3. Hum
Mol Genet 18(17):3334-43.

Mukherjee S, Thomas M, Dadgar N, Lieberman AP, Iniguez-Lluhi JA (2009) Small
ubiquitin-like modifier (SUMO) modification of the androgen receptor attenuates
polyglutamine-mediated aggregation. J Biol Chem 284:21296-21306.

Nechiporuk T, Huynh DP, Figueroa K, Sahba S, Nechiporuk A, Pulst SM (1998) The
mouse SCAZ2 gene: cDNA sequence, alternative splicing and protein expression.
Hum Mol Genet 7:1301-1309.

O'Rourke JR, Swanson MS (2009) Mechanisms of RNA-mediated Disease. Journal of
Biological Chemistry 284:7419-7423.

Orr HT, Zoghbi HY (2000) Reversing neurodegeneration: a promise unfolds. Cell 101:1-
4,

Orr HT, Zoghbi HY (2007) Trinucleotide repeat disorders. Annu Rev Neurosci 30:575-
621.

Paradas C, Solano F, Catrrillo F, Fernandez C, Bautista J, Pintado E, Lucas M (2008)
Highly skewed inactivation of the wild-type X-chromosome in asymptomatic
female carriers of spinal and bulbar muscular atrophy (Kennedy's disease). J
Neurol 255:853-857.

Paulson HL, Das SS, Crino PB, Perez MK, Patel SC, Gotsdiner D, Fischbeck KH,
Pittman RN (1997) Machado-Joseph disease gene product is a cytoplasmic
protein widely expressed in brain. Ann Neurol 41:453-462.

Pennuto M, Palazzolo I, Poletti A (2009) Post-translational modifications of expanded
polyglutamine proteins: impact on neurotoxicity. Hum Mol Genet 18:R40-47.

Perez MK, Paulson HL, Pendse SJ, Saionz SJ, Bonini NM, Pittman RN (1998)
Recruitment and the role of nuclear localization in polyglutamine-mediated
aggregation. J Cell Biol 143:1457-1470.

Ramirez-Solis R, Rivera-Perez J, Wallace JD, Wims M, Zheng H, Bradley A (1992)
Genomic DNA microextraction: a method to screen numerous samples. Anal
Biochem 201:331-335.

Reid SJ, Whittaker DJ, Greenwood D, Snell RG (2009) A splice variant of the TATA-
box binding protein encoding the polyglutamine-containing N-terminal domain
that accumulates in Alzheimer's disease. Brain Res 1268:190-199.



15¢€

Ren Y, Zhao J, Feng J (2003) Parkin binds to alpha/beta tubulin and increases their
ubiquitination and degradation. J Neurosci 23:3316-3324.

Rodriguez CI, Buchholz F, Galloway J, Sequerra R, Kasper J, Ayala R, Stewart AF,
Dymecki SM (2000) High-efficiency deleter mice show that FLPe is an
alternative to Cre-loxP. Nat Genet 25:139-140.

Rogers DC, Fisher EM, Brown SD, Peters J, Hunter AJ, Martin JE (1997) Behavioral and
functional analysis of mouse phenotype: SHIRPA, a proposed protocol for
comprehensive phenotype assessment. Mamm Genome 8:711-713.

Rosas HD, Salat DH, Lee SY, Zaleta AK, Hevelone N, Hersch SM (2008) Complexity
and Heterogeneity: What Drives the Ever-changing Brain in Huntington's
Disease? Annals of the New York Academy of Sciences 1147:196-205.

Sahba S, Nechiporuk A, Figueroa KP, Nechiporuk T, Pulst SM (1998) Genomic structure
of the human gene for spinocerebellar ataxia type 2 (SCA2) on chromosome
12qg24.1. Genomics 47:359-364.

Saunders HM, Bottomley SP (2009) Multi-domain misfolding: understanding the
aggregation pathway of polyglutamine proteins. Protein Eng Des Sel 22:447-451.

Saunders TL, Hughes E (2011) Transgenic Core Facility Services: Gene Targeting
Service. University of Michigan Transgenic Animal Model Core website, The
University of Michigan, Ann Arbor, Michigan USA.
http://www.med.umich.edu/tamc/service.html#targetingservice.

Schmidt BJ, Greenberg CR, Allingham-Hawkins DJ, Spriggs EL (2002) Expression of X-
linked bulbospinal muscular atrophy (Kennedy disease) in two homozygous
women. Neurology 59:770-772.

