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Abstract
A specific mutation (ΔE302/303) in the torsinA gene underlies most cases of dominantly inherited
early-onset torsion dystonia. This mutation causes the protein to aggregate and form intracellular
inclusion bodies in cultured cells and animal models. Co-expression of the wildtype and mutant
proteins resulted in the redistribution of the wildtype protein from the endoplasmic reticulum to
inclusion bodies in cultured HEK293 cells, and this was associated with increased interaction
between the two proteins. Expression of ΔE302/303 but not wildtype torsinA in primary postnatal
midbrain neurons resulted in the formation of intracellular inclusion bodies, predominantly in
dopaminergic neurons. Tyrosine hydroxylase was sequestered in these inclusions and this process
was mediated by increased protein-protein interaction between mutant torsinA and tyrosine
hydroxylase. Analysis in an inducible neuroblastoma cell culture model demonstrated altered
tyrosine hydroxylase activity in the presence of the mutant but not wildtype torsinA protein. Our
results suggest that the interaction of tyrosine hydroxylase and mutant torsinA may contribute to the
phenotype and reported dopaminergic dysfunction in torsinA-mediated dystonia.
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Primary dystonias are a heterogeneous group of neurologic conditions characterised by
involuntary, sustained muscle contractions affecting one or more body segments, with dystonia
as the sole or major symptom (Nemeth, 2002). Early-onset torsion dystonia (EOTD) is the
most common and severe form of dystonia and is often associated with mutation of the DYT1
gene torsinA. In torsinA dystonia, deletion of one of a pair of glutamate residues (ΔE302/303)
in the carboxy-terminal region of torsinA is associated with autosomal dominant inheritance
with reduced penetrance (Ozelius et al., 1997). The neuropathology of torsinA dystonia has
been described in several cases and the apparent absence of neuronal loss has led to the
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suggestion that torsinA dystonia is not a degenerative disease but is primarily due to neuronal
dysfunction (Walker et al., 2002, Rostasy et al., 2003, McNaught et al., 2004).

The exact function of torsinA is unknown, but homology to AAA+ ATPases (Neuwald et al.,
1999, Ogura and Wilkinson, 2001) and functional studies suggest a possible chaperone role
(McLean, 2002, Caldwell et al., 2003, Cao et al., 2005). AAA+ proteins often self-associate
and function as an oligomeric complex and torsinA has previously been shown to form higher
molecular weight species and oligomerise (Kustedjo et al., 2000, Torres et al., 2004). In
addition, torsinA has been shown to interact with a number of proteins of diverse function.
This includes cytoskeletal-associated cytoplasmic proteins such as kinesin light chain (KLC),
vimentin and actin (Kamm et al., 2004, Hewett et al., 2006). TorsinA also interacts with nuclear
envelope (NE) and endoplasmic reticulum (ER) resident proteins LAP1, LULL1, nesprin-3
and printor (Goodchild and Dauer, 2005, Nery et al., 2008, Giles et al., 2009). The identification
of multiple binding partners suggests that disruption of torsinA interactions might contribute
to the disease phenotype. The ability to correctly oligomerise has been shown to be necessary
for AAA+ ATPase function in several proteins (reviewed in (Mogk et al., 2008)). Moreover,
the ΔE302/303 deletion has been demonstrated to increase interaction of the mutant protein
with both itself and nesprin-3 (Torres et al., 2004, Nery et al., 2008). A feature of the ΔE302/303
mutation is the aggregation and mislocalisation of the protein to perinuclear inclusion bodies
and the nuclear envelope in cell and animal models (Hewett et al., 2000, Goodchild and Dauer,
2004, Goodchild et al., 2005), suggesting a potential dominant-negative disease mechanism
involving sequestration of both wildtype and interacting proteins (Torres et al., 2004).

There is considerable evidence implicating an imbalance in dopaminergic function in the
aetiology of dystonia. Individuals with DYT1 dystonia demonstrated an increase in the
turnover of dopamine with reduced D1 and D2 receptor binding in the striatum, suggestive of
an imbalance in dopamine signaling (Augood et al., 2002, Asanuma et al., 2005). In addition,
nigral dopaminergic neurons tended to be larger in size in DYT1 patients when compared to
controls (Rostasy et al., 2003) and ubiquitin-positive aggregates have been identified in
pigmented dopaminergic neurons of the substantia nigra pars compacta and locus ceruleus
(McNaught et al., 2004). Similarly, cell and animal models have been utilized to investigate
the involvement of the dopaminergic system in DYT1 dystonia and improve our understanding
of disease pathophysiology. Transgenic mice over expressing human mutant torsinA have been
reported to display alterations in striatal dopamine transport and/or release and turnover
(Balcioglu et al., 2007, Zhao et al., 2008). Moreover, in vitro studies have also identified a role
for torsinA in both dopamine transporter function (Torres et al., 2004, Cao et al., 2005) and
more generally in synaptic vesicle recycling through an interaction with snapin (Granata et al.,
2008). To test for the direct involvement of torsinA with the dopaminergic system, we
examined whether wildtype or mutant torsinA interacted with components of the dopamine
synthesis pathway, focusing on tyrosine hydroxylase (TH), the rate limiting step in dopamine
synthesis.

