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Abstract

Cerebellar Purkinje neurons (PNs) possess a well characterized propensity to fuse with bone
marrow-derived cells (BMDCs), producing heterokaryons with Purkinje cell identities. This offers
the potential to rescue/repair at risk or degenerating PNs in the inherited ataxias, including
Spinocerebellar Ataxia 1 (SCAL), by introducing therapeutic factors through BMDCs to
potentially halt or reverse disease progression. In this study, we combined gene therapy and a stem
cell-based treatment to attempt repair of at-risk PNs through cell-cell fusion in a Sca11%4Q/2Q
knock-in mouse model. BMDCs enriched for the hematopoietic stem cell (HSC) population were
genetically modified using adeno-associated viral vector 7 (AAV7) to carry SCA1 modifier genes
and transplanted into irradiated Sca114Q/2Q mice. Binucleated Purkinje heterokaryons with sex-
mismatched donor Y chromosomes were detected and successfully expressed the modifier genes
in vivo. Potential effects of the new genome within Purkinje heterokaryons were evaluated using
nuclear inclusions (NIs) as a biological marker to reflect possible modifications of the SCA1
disease process. An overall decrease in number of NIs and an increase in the number of surviving
PNs were observed in treated Sca11%4Q/2Q, Furthermore, Bergmann glia were found to have
fusogenic potential with the donor population and reveal another potential route of therapeutic
entry into at-risk cells of the SCAL cerebellum. This study presents a first step towards a proof of
principle that combines somatic cellular fusion events with a neuroprotective gene therapy
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approach for providing potential neuronal protection/repair in a variety of neurodegenerative

disorders.
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Introduction

Bone marrow derived cells (BMDCs) have shown evidence of in vivo fusion with somatic
cells to give rise to atypical cellular phenotypes in liver, intestine, heart, skeletal muscle and
cerebellar Purkinje neurons (Ferrari et al., 1998; Gussoni et al., 1999; Jackson et al., 1999;
Petersen et al., 1999; Lagasse et al., 2000; Krause et al., 2001; Orlic et al., 2001; Alvarez-
Dolado et al., 2003; Weimann et al, 2003a, 2003b). These findings suggest that cellular
fusion is a mechanism that might be exploited to expand the developmental scope of adult
stem cells for cellular therapies. Exploring novel therapeutic strategies that could potentially
repair or rescue dying neurons, through introduction of new genetic materials via cellular
fusion, would be valuable for neuronal populations such as cerebellar Purkinje neurons that
are extremely recalcitrant to replacement and yet are vulnerable in many movement
disorders.

One neurological disorder with specific Purkinje neuron atrophy that could benefit from this
approach is spinocerebellar ataxia 1 (SCAL), a gain of function polyglutamine repeat disease
that currently has no effective treatments available (Zoghbi and Orr, 2000; Orr and Zoghbi,
2001, 2007). SCA1 is an autosomal dominant disorder caused by expanded glutamine
repeats in the ataxin-1 protein that results in cell death within selective neuronal populations,
including cerebellar Purkinje neurons (Zoghbi and Orr, 1995). The underlying cause has not
yet been completely elucidated, but evidence indicates protein misfolding, impaired protein
clearance (Cummings et al., 1998, 1999; Skinner et al., 2001), as well as altered protein-
protein interactions (Tsuda et al., 2005; Lam et al., 2006) are involved. Overexpression of
chaperones have shown beneficial effects on the disease progression (Cummings et al.,
2001), and other potentially neuroprotective genes also have been identified through a
genetic screen using a Drosophila SCA1 model (Fernandez-Funez et al., 2000).

The current study set out to test a concept of using BMDCs as non-invasive delivery
vehicles to introduce potentially disease-modifying genes (DnaJB4 and Pcbp3) from the
aforementioned screen, into degenerating or at-risk Purkinje neurons of a Scal knock-in
mouse carrying 154 polyglutamine repeats (Scal1%4Q/2Q) (Watase et al, 2002), through
cellular fusion. BMDCs were first genetically modified using adeno-associated viruses
(AAV) which have shown great potential in gene transfer and therapy (Berns and Giraud.,
1996; Muzyczka, 1992). AAV 7 especially has been found to be capable of transducing
BMDCs and hematopoietic stem cells (HSCs) efficiently (Maina et al., 2008) and the
transduction efficiency is further improved using a self-complementary vector (SCAAV) that
bypasses the need for viral second-strand DNA synthesis (Wu et al, 2007; Wang et al.,
2003). Using this system, we demonstrate here that the transgenes carried by BMDCs are
stably expressed within the cerebellum following cell-cell fusion and exert potentially
attenuating effects as reflected by a decrease of nuclear inclusions and an increase in the
number of surviving Purkinje cells. This is therefore a proof of concept that a combination
of cell-cell fusion and gene therapy may be a potential approach for protecting certain at-risk
neurons and restoring homeostatic balance within neurodegenerative diseases.
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Results