Schmidt T, Landwehrmeyer GB, Schmitt I, Trottier Y, Auburger G, Laccone F,
Klockgether T, Volpel M, Epplen JT, Schols L, Riess O (1998) An isoform of
ataxin-3 accumulates in the nucleus of neuronal cells in affected brain regions of
SCAS3 patients. Brain Pathol 8:669-679.

Schmitt I, Brattig T, Gossen M, Riess O (1997) Characterization of the rat
spinocerebellar ataxia type 3 gene. Neurogenetics 1:103-112.

Schmitt I, Linden M, Khazneh H, Evert BO, Breuer P, Klockgether T, Wuellner U (2007)
Inactivation of the mouse Atxn3 (ataxin-3) gene increases protein ubiquitination.
Biochem Biophys Res Commun 362:734-739.

Seong E, Saunders TL, Stewart CL, Burmeister M (2004) To knockout in 129 or in
C57BL/6: that is the question. Trends Genet 20:59-62.

Silva AL, Romao L (2009) The mammalian nonsense-mediated mRNA decay pathway:
to decay or not to decay! Which players make the decision? FEBS Lett 583:499-
505.

Simpson EM, Linder CC, Sargent EE, Davisson MT, Mobraaten LE, Sharp JJ (1997)
Genetic variation among 129 substrains and its importance for targeted
mutagenesis in mice. Nat Genet 16:19-27.



157

Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK, Deng Y, Oh R,
Bissada N, Hossain SM, Yang YZ, Li XJ, Simpson EM, Gutekunst CA, Leavitt
BR, Hayden MR (2003) Selective striatal neuronal loss in a YAC128 mouse
model of Huntington disease. Hum Mol Genet 12:1555-1567.

Sobue G, Hashizume Y, Mukai E, Hirayama M, Mitsuma T, Takahashi A (1989) X-
linked recessive bulbospinal neuronopathy. A clinicopathological study. Brain
112 ( Pt 1):209-232.

Soliman GA, Ishida-Takahashi R, Gong Y, Jones JC, Leshan RL, Saunders TL, Fingar
DC, Myers MG, Jr. (2007) A simple gPCR-based method to detect correct
insertion of homologous targeting vectors in murine ES cells. Transgenic Res
16:665-670.

Soong BW, Paulson HL (2007) Spinocerebellar ataxias: an update. Curr Opin Neurol
20:438-446.

Soraru G, D'Ascenzo C, Polo A, Palmieri A, Baggio L, Vergani L, Gellera C, Moretto G,
Pegoraro E, Angelini C (2008) Spinal and bulbar muscular atrophy: skeletal
muscle pathology in male patients and heterozygous females. J Neurol Sci
264:100-105.

Strom AL, Forsgren L, Holmberg M (2005) Identification and characterization of
Spinocerebellar Ataxia Type 7 (SCA7) isoform SCA7b in mice. Biochim Biophys
Acta 1731:149-153.

Tadokoro K, Yamazaki-Inoue M, Tachibana M, Fujishiro M, Nagao K, Toyoda M, Ozaki
M, Ono M, Miki N, Miyashita T, Yamada M (2005) Frequent occurrence of
protein isoforms with or without a single amino acid residue by subtle alternative
splicing: the case of GIn in DRPLA affects subcellular localization of the
products. J Hum Genet 50:382-394.

Takeyama K, Ito S, Yamamoto A, Tanimoto H, Furutani T, Kanuka H, Miura M, Tabata
T, Kato S (2002) Androgen-dependent neurodegeneration by polyglutamine-
expanded human androgen receptor in Drosophila. Neuron 35:855-864.

Taylor J, Grote SK, Xia J, Vandelft M, Graczyk J, Ellerby LM, La Spada AR, Truant R
(2006) Ataxin-7 can export from the nucleus via a conserved exportin-dependent
signal. J Biol Chem 281:2730-2739.

Tazi J, Bakkour N, Stamm S (2009) Alternative splicing and disease. Biochim Biophys
Acta 1792:14-26.

Terashima T, Kawai H, Fujitani M, Maeda K, Yasuda H (2002) SUMO-1 co-localized
with mutant atrophin-1 with expanded polyglutamines accelerates intranuclear
aggregation and cell death. Neuroreport 13:2359-2364.

Thakur AK, Jayaraman M, Mishra R, Thakur M, Chellgren VM, L Byeon I-J, Anjum
DH, Kodali R, Creamer TP, Conway JF, M Gronenborn A, Wetzel R (2009)
Polyglutamine disruption of the huntingtin exon 1 N terminus triggers a complex
aggregation mechanism. Nat Struct Mol Biol 16:380-389.