Experimental procedures
Plasmids, antibodies and reagents

Amplification of cDNA for wildtype torsinA and mutagenesis to produce deletion mutants
have been described elsewhere (O'Farrell et al., 2002). C-terminal V5 or myc tagged versions
of the same constructs were generated by subcloning into pCDNA3.1V5His and
pCDNA3.1Hismyc respectively. TorsinB was amplified from adult human brain cDNA using
the Advantage PCR kit (both from Clontech), using the following primers (Forward 5′-
CGAGGAGCGGGATGTTGCGG-3′ Reverse 5′-TCCGTGGAAATCCAGCCGCGA –3) and
likewise cloned into pCDNA3.1/V5-his TOPO using the TA cloning system (Invitrogen).
Primary antibodies utilized included polyclonal anti-torsinA (1:1000, torsin290, (O'Farrell et
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al., 2002)); monoclonal anti-V5 (1:5000, R960-25, Invitrogen); polyclonal anti-TH (1:2000,
AB1542, Chemicon); polyclonal anti-V5 (Chemicon, 1:400); monoclonal anti-myc (1:1000,
#2276, Cell Signaling), monoclonal anti–PDI (1:50, SPA-891, Stressgen), monoclonal anti-
MAP2 (1:500, M1406, Sigma), polyclonal anti-dopamine β hydroxylase (1:1500, AB1585,
Millipore), monoclonal anti-β-actin (1:2000, A5441, Sigma), monoclonal anti-nucleoporin
(1:2000, 610498, BD Transduction Laboratories) and monoclonal anti-DOPA decarboxylase
(1:1000, D0180, Sigma).

Cell Culture
Human embryonic kidney cells (HEK-293T) and human neuroblastoma BE(2)-M17 cells were
cultured in Opti-MEM (Invitrogen) supplemented with 10% FBS, penicillin (100 units/ml) and
streptomycin (100 μg/mL). Cells were plated 24 hours prior to transient transfection in 6-well
culture plates at 2×105 cells per well and transfected with the various constructs using Fugene6
(Roche) according to the manufacturer's protocols. An SY5Y Tet-on cell line maintained in
400 μg/mL G418 was stably transfected with pTRE2hyg constructs containing either wildtype
torsinA, ΔE302/303 torsinA or an unrelated control protein (PACRG) using Fugene6. Clonal
cell lines stably expressing torsinA (isolated by limiting dilution) were maintained in 50 μg/
mL hygromycin. Cell lines were induced with the addition of 2 μg/mL doxycycline daily for
4 days prior to harvesting or assaying. Primary cell cultures were prepared from post-natal
mouse midbrain using methods described previously (Mena et al., 1997, Burke et al., 1998,
Petrucelli et al., 2002). Briefly, midbrains containing substantia nigra (SN) and ventral
tegmental area were dissected from 2 day old postnatal mouse pups using anatomical landmarks
as described. Neurons from these areas were dissociated with papain and plated on top of pre-
established cortical glia cell monolayers. For viral transductions, wildtype or mutant torsinA
cDNAs were subcloned into the pHSVPrpUC amplicon, packaged into recombinant viral
particles using 5dl1.2 helper virus and the 2-2 packaging cell line (Neve et al., 1997) and
purified using sucrose gradients and titres determined as described previously (Petrucelli et al.,
2002). Cells were transduced with HSV vectors for wildtype or mutant torsinA at a multiplicity
of infection (MOI) of 10 and analysed 48 hours later.