AAV plasmid design and expression of the transgenes in HEK 293T cells

Recent advances show that sScAAV7 vectors are capable of transducing Sca-1*, c-kit*, Lin™
(SKL) population of bone marrow cells, which have been shown to be HSCs (Krause et al.,
2001; Osawa et al., 1996; Spangrude et al., 1988; Muller-Sieburg et al., 1986), with high
efficiency (Maina et al., 2008; Han et al., 2008) and therefore suited for carrying SCA1
modifier genes (Fig. 2A). Selection of the transgenes with potential neuroprotective effects
was based on previous data published by Fernandez-Funez and colleagues (2000) who
showed four genes, via a genetic screen using a SCA1 Drosophila model, with attenuating
effects on the course of disease in SCAL. Two of the genes were tested in this study and
their murine homologs were determined to be DnaJb4 and Pcbp3, which have functions
associated with chaperone activity and mRNA stabilization respectively. Recombinant AAV
genomes were constructed through the removal of the AAV coding region and replaced with
a modifier gene containing a c-Myc/his reporter sequence for in vivo detection (Fig. 2A).
Expression of transgenes was tested through western blotting probed against the c-Myc/his
tag (Fig. 2B) and both genes were detected with the correct protein sizes. For initial in vitro
detection of viral transduction, whole bone marrow was infected with a SCAAV7-GFP vector
for easy visualization and approximately 40% of the cells appeared to express GFP.
Intracellular c-Myc expression can also be detected through fluorescence activated cell
sorting (FACS), but at a much lower percentage of 2-4% as a result of the difficulty in
intracellular signal detection and the potential damaging effect of processing cultured bone
marrow cells through the cell sorter.

GFP* Purkinje neurons are binucleated and possess donor derived Y chromosomes

Following isolation of GFP*, SKL HSCs from wildtype male mice, cells were infected with
one of the SCAAV7 vectors carrying Dnajb4 or Pcbp3. Genetically modified BMDCs/HSCs
were immediately injected into heterozygous Sca11%4Q/2Q females that had already received
whole-body irradiation 48 hrs prior to transplantation (Fig. 1). FACS analysis confirmed that
all transplanted mice showed robust peripheral blood reconstitution (60%-100% of GFP*
cells) at the end of all survival periods. GFP* Purkinje heterokaryons (Fig. 3A) resulting
from cell-cell fusion between BMDCs/HSCs and host PNs can be detected in the cerebellum
starting around 24 weeks post transplantation, as previously reported (Weimann et al.,
2003b; Priller et al., 2001b), and they all expressed the Purkinje neuron region-specific
marker Calbindin (Fig. 3B). 12 out of 18 mice receiving BMTs had fused PNs within the
cerebellum, and approximately 118 GFP* Purkinje cells were observed. Cell-cell fusion
occurred between BMDCs/HSCs and presumably healthy PNs with full dendritic arbors
(Fig. 3A) as well as between seemingly degenerating/atrophied PNs that had smaller cell
bodies and thinned, altered dendritic arborizations. GFP* PNs were further analyzed in serial
laser confocal optical sections, and shown to be binucleated (Figs. 3A, B, C, arrows) with
two nuclei that were distinctively different in size and morphology as expected from
heterotypic cell fusions. To further confirm that the GFP* PNs resulted from fusion between
sex-mismatched donor bone marrow cells and host PNs, FISH analysis was carried out to
confirm the presence of a Y chromosome within one of the two nuclei found in the GFP*
Purkinje heterokaryons of female recipient mice. Nuclear patterns, based on DAPI staining
before FISH analysis (Fig. 3E; arrow and arrow head), were used to relocate the same two
nuclei (Figs. 3D, F; arrow and arrow head) within the fused cell after the GFP fluorescence
was abolished during the FISH procedures. Fluorescence-conjugated chromosome probes
identified the X chromosomes in green and the Y chromosomes in red (Fig. 3F). In the inset
of figure 3F, one of the two nuclei (arrowhead) was clearly shown to contain the cy3-labeled
Y chromosome, which indicated that the GFP* PN was involved in a fusion event with the
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HSCs and not a product of trans-differentiation. Further more, no GFP™ cells were observed
to carry Y chromosomes.

Potentially attenuating effects of cell-cell fusion

Another prevalent donor derived cell population observed within the recipient cerebella was
microglia, with approximately 92% of the GFP*, non-PN cells staining positive for CD11b
(Figs. 4A, B). GFP* microglia were observed in all regions of the brain, including the cortex
and the brainstem in addition to the cerebellum. Around 33% of the microglia population
also expressed c-Myc (Figs. 4C, D), indicating that the viral genome was stably integrated
and expressed within the host environment. C-Myc expressions were found in GFP*
Purkinje heterokaryons as well (Figs. 4E, F) which supported our concept of using bone
marrow cells to deliver genes/factors missing within at-risk neuronal populations. In
addition to the CNS, c-Myc expressions were also detected in the spleens (data not shown)
of the transplanted mice, which further confirmed integration and expression of the viral
genomes.