15¢

Thomas M, Dadgar N, Aphale A, Harrell IM, Kunkel R, Pratt WB, Lieberman AP (2004)
Androgen receptor acetylation site mutations cause trafficking defects,
misfolding, and aggregation similar to expanded glutamine tracts. J Biol Chem
279:8389-8395.

Thual C, Bousset L, Komar AA, Walter S, Buchner J, Cullin C, Melki R (2001) Stability,
folding, dimerization, and assembly properties of the yeast prion Ure2p.
Biochemistry 40:1764-1773.

Todi SV, Laco MN, Winborn BJ, Travis SM, Wen HM, Paulson HL (2007) Cellular
turnover of the polyglutamine disease protein ataxin-3 is regulated by its catalytic
activity. J Biol Chem 282:29348-29358.

Todi SV, Winborn BJ, Scaglione KM, Blount JR, Travis SM, Paulson HL (2009)
Ubiquitination directly enhances activity of the deubiquitinating enzyme ataxin-3.
EMBO J 28:372-382.

Tomik B, Partyka D, Sulek A, Kurek-Gryz EA, Banach M, Ostrowska M, Zaremba J,
Figlewicz DA, Szczudlik A (2006) A phenotypic-genetic study of a group of
Polish patients with spinal and bulbar muscular atrophy. Amyotroph Lateral Scler
7:72-79.

Truant R, Atwal R, Burtnik A (2006a) Hypothesis: Huntingtin may function in membrane
association and vesicular trafficking. Biochem Cell Biol 84:912-917.

Truant R, Atwal RS, Burtnik A (2007) Nucleocytoplasmic trafficking and transcription
effects of huntingtin in Huntington's disease. Prog Neurobiol 83:211-227.

Truant R, Raymond LA, Xia J, Pinchev D, Burtnik A, Atwal RS (2006b) Canadian
Association of Neurosciences Review: polyglutamine expansion
neurodegenerative diseases. Can J Neurol Sci 33:278-291.

Tsunemi T, Ishikawa K, Jin H, Mizusawa H (2008) Cell-type-specific alternative splicing
in spinocerebellar ataxia type 6. Neuroscience Letters 447:78-81.

Wabhisten D, Ozaki HS, Livy D (1992) Deficient corpus callosum in hybrids between
ddN and three other abnormal mouse strains. Neurosci Lett 136:99-101.

Wang ET, Sandberg R, Luo S, Khrebtukova |, Zhang L, Mayr C, Kingsmore SF, Schroth
GP, Burge CB (2008) Alternative isoform regulation in human tissue
transcriptomes. Nature 456:470-476.

Ware CB, Siverts LA, Nelson AM, Morton JF, Ladiges WC (2003) Utility of a C57BL/6
ES line versus 129 ES lines for targeted mutations in mice. Transgenic Res
12:743-746.

Warrick JM, Morabito LM, Bilen J, Gordesky-Gold B, Faust LZ, Paulson HL, Bonini
NM (2005) Ataxin-3 suppresses polyglutamine neurodegeneration in Drosophila
by a ubiquitin-associated mechanism. Mol Cell 18:37-48.



15¢

Watase K, Barrett CF, Miyazaki T, Ishiguro T, Ishikawa K, Hu Y, Unno T, Sun Y, Kasai
S, Watanabe M, Gomez CM, Mizusawa H, Tsien RW, Zoghbi HY (2008)
Spinocerebellar ataxia type 6 knockin mice develop a progressive neuronal
dysfunction with age-dependent accumulation of mutant CaV2.1 channels. Proc
Natl Acad Sci U S A 105:11987-11992.

Watase K, Venken KJ, Sun 'Y, Orr HT, Zoghbi HY (2003) Regional differences of
somatic CAG repeat instability do not account for selective neuronal vulnerability
in a knock-in mouse model of SCA1. Hum Mol Genet 12:2789-2795.

Watase K, Weeber EJ, Xu B, Antalffy B, Yuva-Paylor L, Hashimoto K, Kano M,
Atkinson R, Sun Y, Armstrong DL, Sweatt JD, Orr HT, Paylor R, Zoghbi HY
(2002) A long CAG repeat in the mouse Scal locus replicates SCAL features and
reveals the impact of protein solubility on selective neurodegeneration. Neuron
34:905-9109.

Wheeler VC, Auerbach W, White JK, Srinidhi J, Auerbach A, Ryan A, Duyao MP,
Vrbanac V, Weaver M, Gusella JF, Joyner AL, MacDonald ME (1999) Length-
dependent gametic CAG repeat instability in the Huntington's disease knock-in
mouse. Hum Mol Genet 8:115-122.

White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF, Joyner AL, MacDonald
ME (1997) Huntingtin is required for neurogenesis and is not impaired by the
Huntington's disease CAG expansion. Nat Genet 17:404-410.