Western Blot and co-immunoprecipitation analysis
Cells were harvested in extraction buffer containing 10mM Tris-HCl, pH 7.5, 2% SDS and
protease inhibitors (P8340, Sigma) and protein was estimated by the BCA method (Pierce).
Lysates (10 μg total protein per lane) were separated on 10% SDS-PAGE gels and transferred
to PVDF membranes (Immobilon, Inc). Membranes were incubated in blocking buffer (5%
skim milk in TBS-Tween) for 1 hour at room temperature. Primary antibodies were allowed
to incubate overnight at 4°C. Antibody binding was revealed using peroxidase conjugated
secondary antibodies donkey anti-rabbit (1:10,000 dilution, 711-035-152, Jackson) and donkey
anti-mouse (1:10,000 dilution, 715-035-150, Jackson) and enhanced chemiluminescence
(ECL, Amersham) according to the manufacturer's protocols. Signals were exposed to film or
quantitation of protein expression was performed by capturing ECL using a CCD-camera based
system (AlphaImager, Alpha Innotech Corp). For immunoprecipitation experiments,
transfected cells were scraped in cold PBS and collected by centrifugation then resuspended
by briefly sonicating in buffer containing 150mM NaCl, 50 mM TrisHCl (pH 8.0) 0.1% (v/v)
TritonX100, 1mM PMSF and protease inhibitor cocktail (P8340, Sigma). Lysates were pre-
cleared with immobilised proteinG (20398, Pierce), immunoprecipitated with primary
antibody overnight at 4°C and captured with proteinG-agarose beads. After washing five times
in immunoprecipitation buffer, protein was released from beads by heating in the presence of
Laemmli sample buffer and immunoprecipitated complexes were analysed by western blotting
as above.
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Immunofluorescence
Cells were fixed 48 hours after transfection by immersion in methanol at −20°C for 10 minutes,
washed with PBS and non-specific immunoreactivity was blocked with PBS containing 10%
FBS and 0.1% Tween-20. Primary antibodies were diluted in PBS with 1% (wt/vol) BSA,
applied and allowed to incubate overnight at 4°C. Cells were then washed twice in PBS for 5
minutes and incubated with secondary antibodies (1:1000 goat anti-rabbit AlexaFluor 488,
A11034 and goat anti-mouse AlexaFluor 594, A11032, Molecular probes) for 1-2 hours at
room temperature. Cells were again washed twice for five minutes before mounting under
ProLong antifade medium (Molecular Probes). Primary cells were triple stained using sheep
anti-TH, mouse anti-MAP2 and rabbit anti-torsinA. In some experiments we also used a
monoclonal antibody to the ER marker PDI in place of MAP2. Omission of primary antibody
was used to evaluate non-specific fluorescence and in all cases gave no signal. For counting
of torsinA inclusions in primary neurons, the operator was blinded to the torsinA construct
used (mutant vs WT) and to the neuronal cell type (TH+/-) when counts were made. Following
assessment for the presence of torsinA inclusions, neurons were subsequently assigned to TH
+ and TH- groups. Data shown represent at least two separate experiments where the entire
neuronal (MAP2+) population of the coverslip was assessed (number of cells >200). Images
were captured using an Olympus Fluoview confocal microscope using separate excitations for
each channel and images were subsequently merged using Adobe Photoshop. Statistical
significance was assessed by two-tailed Student's t-test, p<0.05 was considered significant.

TH activity assay
TH activity was assessed through cleavage of tyrosine-7-amino-4-methylcoumarin (Tyr-AMC,
Bachem) measuring the emission at 460nm following excitation at 380nm. For each cell line
assay, 48 wells of cells were plated at 10,000 cells/well in black polystyrene 96 well culture
plates in medium containing hygromycin. After 48hrs growth, the cells were incubated in media
containing 10ng/mL TGF-beta1 (T1654, Sigma) and allowed to differentiate for 48 hours prior
to the induction of half the wells with doxycycline. Three hours prior to assay the media was
replaced with serum free media and allowed to equilibrate at 37°C. Tyr-AMC (50 μM) was
added to all wells and readings were taken every minute for 60 minutes by microplate
spectrometry (SpectraMax Gemini, Molecular Devices). At least three different clonal cell
lines were assayed for wildtype or ΔE302/303 torsinA, with parallel cultures +/- doxycycline,
harvested at the time of assay and analyzed by western blot to measure induction of torsinA
protein over endogenous levels. Statistical significance was evaluated using one-way ANOVA
with Tukey post-hoc test for differences between subgroups with p<0.05 considered
significant.

Results
Interaction of wildtype and mutant torsinA

It has been previously demonstrated that wildtype torsinA resides in the lumen of the ER in
cultured cells. The ΔE302/303 deletion causes the mutant torsinA protein to mislocalize to
large cytoplasmic inclusion bodies when expressed in cell lines (Hewett et al., 2000, Kustedjo
et al., 2000) and this was also observed in this study (Figure 1). In addition, when the wildtype
protein was co-expressed with mutant torsinA, the localization of the wildtype protein was
changed from the typical ER distribution, into large cytoplasmic inclusions co-localizing with
the mutant protein (Figure 1). This alteration in the distribution of the wildtype protein suggests
that sequestration of the normal protein was occurring. To test for possible torsinA self-
interaction, we co-transfected cells with either V5 tagged wildtype torsinA or V5 tagged lacZ
and various untagged constructs. Immunoprecipitation with antibodies to the V5 epitope tag
and blotting for torsinA/B demonstrated an interaction between the tagged wildtype torsinA
protein and untagged wildtype or ΔY323-F328 mutant but no detectable interaction with
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torsinB (Figure 2A). A significantly stronger interaction was observed between wildtype
torsinA-V5 and the mutant ΔE302/303 torsinA in comparison to wildtype torsinA, despite
similar levels of expression. The reverse immunoprecipitation with antibodies to torsinA and
detection using the epitope tag also produced similar results (data not shown). No interaction
of either wildtype or mutant torsinA with a second V5-HIS tagged control protein (lacZ) was
observed.