The transgenes used in this study were found through examination of eye phenotypes in a
Drosophila model of SCA1 where the pathology was directed to the retina (Fernandez-
Funez et al., 2000). In the current murine model, NlIs that have been considered to be one of
the characteristic neuropathologies of trinucleotide diseases (Servadio et al., 1995) were
found in PNs and subsequently used as a marker to reflect any potential impact on the
pathological phenotype and/or disease process of SCAL. In an effort to determine any
potential beneficial effects seen with the cell-cell fusion or overexpression of the modifier
genes, we performed a quantitative analysis on the percentage of the NIs observed as well as
the number of survived PNs (Table 1 & Fig. 6). Mice were divided into three groups of 1)
AAV-BMT treated group, 2) No viral vector (NVV)-BMT control group, and 3) no-BMT
control group. The NIs were immunopositive for ubiquitin and the mutant SCA1 gene
product, ataxin-1, and were detected to vary in number within the cell bodies of PNs (Figs.
5A, B) in the current murine model. Specifically, most Purkinje cells contained singular,
seemingly larger Nls (Figs. 5A, B; arrow heads) while a smaller number of neurons was
observed to harbor two or multiple inclusions that appeared smaller in size through
subjective examination (Figs. 5A, asterisk, B, arrow). Similar findings were reported by
Skinner and colleagues (1997) in an in vitro Scal study where mutant ataxin-1 carrying long
glutamine repeats localized within the nuclei of PNs as single, large inclusions, in contrast to
the overexpression of wildtype ataxin-1 which accumulated as smaller, multiple inclusions.
In the Scal Drosophila model, Fernandez-Funez et al. (2000) also described observing
altered, more compact nuclear inclusions within the affected cells after treatment with the
suppressor genes. We found that the fused GFP* Purkinje heterokaryons (Fig. 5C) did not
contain the singular, dense NIs seen most prevalently in the Scal cerebellum, but instead
possessed multiple inclusions (Fig. 5D, arrows) which suggested possible modifying effects
of the genes overexpressed through the HSCs. However, quantification of the Nls did not
show an increase in the multiple Nls in the treatment group when compared to the control
groups. In the no-BMT control group, 85.3% of the total NIs counted was single inclusions
and 14.7% was multiple inclusions; for the NVV-BMT control group, 88.75% was single
inclusions and 11.24% was multiple inclusions; and for the AAV-BMT treatment group,
82.94% was single inclusions and 17.06% was multiple inclusions (Table 1B & Fig. 6A).
However, a significant difference was detected between the experimental group and the
control groups in the total number of NIs observed. Out of the total number of cells counted,
the AAV-BMT group had approximately 23.3% NIs which is significantly lower (p < 0.05)
than the 38.78% of NIs found within the no-BMT controls or the 42.18% found in the NVV-
BMT control group. (Table 1B & Fig. 6B). For the total number of viable PNs observed,
Calbindin* cells were found to average 659 cells/section in the no-BMT control group, 727
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cells/section in the NVVV-BMT control as compared to the slightly higher 749 cells/section
in the AAV-BMT treatment group (Fig. 6C). The thickness of the molecular layers was also
measured to determine if any changes took place since thinning of the Purkinje neuron
arborization is another hallmark of SCA1 pathology. Preliminary analysis found that
molecular layers of the wt mice were approximately 198.5um thick, the AAV-BMT group
was an average of 175.8um, and the NVV-BMT group was 177um which was not
significantly different from the experimental AAV-BMT group. Overall, treatment with
AAV-BMT did not seem to have beneficial effects on Purkinje neuron dendritic arborization
or molecular layer thickness.

Bone marrow derived cells can fuse to other cell types within the cerebellum

Previous reports (Alvarez-Dolado et al., 2003; Weimann et al., 2003b; Johansson et al.,
2008; Magrassi et al., 2007) found that only PNs and microglia were GFP*, donor-labeled
cells located within the CNS following in vivo transplantation. Interestingly, small numbers
of other cells were observed within the current paradigm that did not appear to be either PNs
or microglia, but instead exhibited morphological characteristics resembling a glial cell type
and interneurons within the molecular layer. Another GFP* cell type that was observed in
higher frequency possessed all of the attributes of unipolar protoplasmic astrocytes similar
in morphology to Bergmann glial cells which are intimately associated with PNs. These
cells had somata located near the cell bodies of PNs, and radial fibers that extended toward
the pial surface. In addition, they were immunopositive for glial fibrillary acidic protein
(GFAP) as well as S1008, and were found in the correct spatial orientation as Bergmann glia
within the cerebellar Purkinje and molecular layers (data not shown). Morphological
assessment suggests HSCs may have fused to a glial-like cell and a basket or stellate
interneuron in the molecular layer. Conversely, an average of more than ten groups of
putative Bergmann glial cells was observed in at least four mice throughout the cerebellum,
and thus should not be considered as rare occurrences.