Williams AJ, Knutson TM, Colomer Gould VF, Paulson HL (2009) In vivo suppression
of polyglutamine neurotoxicity by C-terminus of Hsp70-interacting protein
(CHIP) supports an aggregation model of pathogenesis. Neurobiol Dis 33:342-
353.

Williams AJ, Paulson HL (2008) Polyglutamine neurodegeneration: protein misfolding
revisited. Trends in Neurosciences 31:521-528.

Winborn BJ, Travis SM, Todi SV, Scaglione KM, Xu P, Williams AJ, Cohen RE, Peng J,
Paulson HL (2008) The deubiquitinating enzyme ataxin-3, a polyglutamine
disease protein, edits Lys63 linkages in mixed linkage ubiquitin chains. J Biol
Chem 283:26436-26443.

Winnepenninckx B, Debacker K, Ramsay J, Smeets D, Smits A, FitzPatrick DR, Kooy
RF (2007) CGG-repeat expansion in the DIP2B gene is associated with the fragile
site FRA12A on chromosome 12g13.1. Am J Hum Genet 80:221-231.

Xia J, Lee DH, Taylor J, Vandelft M, Truant R (2003) Huntingtin contains a highly
conserved nuclear export signal. Hum Mol Genet 12:1393-1403.

Yamamoto A, Lucas JJ, Hen R (2000) Reversal of neuropathology and motor dysfunction
in a conditional model of Huntington's disease. Cell 101:57-66.

Yang F, Jiang Q, Zhao J, Ren Y, Sutton MD, Feng J (2005) Parkin stabilizes
microtubules through strong binding mediated by three independent domains. J
Biol Chem 280:17154-17162.

Yang F, Yang YP, Mao CJ, Cao BY, Cai ZL, Shi JJ, Huang JZ, Zhang P, Liu CF (2009)
Role of autophagy and proteasome degradation pathways in apoptosis of PC12
cells overexpressing human alpha-synuclein. Neurosci Lett 454:203-208.



16C

Yoo SY, Pennesi ME, Weeber EJ, Xu B, Atkinson R, Chen S, Armstrong DL, Wu SM,
Sweatt JD, Zoghbi HY (2003) SCA7 knockin mice model human SCA7 and
reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in
short-term plasticity. Neuron 37:383-401.

Young JE, Gouw L, Propp S, Sopher BL, Taylor J, Lin A, Hermel E, Logvinova A, Chen
SF, Chen S, Bredesen DE, Truant R, Ptacek LJ, La Spada AR, Ellerby LM (2007)
Proteolytic cleavage of ataxin-7 by caspase-7 modulates cellular toxicity and
transcriptional dysregulation. J Biol Chem 282:30150-30160.

Yu Z, Dadgar N, Albertelli M, Gruis K, Jordan C, Robins DM, Lieberman AP (2006a)
Androgen-dependent pathology demonstrates myopathic contribution to the
Kennedy disease phenotype in a mouse knock-in model. The Journal of Clinical
Investigation 116:2663-2672.

Yu Z, Dadgar N, Albertelli M, Scheller A, Albin RL, Robins DM, Lieberman AP (2006b)
Abnormalities of germ cell maturation and sertoli cell cytoskeleton in androgen
receptor 113 CAG knock-in mice reveal toxic effects of the mutant protein. Am J
Pathol 168:195-204.

Yuan R, Rosen CJ, Beamer WG (2011) Aging study: IGF-1 and body weight for 33
inbred strains of mice. MPD:Yuanl. Mouse Phenome Database web site, The
Jackson Laboratory, Bar Harbor, Maine USA. http://phenome.jax.org.

Zhong X, Pittman RN (2006) Ataxin-3 binds VCP/p97 and regulates retrotranslocation of
ERAD substrates. Hum Mol Genet 15:2409-2420.

Zhu X, Daffada AA, Chan CM, Dowsett M (1997) Identification of an exon 3 deletion
splice variant androgen receptor mRNA in human breast cancer. Int J Cancer
72:574-580.

Zhuchenko O, Bailey J, Bonnen P, Ashizawa T, Stockton DW, Amos C, Dobyns WB,
Subramony SH, Zoghbi HY, Lee CC (1997) Autosomal dominant cerebellar
ataxia (SCAG6) associated with small polyglutamine expansions in the alpha 1A-
voltage-dependent calcium channel. Nat Genet 15:62-69.

Zoghbi HY, Orr HT (2000) Glutamine repeats and neurodegeneration. Annu Rev
Neurosci 23:217-247.