To test if the interaction of ΔE302/303 mutant with wildtype torsinA altered the steady state
protein levels of the wildtype protein, we co-transfected varying amounts of ΔE302/303
torsinA with constant amounts of tagged wildtype protein. Protein levels of wildtype torsinA-
myc were unaffected by the presence of ΔE302/303 torsinA (Figure 2B). Complementary
experiments where untagged wildtype protein was co-transfected with tagged mutant gave
similar results (data not shown). These results suggest that one effect of the ΔE302/303
mutation in torsinA is to produce a quantitative increase in protein-protein interactions with
the wildtype protein and potentially other interacting proteins.

Mutant torsinA promotes inclusion formation in catecholaminergic neurons
Primary neuronal cultures from the midbrain of postnatal mice were used to examine the effect
of wildtype and ΔE302/303 torsinA on different neuronal populations. This model system was
chosen because abnormalities in dopaminergic transmission have been hypothesized to be
important in the development of the dystonia phenotype. These primary midbrain cultures
contain approximately 20-30% dopaminergic neurons (Petrucelli et al., 2002) which can be
distinguished from the non-dopaminergic neurons by staining for TH. We transduced the
primary cultures with vectors encoding either wildtype torsinA or the ΔE302/303 mutant and
examined the distribution of the proteins by immunocytochemistry. Wildtype torsinA was
localized throughout the cytosol and processes of transduced neurons and inclusions were
observed in less than 5% of these cells. In contrast and similar to the observations in transfected
cells, approximately 50% of the neurons transduced with ΔE302/303 torsinA formed inclusions
in the cytoplasm and near the nucleus (Figure 3A,B). Quantitation of inclusion numbers (Table
1) demonstrated wildtype torsinA formed inclusions in approximately 5% of neurons, whereas
inclusions were observed in greater than 50% of neurons transduced with the ΔE302/303
torsinA construct (Figure 3C, p<0.0001, n=2050 neurons counted). Moreover, the propensity
of ΔE302/303 torsinA to form inclusions was influenced by neuronal subtype. Mutant torsinA
formed detectable inclusions in more than 80% of TH+ cells. Approximately 60% of TH+
neurons had large torsinA inclusions (>1 μM) and ∼20% contained smaller aggregates, whereas
in TH- neurons, approximately 40% of cells formed inclusions which were generally smaller
than 1 μM (Figure 3D, p<0.0001, n=1140 neurons counted). In contrast, wildtype torsinA
formed inclusions in a small proportion of TH+ neurons (approximately 15% of the total) and
these were generally small intracellular structures (<1 μM). Furthermore, such inclusions were
never seen in TH negative neurons (n=910 neurons counted).

To investigate if a protein or proteins specifically expressed in dopaminergic neurons might
contribute to the preferential formation of inclusion bodies in this neuronal type, we examined
the cellular localization of three abundant endogenous proteins in the transduced neurons
(Figure 4A-G). We found that TH co-localized with and appeared to be a significant component
of the torsinA-positive intracellular inclusions. In comparison, the neuronal cytoskeletal
marker MAP2 was not recruited into torsinA-positive inclusions and its distribution remained
similar to that observed in untransduced neurons. Similarly, the ER marker PDI demonstrated
only marginal co-localization with the inclusions, similar to previous studies performed in other
cell types (Kustedjo et al., 2000, O'Farrell et al., 2002). These observations suggested that
catecholaminergic midbrain neurons were vulnerable to inclusion formation mediated by
mutant torsinA and there was some selectivity in the proteins incorporated into the inclusions.
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Mutant torsinA interacts with tyrosine hydroxylase in cultured cells and alters enzyme
activity

To test the possibility that mutant torsinA recruits TH into inclusion bodies by direct interaction
we used the human neuroblastoma cell line BE(2)-M17. This cell line is a useful model system
to investigate interactions in the dopaminergic pathway as the cells express moderate levels of
endogenous TH (Ciccarone et al., 1989) and low levels of endogenous torsinA. We transfected
the cells with constructs encoding untagged wildtype or mutant torsinA and performed
immunoprecipitation with an anti-torsinA antibody (torsin290). Western blot analysis with an
anti-TH antibody demonstrated an interaction between torsinA and TH (Figure 5A). The
amount of TH co-immunoprecipitated was very low in untransfected cells, presumably
reflecting the low level of endogenous torsinA. The signal was stronger when cells were
transfected with wildtype or ΔY323-F328 torsinA. However, when ΔE302/303 torsinA was
present a significant increase in co-immunoprecipitated TH was consistently detected in
comparison to wildtype torsinA, despite similar levels of protein inputs. The interaction of
mutant torsinA was shown to be specific to TH as we were unable to co-immunoprecipitate
other enzymes in the dopamine synthetic pathway. There was no evidence for interaction of
wildtype or mutant torsinA with either aromatic L-amino acid decarboxylase (AADC) or
dopamine-β-hydroxylase (DβH), enzymes which catalyze the conversion of L-dopa to
dopamine and dopamine to noradrenaline respectively (Figure 5B).