Discussion

Co-culture studies involving stem cells of similar or different lineages showed their
propensity to undergo spontaneous cell-cell fusion in vitro (Terada et al., 2002; Ying et al.,
2002; Chen et al., 2006; Jessberger et al., 2007) and suggest this mechanism could be used
to expand the role of adult stem cells in therapeutic approaches. The current study is a proof
of concept that heterotypic cellular fusion can be utilized as a rescue strategy to provide
neuroprotective genes/factors for injured or degenerating neurons that currently do not have
other therapeutic approaches available. We show that donor-derived PNs are found in the
recipient animals approximately six months post BMT, but the number of the fused cells
remains low as previously reported (Alvarez-Dolado et al., 2003; Weimann et al., 2003b;
Priller et al., 2001b). However, this does not support a notion that fusion events are
artifactual rare occurrences (Wagers et al., 2002). A recent study by Johansson et al. (2008)
showed that the formation of heterokaryons increased 10-100 fold in chronic inflammatory
conditions. Nygren et al. (2008) further demonstrated that fusion could be inhibited through
treatment with the anti-inflammatory steroid prednisolone, suggesting that cell fusions are
indeed biologically significant events that may serve a protective role following trauma or
neurodegenerative disease associated with components of inflammation (Singec and Snyder,
2008). Given these new findings, it is possible that the rate of fusion is slowed down in the
current experimental paradigm due to the administration of antibiotics to the experimental
mice. Future studies might therefore focus on the search for small molecule compounds that
would promote low levels of inflammatory response to increase cell-cell fusion without
overwhelming the immune system. Alternative ways to drive cellular fusion include the use
of a microfluidic device to pair and fuse cells (Skelley et al., 2009), and introducing
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chemokines like SDF-1 that increase BMDC homing to the cerebellum (Sano et al., 2005) or
other factors (e.g. GM-CSF, Filgrastim, or Neupogen) that might enhance both recruitment
and fusion (Sanchez-Ramos et al., 2009; Lee et al., 2009).

We next showed that the expression of neuroprotective genes is detected with approximately
20-30% transduction efficiency as previously reported (Maina et al., 2008). Low
transduction efficiency of AAV vectors can be attributed to failure of intracellular
trafficking from the cytoplasm into the nucleus and the subsequent degradation by the host
proteasome machinery. Phosphorylation by the epidermal growth factor receptor protein
tyrosine kinase (EGFR-PTK) at the tyrosine residues of the vector capsid was found to
specifically impair the nuclear transport of the vectors (Zhong et al., 2007). Generation of
vectors containing point mutations within these tyrosine residues subsequently increased
transduction efficiency at lower doses (Zhong et al, 2008) and can therefore be used for
future improvements for transgene expressions.

For evaluation of attenuating effects with the current method, ataxin-1* NIs were examined
qualitatively and quantitatively as a biological marker that could reflect any potential
modification within the disease process following BMTSs. It has been postulated that nuclear
aggregations found in many neurodegenerative disorders are derived from an expanded
polyglutamine tract that confers toxic gain of function through possible alteration of protein
conformation which consequently disrupts normal association with the nuclear matrix or
other proteins that accumulate in cell bodies (Cummings et al., 1998; Skinner et al., 1997). It
was also shown that overexpression of mutant ataxin-1 in vitro forms large, single inclusions
while overexpression of the wildtype ataxin-1 forms multiple inclusions, which was
observed in the fused Purkinje heterokaryons in the current in vivo model as well. In
addition, mice receiving AAV-BMTs were found to have a lower percentage of NIs as well
as an increase in the overall number of surviving PNs in comparison to control NVV-BMT
and no-BMT groups; this demonstrates potential beneficial effects resulting from cellular
fusion or modifier genes, or both. Further quantitative comparison of the NlIs between NVV-
BMT control mice and AAV-BMT treated mice, however, shows that mice treated with
BMT containing a modifier gene had significantly lower NIs which would suggest that the
ameliorating effects are a result of the overexpression of the modifier genes and not merely
an effect of BMTs. With each modifier gene being individually expressed in the current
study, it might be possible that a synergistic effect may be seen if the genes were co-
expressed and will be an important point for future studies. Despite the low number of fused
cells, it is worth considering the possibility that through rescuing a few of the PNs may in
turn have an overall positive effect on the host environment due to their physical interactions
with other PNs and/or other cerebellar cell types. It has been documented that cell-
autonomous mutations within one cell type may induce dystrophy of another cell type
because of their intimate physical associations (Marti et al., 2001) and the opposite may hold
true as well. Another aspect to consider is that bone marrow-derived microglia may be
influencing the host milieu by releasing potentially neuroprotective factors. Studies have
found that microglial engraftment increased in pathological conditions and were specifically
attracted to the site of injury and may be suited as potential delivery vehicles (Priller et al.,
2001a). Recent findings in cell therapies involving mesenchymal cells also suggested that
the observed therapeutic effects may be attributed in part to trophic factors secreted by the
cells themselves (Lee and Park, 2009; Kemp et al., 2010a). Therefore, microglial secretion
of neuroprotective/trophic factors may potentially support increased PN survival in an
attenuated environment. Alternatively, beneficial effects detected may also be attributed to
the immunosuppression nature of the transplantation procedure where reduction of T cells
have been implicated to be the cause behind the amelioration of symptoms seen in a
Parkinson’s Disease mouse model following BMT (Keshet et al., 2007).
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Aside from the successful proof-of-principle demonstration of a system potentially useful
for the repair of at-risk PNs, another unexpected observation was the fusion seen with other
cerebellar cell types not reported in previous studies (Alvarez-Dolado et al., 2003; Weimann
et al, 2003b; Johansson et al., 2008; Magrassi et al., 2007). These included cells exhibiting
morphological features similar to molecular layer interneurons, i.e. basket or stellate cells
which may be rare “random occurrences” that could be somehow associated with the SCA1
abnormality, and also unipolar astrocytes resembling Bergmann glial cells which were
consistently observed in more than one recipient mouse. Bergmann glia have intimate
associations with PNs both structurally and functionally (Bellamy, 2006; Yamada et al.,
2000), and have been implicated in playing a role in neurodegeneration through impaired
glutamate transport in the spinocerebellar ataxias (Custer et al., 2006; Vig et al., 2006).
Previous studies have shown that damage within the cerebellum increased the number of
fused cells (Magrassi et al., 2007; Bae et al., 2005) and it is possible that selective pressure
within the cerebellum, and also potential impairment within the Bergmann glia, play a role
in the cell-cell fusion mechanism that is not yet completely understood. Another possibility
relates to Bergmann glia being a putative cerebellar stem cell (Alcock et al, 2007; Sottile et
al., 2006), and in vitro studies have demonstrated the propensity of different stem cell types
to fuse in culture (Terada et al., 2002; Ying et al., 2002; Chen et al., 2006; Jessberger et al.,
2007).

Another advantage of the current rescue paradigm is in the delivery method: BMTs have
been in clinical use for a long time and are less invasive compared to direct injections into
the brain which can cause damage to the parenchyma as well as compromising the blood-
brain barrier. Even though whole-body irradiation was used in this experimental paradigm to
allow reconstitution of the donor blood cells, previous findings in which parabiosis was used
to create chimaerism between two mice showed that peripheral blood reconstitution was
above 50% and that irradiation was not necessary to induce fusion (Johansson et al., 2008 in
adult mice. In addition, Magrassi and colleagues (2007) showed that mice receiving
chemical treatments with Treosulfan and Fludarabine, compared to mice receiving
irradiation, achieved similar levels of circulating fluorescent cells and thus showed that
irradiation is not a prerequisite for fusion to occur.

Reports of aneuploid Purkinje neurons being found within cerebella from aged rats and mice
have been in the literature for quite some time (Del Monte, 2006; Mann et al., 1978; Mares
etal., 1971; Lapham, 1968) and it is therefore reasonable to propose that they are the
predominant fusogenic-capable CNS cell type able to form heterokaryons with BMDCs/
HSCs. Furthermore, these binucleated heterokaryons were shown to be stable and viable in a
long term study (Magrassi et al., 2007) and suggest selective cellular fusion offers
considerable therapeutic potential in terms of showing promise for rescuing specific cells,
especially in the inherited ataxias. We demonstrate here that by combining stem/progenitor
cell transplant technologies with viral vector directed gene therapy, a novel therapeutic
paradigm may be achieved that could not be easily accomplished using traditional cell
replacement or gene therapy alone. With an observable and potentially positive outcome
from fusogenic cells carrying neuroprotective genes as reported here, cell-cell fusion
warrants further study as an efficacious alternative for rescuing at-risk cellular populations.
While we would have liked to see the present combined stem cell fusion-gene therapy
approach have a more profound therapeutic effect, an accumulating body of evidence,
including studies of other cerebellar mutant mouse models (e.g. Weaver mouse which
exhibits profound granule cell loss, versus the Purkinje cell loss studied here) suggests that
cues from at-risk neurons may not be enough to support stem cell repair or replacement
(Chen et al., 2009). Possibly a result of too much cellular damage and an overall toxic
environment, it is clear that complementary methods will need to be developed to enhance
stem cell engraftment and repair, either through fusogenic stem cell rescue or widespread
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cellular replacement. It is encouraging that recent studies (Johansson et al., 2008; Espejel et
al., 2009) support a notion that certain experimental interventions, e.g. radiation/
inflammation, can increase stem cell fusion within an at-risk cerebellum. Therefore the
present study offers encouragement toward this therapeutic, repair regimen since it was first
necessary to show a proof of principle whereby potentially therapeutic gene products can be
selectively delivered to at-risk populations of fusion-receptive PNs in a strong SCA1 mouse
model that is also amenable to tracking disease course and treatment approaches (Oz et al.,
2010), and result in albeit so far only modest beneficial phenotypic effects along with
potential cellular rescue within a cerebellum that so much resembles the course of human
disease in this inherited ataxia.

Materials and Methods

Generation of recombinant scAAV 7 plasmids

Mice

DnaJ (Hsp40) homolog, subfamily B, member 4 (DnaJB4) and poly-(rc)-binding protein 3
(Pcbp3) cDNA clones were obtained from Invitrogen. Both were subcloned individually into
a dsAAV proviral vector cassette which has been described previously (Wang et al., 2003).
A linker containing the multiple cloning sites was also inserted into the vector to facilitate
subcloning of the cDNAs. Each of the proviral plasmids contains a cytomegalovirus (CMV)
immediate early enhancer and chicken p-actin promoter upstream of a simian virus 40
(SV40) early splice donor/splice acceptor site, a modifier gene (DnaJB4 or Pcbp3), and the
SV40 polyadenylation sequence. For reporter activity, c-Myc and polyhistidine (His) tags
(c-Myc/his) were also engineered into the C-terminus of the proteins (Fig. 2A).