To investigate whether the interaction of TH and mutant torsinA might affect TH activity, we
used the human neuroblastoma cell line SY5Y expressing the Tet-on regulated transactivator
(Clontech), to enable regulated expression of inducible torsinA constructs. TH activity was
measured by the cleavage of a fluorescent coumarin derivative from tyrosine (Tyr-AMC)
(Figure 5C). Generation of fluorescence depends on the sequential action of TH, the rate
limiting enzyme and aromatic acid decarboxylase (AADC). One-way ANOVA confirmed a
difference in TH activity between the control, wildtype and mutant TorsinA expressing cell
lines [F(2,16)=7.74, p=0.004]. Tukey post-hoc comparison of the 3 groups indicated that there
was a significant increase in TH activity after induction of ΔE302/303 when compared to cell
lines expressing either the control construct or wildtype torsinA (p=0.006). By comparison,
there was no significant difference between the control and wildtype torsinA groups (p=0.97).
To confirm that the observed fluorescent signal was due to the action of TH, we added alpha-
methyl-rho-tyrosine (AMPT), a specific inhibitor of TH, which reduced the signal by
approximately 75%. Similarly, NSD-1015, which inhibits AADC, was also effective in
preventing fluorescence generation (data not shown). Induction of expression compared to
endogenous levels was confirmed by western blot analysis of parallel cultures +/- doxycycline
harvested at the time of assay (Figure 5D).

Discussion
In this study we utilized cell models and biochemical analysis to investigate the functional
consequences of the dystonia associated mutant ΔE302/303 torsinA and potential involvement
with the dopaminergic pathway. We show that the ΔE302/303 mutation in torsinA results in
an increased interaction of the mutant protein with TH, a key enzyme in the synthesis of
dopamine. To date several studies have suggested that ΔE302/303 torsinA protein represents
a loss of function protein and also may act to inhibit wildtype protein function through a
dominant-negative mechanism (Torres et al., 2004, Goodchild and Dauer, 2005, Pham et al.,
2006, Hewett et al., 2008). In addition, there is some evidence that the mutation results in an
increased propensity for protein-protein interactions. For example, the ΔE302/303 mutation
results in both an increased association with nesprin-3(Nery et al., 2008) and self dimerization
(Torres et al., 2004) when compared to the wildtype protein. Our results extend this observation
and suggest that the ΔE302/303 torsinA results in an increased propensity for protein-protein
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interactions between the wildtype and mutant torsinA proteins. While recent studies have
suggested that ΔE302/303 torsinA has a decreased half-life and is efficiently targeted to the
proteasome for degradation (Giles et al., 2008, Gordon and Gonzalez-Alegre, 2008), we did
not identify any effect of increased levels of mutant torsinA on steady-state wildtype torsinA,
suggesting that the interaction does not result in elevated turnover of the wildtype protein.
However, consistent with several other reports in the literature, we did observe a significant
alteration of the cellular localization of the wildtype protein when co-expressed with
ΔE302/303 torsinA. The functional significance of this observation remains to be determined
as there are conflicting results in the literature for the different mouse models and human case
studies regarding protein localization and histopathological abnormalities (reviewed in
(Breakefield et al., 2008)). While the development of functional assays and novel molecular
tools, for example wildtype and mutant-specifc antibodies, may help to address these
conflicting results, there is clear evidence from cell models that the specific subcellular
localization of both the wildtype and mutant protein has significant effects on nuclear-
cytoskeletal dynamics (Hewett et al., 2006, Nery et al., 2008).