These double-stranded, self-complementary AAV7 vectors (SCAAV7-Dnalb4-c-Myc and
SCAAV7-pcbp3-c-Myc) were packaged individually using the calcium phosphate
precipitation method. Briefly, human embryonic kidney (HEK) 293T cells were plated in
15-cm-diameter plates and cultured until 70-80% confluent. Cells were cotransfected with
15 pg of the proviral plasmid, 45 pg of pAdeno-helper plasmid, and 15 pg of AAV-helper
pRC7 plasmid for supply of the rep and cap genes and other necessary helper functions in
trans. After 60-72 hr, cells were collected and lysed through three cycles of freeze-thaw
treatments. Vectors were purified through the Benzonase treatment, iodixanol step gradient
centrifugation, and HiTrap Q HP columns (GE Healthcare Life Sciences). Titers or genome
numbers of the viral vectors were determined through DNA slot-blot analysis.

Donor cells were harvested from 8-12 week-old male transgenic green fluorescence protein
(GFP*) mice (strain #C57BL/6-Tg(UBC-GFP)30Scha/J, stock #004353) purchased from the
Jackson Laboratory. Recipients were female, 6-8 week-old, Sca1%4Q/2Q knock-in mice
(Watase et al., 2002; generously provided by the Zoghbi laboratoy, Baylor Medical college/
HHMI) and maintained at the University of Florida Animal Care Services.

Murine bone marrow isolation and sorting for Scal®, c-kit*, Lin~ populations

Bone marrow was flushed out of the femurs and tibia of donor GFP* mice with a 30G
needle and a 3cc syringe into Phosphate buffered saline (PBS) and dissociated into single
cell suspensions using a 25G needle. Cells were filtered through a nylon filter, triturated
with 5ml pipettes, and counted for a final concentration of 2x108 cells/100pl in PBS with
10% Fetal Bovine Serum (FBS). Primary antibodies were added for 30 min at 4°C at 1:200
of APC-conjugated rat CD117/c-kit, and PE-Cy7-conjugated rat Sca-1/Ly-6, 1:10 PE-
conjugated Lin cocktail (rat CD4, CD5, CD8a, CD11b, B220, Gr-1, Ter-119, and hamster
CD3e) (BD Biosciences). GFP* and Sca-1*, c-kit™, Lin™ cells were sorted into Iscove's
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Modified Dulbecco's Medium (IMDM, Invitrogen) using a FACS Vantage (BD
Biosciences) fluorescence-activated cell (FAC) sorter.

Recombinant AAV7 vector transduction of HSCs and bone marrow transplants

SKL cells were infected with rAAV 7 vectors at a ratio of 1 x 10° viral particles/cell for two
hrs at 37°C in serum-free IMDM. Cells were then washed with PBS and used directly for
transplantation. 8-12 week-old female Sca11%4Q/2Q recipient mice were lethally irradiated
48 hrs prior to transplant with one dose of 950 cGy from a cesium-137 source. 5,000 virally
transduced SKL cells, along with 9,000 Sca-1", c-kit™, Lin™ radio-protective cells,
suspended in 150ul total volume of PBS were injected into the right retro-orbital sinus of
lethally irradiated mice. Mice were provided with water containing Baytril antibiotics for
two weeks post transplant.

Flow cytometric analysis of transgene expression

Peripheral blood was examined at one month post transplantation and at the end of survival
period for multilineage and GFP expression analysis. Nucleated cells were separated
through ficoll density gradient centrifugation and examined for expression of GFP along
with B220 for presence of B lymphocytes, CD11b for macrophages, and CD4 for T
lymphocytes by FACS. Data were evaluated using the Cellquest™ software.

Immunohistochemical analysis of BMDCs/HSCs in cerebellum

Treated and control female Sca1%4Q/2Q mice were sacrificed between 24 and 32 wk post
transplantation and perfused transcardially with 4% paraformaldehyde in 0.1M PBS. Brains
were removed, postfixed overnight in perfusate, and transferred to 30% sucrose for another
24 hrs before sectioning in the sagittal plane at a thickness of 14pm using a freezing
microtome (Leica). Sections were processed as follows for the different antibodies:

Calbindin and Cd11b: Sections were blocked in PBS supplemented with 0.1% Triton X-100
(PBSt) + 10% FBS for one hour at room temperature (RT) followed by incubation in
primary antibodies for GFP (chicken polyclonal 1:1000, Aves Labs) and Calbindin (mouse
monoclonal 1:2000, Sigma), or GFP and Cd11b (mouse polyclonal 1:100, BD Biosciences)
overnight at 4°C. Sections were then washed in PBSt three times at five-minute intervals
before addition of secondary antibodies. Cy3 goat anti-mouse (1:500, Jackson
Immunoresearch Labs) and FITC goat anti-chicken (1:1000, Aves Labs) were applied for 2
hours at RT. Sections were again washed in PBS three times at five-minute intervals before
coverslipped with Vectashield mounting media containing DAPI (Vector Lab).

Ataxin-1: Procedures for ataxin-1* nuclear inclusion staining were modified from Skinner et
al.28, Briefly, sections were mounted onto plus-charge glass slides, air dried overnight, and
microwaved in coplin jars containing 0.01M urea for seven minutes to reach 95-97°C for
antigen retrieval. Sections were incubated in heated 0.01M urea for an additional 18 minutes
followed by equilibration in PBSt for five minutes. Series of peroxidase blocks (DAKO) and
biotin blocks (Vector Lab) ensued and carried out according to the manufacturers’
instructions. Ataxin-1 11NQ (rabbit, 1:1000, Zoghbi lab) was added to the slides for 48
hours at 4°C. Slides were washed in PBSt twice at 10-minute intervals before biotinylated
anti-rabbit (goat, 1:150) antibody was added for 30 minutes of incubation at RT. ABC
reagent from Vector Labs Vector Elite kit was applied to the sections for another 30 minutes
at RT following secondary antibody incubation. A DAB substrate kit (\Vector Lab) was
prepared and applied to the sections under the light microscope for color development. DAB
reactions were stopped in water when punctated NIs were visualized in the Purkinje cell
layer. Sections were re-equilibrated in PBS for five minutes before applying the GFP
antibody for dual detection of GFP* PNs and the NIs within the same cells. GFP (chicken
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polyclonal 1:500, Abcam) was added to the sections and incubated overnight at 4°C.
Following three washes, Alexa fluor 488 anti-chicken (donkey, 1:500, Invitrogen) was
applied the next day and incubated for 45 min at RT before coverslipped with Vectashield
mounting media with DAPI.

c-Myc: Sections were mounted on plus-charged glass slides and air dried overnight. Slides
were subjected to high heat retrieval in target retrieval solution (pH9, Dako) for 20 minutes
and cooled slowly at RT for an additional 20 minutes. Primary antibodies of c-Myc (rabbit
polyclonal 1:100, Santa Cruz Biotechnology) and GFP (chicken polyclonal 1:500, Abcam)
were added to the sections for overnight incubation at 4°C. After washing twice in PBSt at
10-minute intervals, Alexa Fluor 594 anti-rabbit (donkey, 1:500, Invitrogen) and Alexa
Fluor 488 anti-chicken (donkey, 1:500, Invitrogen) were applied to the sections for 45
minutes in RT before being coverslipped with Vectashield mounting media with DAPI.

Fluorescence in situ Hybridization (FISH) analysis

Parasagittal sections of cerebella were processed for GFP and Calbindin expressions using
the standard immunohistochemistry methods described above. The nuclei were
counterstained with DAPI and the staining patterns were extensively photodocumented with
10X, 20X, and 40X objectives to locate the exact position of the GFP* Purkinje neurons
before FISH procedures were carried out and the fluorescent signals abolished during the
process. Fluorescence conjugated probes specific for mouse X (FITC-conjugated) and Y
(cy3-conjugated) chromosomes (Open Biosystems) were used to detect the presence of
donor derived Y chromosomes. Briefly, after slides were air dried at RT overnight, they
were incubated for 30 min in 0.2N HCI and retrieved in 1M NaSCN in 85°C for 30 minutes.
Next, slides were digested in pepsin pre-diluted in prewarmed 0.9% NaCl (pH 2) and
hybridized with chromosome probes for 10 minutes at 62°C, followed by further
hybridization at 37°C for 48 hours. After hybridization, cells were washed first in 1:1
formamide:2xSSC (Sodium Chloride Sodium Citrate), then 2xSSC, and 4x SSC with 0.1%
NP40 at 46°C before re-coverslipped in Vectashield mounting media with DAPI. Locations
of the GFP* PNs were matched in register with nuclei containing fluorescently labeled X
and Y chromosomes based on DAPI nuclear patterns and photodocumented with an
Olympus 1X81-DSU spinning disk confocal microscope.

Quantitative analysis of the nuclear inclusions and total Purkinje cell survival

The number of NIs was counted and compared between three groups containing four age
matched Sca1l54Q/2Q mice in each group: 1) AAV-BMT (bone marrow transplant) group
which received HSCs carrying the viral vector, 2) NVV (non viral vector)-BMT control
group that received HSCs only, and 3) no-BMT control group that did not receive any
treatment. Every third section of the 14um-thick cerebellar parasagittal sections was counted
for the total number of cells containing ataxin-1* NlIs and for the total number of Calbindin*
PNs found within each cerebellum. Percentages of the NIs were calculated based on the
number of inclusions found divided by the total number of surviving PNs within the same
cerebellar area. A separate quantitative analysis was also carried out for all three groups
using different age-matched experimental mice to determine the total number of surviving
PNs. Every third section of thel4um-thick cerebellar sections was counted for the total
number of Calbindin* PNs observed. A simple student t-test was performed to determine
whether there were any statistical significance for the percentages of the NIs as well as for
the total number of surviving PNs between the three groups.
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Figure 1. Schematic representation of the experimental paradigm