In several forms of dystonia, abnormalities in the dopaminergic nigrostriatal system or
mutations in the genes for dopamine synthesis cause neuronal dysfunction (Bandmann and
Wood, 2002). To date, the evidence for a role for torsinA in the dopaminergic pathway has
been suggestive rather than conclusive. Limited autopsy studies have suggested subtle
alterations in striatal dopamine signaling and function may be present (Augood et al., 2002,
Rostasy et al., 2003). Similarly, evidence from several animal models suggest alterations in
dopamine signaling and metabolism may be present (reviewed in (Wichmann, 2008)), but the
link between these manifestations and disease pathogenesis remain unclear. Here we present
evidence for an interaction of wildtype torsinA with TH, a key component of the dopamine
synthesis pathway. Using an inducible cell culture system we did not observe any effect of
elevated wildtype torsinA on TH activity and we are not aware of any reports suggesting that
torsinA regulates TH activity in vivo. However, it is possible that wildtype torsinA is a
chaperone for TH, as other AAA+ ATPases function as chaperone proteins. TH is localized to
cell bodies, axons and terminals in dopaminergic neurons within the brain (Pickel et al.,
1975). While biochemical analysis suggests that torsinA is localized to the ER and adopts a
type-II orientation (Liu et al., 2003) recent evidence links torsinA to the tubular-vesicular
network. TorsinA immunoreactivity is associated with vesicles (Hewett et al., 2000) and
studies in human and animal models have consistently demonstrated granular labeling of fibers
and terminals in vivo (Shashidharan et al., 2000, Konakova and Pulst, 2001, Augood et al.,
2003, Koh et al., 2004). Moreover, a proportion of TorsinA adopts a type-I membrane
conformation, with residues 41-332 cytoplasmically oriented, and interacts with the
microtubule motor protein Kinesin Light Chain (KLC) and the cytoskeletal intermediate
filament protein vimentin (Kamm et al., 2004, Hewett et al., 2006).

A consequence of the disease-associated ΔE302/303 mutation was a significantly increased
propensity for interaction between the mutant protein and TH, in comparison to wildtype
torsinA. This interaction was specific for TH as co-immunoprecipitation was not observed for
either wildtype or ΔE302/303 torsinA with other members of the dopamine synthetic pathway
(AADC or dopamine-beta-hydroxylase). Analysis in a primary neuronal model demonstrated
that ΔE302/303 torsinA mediated inclusion formation was more frequent in dopaminergic
neurons than in non-dopaminergic neurons and TH was an abundant component of the
intracellular inclusions. This novel observation raises the possibility that there is a selective
effect of the ΔE302/303 torsinA mutation on dopaminergic neurons and potentially
dopaminergic signalling. While the use of viral transduction and overexpression may have
exaggerated the phenotype, there is supporting evidence in vivo. For example, multiple studies
suggest a link between dystonia altered synaptic communication within the basal ganglia
(reviewed in (Breakefield et al., 2008)) and neuropathology studies of human DYT1
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postmortem material has identified enlarged dopaminergic cell bodies in the substantia nigra
(Rostasy et al., 2003). Immunofluorescence and ultrastructural analysis of TH localization in
transgenic models will help to test if there are similar changes to the distribution of the protein
in vivo. In contrast, there was no evidence for the recruitment of other neuronal marker proteins,
such as MAP2 or PDI, perhaps suggesting that TH plays a role in the formation and/or
stabilization of intracellular inclusions, rather than simply being recruited to the inclusions as
a late part of their formation. Co-expression of TH and ΔE302/303 torsinA resulted in a
significant increase in TH activity, compared to wildtype torsinA or an unrelated control
protein. TH activity is regulated by multiple mechanisms, including catecholamines and
phosphorylation (Okuno and Fujisawa, 1985) (Fitzpatrick, 1999). It is possible that the
interaction of TH with ΔE302/303 torsinA disrupted one or more of these regulatory
mechanisms. Inappropriate protein-protein interactions with target enzymes and dysregulation
of their activity may be a common feature of several mutant proteins that cause neurological
disorders. For example, dominant mutations in the gene for huntingtin can dysregulate gene
transcription by sequestering histone deacetylase and reducing its activity (Ferrante et al.,
2003) or by decreasing interaction with Bmi-1, resulting in increased histone H2A
monoubiquitylation and gene silencing (Kim et al., 2008). Similarly, elevated Abeta levels
mediate hyperactivation of GSK3, which is associated with Alzheimer disease pathogenesis
(Hu et al., 2009). DYT1 patients are not responsive to dopamine therapy and biochemical
assays of postmortem material have reported normal or modest alterations in striatal dopamine
levels (Furukawa et al., 2000, Augood et al., 2002). However, not all dopa-responsive dystonia
patients respond to dopamine replacement therapy, suggesting that dystonia resulting from
disruption of the dopaminergic pathway is more complex than a simple reduction in dopamine
levels (DE Lonlay et al., 2000, Hoffmann et al., 2003).

The relevance of the intracellular ΔE302/303 torsinA inclusions observed in some cell culture
and animal models, including the primary neuronal system utilized in this study, to the human
condition remains unresolved. There is some evidence that inclusion formation is a
consequence of high expression levels (Gonzalez-Alegre and Paulson, 2004, Goodchild and
Dauer, 2004, Gordon and Gonzalez-Alegre, 2008). However, animal models have provided
contradictory results, with aggregates, inclusions and blebbing reported in some strains (Dang
et al., 2005, Goodchild et al., 2005, Shashidharan et al., 2005, Grundmann et al., 2007) but not
others (Sharma et al., 2005, Zhao et al., 2008). Similarly, histopathological studies of brains
from human DYT1 patients have yielded contradictory results. Earlier studies (Walker et al.,
2002, Rostasy et al., 2003) found no evidence for torsinA positive inclusions within the brains
of human DYT1 patients, however they did not discount the presence of the inclusions and
suggested several reasons for the lack of detection including; antibody inefficiency, lower
expression of torsinA in vivo compared to in vitro and cytoplasmic deposits of neuromelanin
in dopaminergic neurons obscuring detection. Subsequently peri-nuclear inclusion bodies were
detected in both cholinergic and non-cholinergic neurons of the mid brain reticular formation
in brains from four known DYT1 patients by utilizing antibodies against ubiquitylated proteins
and inclusion bodies (McNaught et al., 2004). Unfortunately such studies are hampered by
both the limited availability of histopathological tissue samples from DYT1 patients and the
absence of an antibody which distinguishes between wild type and mutant torsinA.

However, it does appear that the formation of intracellular inclusions reflects a fundamental
property of the mutant protein. Our results suggest that ΔE302/303 mutation stabilizes an
otherwise transient interaction between the wildtype protein and TH. The interaction and
potential formation of an aggregate or inclusion could prevent TH from reaching presynaptic
termini, resulting in misregulation of dopamine production and/or release. The overall increase
in TH activity when co-expressed with mutant compared to wildtype torsinA suggests the
interaction of the two proteins results in the misregulation rather than loss of TH activity.
However, this is not incompatible with reduced dopamine availability at the synapse. The assay
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was performed in live whole cultured cells and the increase in TH activity is likely to be
associated with TH protein within inclusions. It is possible that there is a significant decrease
in cytoplasmic TH activity. This hypothesis is consistent with multiple studies in human
patients and animal models suggesting that despite normal net striatal dopamine levels,
alterations in dopamine turnover and release are associated with the DYT1 mutation (reviewed
in (Wichmann, 2008)).

Overall, the data described here suggest that mutant torsinA is involved in inappropriate
interaction with, and possibly sequestration of, a specific group of neuronal proteins that will
probably include normal torsinA binding partners. The enhanced interaction with TH likely
contributes, at least in part, to the dystonia phenotype in DYT1 patients. Given the apparent
importance of dopamine in dystonia and other movement disorders, altered regulation or
localization of TH could have profound effects on synaptic function in the nigrostriatal system.
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Abbreviations

AADC aromatic acid decarboxylase

AMPT alpha-methyl-rho-tyrosine

DBH dopamine-β-hydroxylase

EOTD Early-onset torsion dystonia

ER endoplasmic reticulum

HEK-293T human embryonic kidney cells

KLC kinesin light chain

MOI multiplicity of infection

NE nuclear envelope

PDI protein disulfide isomerase

SN substantia nigra

TH tyrosine hydroxylase
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Figure 1.
Mutant torsinA alters the cellular localization of wildtype torsinA. HEK-293 cells were
transfected with constructs encoding either V5-tagged wildtype torsinA alone (a-c), or co-
transfected with V5-tagged wildtype and myc-tagged ΔE302/303 mutant torsinA constructs
(d-f). Wildtype torsinA was detected using rabbit anti-V5 antibody and AlexaFluor 488
conjugated anti-rabbit antibody. Mutant torsinA was detected using mouse anti-myc and
AlexaFluor 594 conjugated anti-mouse antibody. In the presence of mutant protein, wildtype
torsinA was recruited into intracellular inclusions formed by mutant torsinA, demonstrated by
the overlap in signals between the two channels (c,f). Scale bar = 20μM.
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Figure 2.