GFP* bone marrow-derived cells (BMDCs), enriched for the hematopoietic stem cell (HSC)
population (Sca-1*, ¢-Kit*, Lin™), are isolated from male GFP transgenic mice through
FACS. BMDCs/HSCs are next infected with one of the SCAAV7 vectors at 1 x 10° viral
particles/cell and transplanted into irradiated female Sca11%4Q/2Q recipients through retro-
orbital sinus injections.
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Figure 2. Plasmid design and proviral cassette expression in HEK 293T cells

A) Both of the double stranded AAV?7 viral vectors (scCAAV7) contain one copy of a
mutated inverted terminal repeat (ITR), the CMV enhancer and chicken B-actin promoter
(CB promoter), cDNA of a single modifier gene tethered to a c-Myc/his tag, and the SV40
polyadenylation site. B) Western blot analysis of the proviral cassette expression in vitro
probed against the reporter tag, c-Myc/his in 293T cells. The eGFP construct does not
contain the c-Myc/his reporter tag and serves as the negative control for unspecific bands.
rKiKa3 is the original construct from which the c-Myc/his tag was obtained and shows a
robust expression of the c-Myc/his sequence tethered to the KiK3 gene. For the Pcbp3 and
Dnajb4 constructs, the proteins are expressed at the correct sizes of 36 kDa and 40 kDa
respectively.
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Figure 3. Fused Purkinje heterokaryons are binucleated and contain Y chromosomes from
donor cells

A) An example of a GFP* Purkinje neuron (green) derived from BMDCs/HSCs of GFP*
males was observed in female Sca1154Q/2Q recipients. B) The same GFP* Purkinje neuron
also expresses the Purkinje cell marker Calbindin (red). C) DAPI staining (blue) reveals that
the fused Purkinje neuron contains two morphologically distinct nuclei of different sizes
(arrows). D) Another binucleated GFP* Purkinje neuron (green with two nuclei pointed to
by an arrow and arrowhead) contains one Y chromosome in one of the two nuclei
(arrowhead) shown before (E) and after (F) FISH analysis. The cy3-labeled Y chromosome
(red, F, inset) is detected amongst FITC-labeled X chromosomes (green) in the female
recipient cerebellum. (scale bar=10um, GL=inner granule layer, PL=Purkinje layer,
ML=molecular layer.)
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B

Figure 4. Purkinje heterokaryons and bone marrow-derived microglia express the c-Myc/his
reporter tag in vivo

A) A GFP* cell type found in Sca11%4Q/2Q recipient cerebella has the morphology of a
microglial cell (green) and colocalizes with the surface marker CD11b (red) as shown in B.
C) 20-30% of the microglia (green) as shown in D) expressed c-Myc (red) in the
cytoplasmic regions where both of the modifier genes are localized. E) Fused, GFP*
Purkinje heterokaryons (green) are also immunopositive for c-Myc (red) in F. (scale
bar=10um, GL=inner granule layer, PL=Purkinje layer, ML=molecular layer. DAPI=blue)
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Figure 5. Nuclear inclusions vary in size and appear as multiple, small aggregates in fused
Purkinje heterokaryons

A) and B) are examples of the ataxin-1* nuclear inclusions found in the Sca1154Q/2Q mice.
Most common are Purkinje neurons with singular large inclusions (arrowheads) but a small
number of cells is found to contain two (arrow) or multiple (asterisks) smaller-sized
inclusions. C) GFP* Purkinje heterokaryon are consistently found to contain multiple but
smaller ataxin-1* nuclear inclusions, as shown with an example of a PN dual labeled with
GFP in C (green) and with anti-ataxin 1 in D (inset and arrows). (scale bar=20um, GL=inner
granule layer, PL=Purkinje layer, ML=molecular layer)
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Figure 6. Potentially attenuating effects of cell-cell fusion demonstrated through quantitative
analysis of percentage of NIs observed and the number of surviving Purkinje neurons found per
section

A) Nls observed were divided into singular NIs and multiple Nls. In the no-BMT control
group, 85.32% of the total NIs counted was single inclusions and 14.7% was multiple
inclusions, for the NVV-BMT control group, 88.75% was single inclusions and 11.24% was
multiple inclusions, and for the AAV-BMT treatment group, 82.94% was single inclusions
and 17.06% was multiple inclusions. B) A significant difference was observed between the
treatment and control groups in the percentage of total NIs observed. The AAV-BMT group
harbored 23% NIs in the total number of Purkinje neurons counted, while the no-BMT
control group had 38% NIs and the NVV-BMT control group contained 42%. (asterisks
indicate statistical significance with p<0.05) C) Further more, AAV-BMT treated group was
also found to have a higher number of viable Purkinje neurons (749 cells/section) than the
no-BMT control group (659 cells/section) or the NVV-BMT control group (727 cells/
section). (NIs=nuclear inclusions; BMT=bone marrow transplant; NVV=no viral vector)
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