O'Farrell et al. Page 14

Neuroscience. Author manuscript; available in PMC 2010 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mutant torsinA interacts with wildtype torsinA in vivo. A. Self-interaction of torsinA was
assessed by cotransfecting V5 tagged wildtype torsinA and various untagged torsin constructs
into HEK293 cells. A construct encoding V5 tagged LacZ was used as a negative control. The
upper panel shows the results of immunoprecipitation (IP) using monoclonal anti-V5 and the
immunoblot (IB) probed with a polyclonal antibody that detects torsinA and torsinB
(torsin290). The lower panels show the inputs (lysates, 10μg total protein per lane) probed with
torsin and V5 antibodies respectively. The efficiency of the IP for the V5 tag is demonstrated
by the presence of the Tor-V5 protein in the IP. B. Mutant torsinA does not alter wildtype
torsinA steady-state protein levels. Cells were cotransfected with constant amounts of
constructs encoding myc tagged wildtype torsinA (0.25μg plasmid per transfection) and
increasing amounts of untagged mutant torsinA (0 to 0.5μg plasmid) in duplicate. Western blot
analysis was performed with polyclonal anti-torsin antibody (torsin290) and monoclonal anti-
nucleoporin to demonstrate equivalent loading of protein lysate.
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Figure 3.
Mutant torsinA promotes inclusion formation in catecholaminergic neurons. Primary midbrain
cultures were transduced with HSV vectors expressing wildtype (a) or ΔE302/303 (b) mutant
torsinA and stained with polyclonal anti-torsinA and anti-rabbit AlexaFluor 488. Scale bar =
20μM. C. For each experiment we counted the number of transduced cells and calculated the
number of cells that had no inclusions (open bar), a few small aggregates (<1μM, hatched bar)
or one or more large inclusions (>1μM, heavy shaded bar). Quantification demonstrated a
significant difference in the number of cells showing inclusion formation after transduction
with either the wildtype or mutant torsinA construct (wildtpe: 5±0.9% Vs ΔE302/303: 53.7
±3.6%, mean±SD, p<0.0001, n=2050 neurons counted). D. Inclusion formation was influenced
by neuronal subtype. Analysis as in C demonstrated wildtype torsinA did not generate
inclusions in the TH- neurons but inclusions were seen in approximately 20% of TH+ neurons.
In contrast, mutant torsinA formed inclusions in approximately 40% of TH- neurons but over
80% of TH+ neurons (TH-: 42.8±3.8% Vs TH+: 84.2±1.4%, mean±SD, p<0.0001, n=1140
neurons counted). Mutant torsinA formed significantly more inclusions in TH+ neurons
compared to wildtype (wildtype: 20.2±8.8% Vs ΔE302/303: 84.2±1.4%, mean±SD, p=0.0002,
n=567 neurons counted).
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Figure 4.
TH is a component of inclusion bodies formed by expression of mutant torsinA. Midbrain
neurons transduced with vectors encoding ΔE302/303 were stained for torsinA (green), TH
(red) and either MAP2 (blue; a-d) or PDI (blue; e-h). TH was recruited to inclusions as
evidenced in the merged images (d,h), whereas neither MAP2 or PDI demonstrated significant
overlap with the inclusions. Scale bar = 20μM (d) and 10μM (h) respectively.
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Figure 5.
TorsinA and TH interact in vivo and is enhanced by the ΔE302/303 mutation. A. The interaction
between torsinA and TH was assessed by transfecting M17 neuroblastoma cells with constructs
encoding wildtype or mutant torsinA. The upper panel shows the results of
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immunoprecipitation (IP) using a polyclonal antibody to torsin (torsin290) and the immunoblot
(IB) probed with a monoclonal antibody that detects TH. The faint TH signal seen in the
untransfected and wildtype lanes, indicating interaction of TH with wildtype torsinA, was
greatly enhanced in the presence of ΔE302/303 mutant torsinA. The lower panels show the
inputs (lysates, 10μg total protein per lane) probed with torsin and TH antibodies respectively.
The * indicates the IgG heavy chain. B. TorsinA does not interact with other enzymes involved
in dopamine synthesis. M17 neuroblastoma cells were transfected with various untagged torsin
constructs. The upper four panels show the results of immunoprecipitation (IP) using a
polyclonal antibody to torsinA (torsin290), AADC or DβH. Neither AADC nor DβH was
observed to co-immunoprecipitate with any of the torsin proteins. The expected position of
immunoprecipated protein is marked by the arrow. The * indicates the IgG heavy chain. The
lower panels show the inputs (lysates, 10μg total protein per lane) probed with torsin, AADC
and DβH antibodies respectively. C. Mutant torsinA affects TH activity. SY5Y cells were
stably transfected with torsinA or an unrelated control protein (Parkin Co-Regulated Gene)
under an inducible promoter system. Clonal cell lines (n>3 for each construct) were
independently assayed a minimum of five times (mean±SEM). TH activity was assessed for
both the non-induced and induced state and expressed as % change compared to the non-
induced cells. A significant increase in fluorescence was observed in the cells expressing
ΔE302/303 torsinA but not wildtype torsinA. One-way ANOVA confirmed a difference in TH
activity between the three groups [F(2,16)=7.74, p=0.004] and tukey post-hoc comparison of
the 3 groups indicated a significant increase in TH activity after induction of ΔE302/303 when
compared to cell lines expressing wildtype torsinA (p=0.006). D. Inducible expression of
torsinA. To confirm doxycycline-induced expression of wildtype and mutant torsinA, SY5Y
cells cultured in the absence or presence of 0.1μg/mL doxycycline were analysed by western
blot with an anti-torsinA antibody (torsin290). Equal loading (10μg total protein per lane) was
confirmed by analysis using an anti-β actin antibody.
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