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Abstract
DYT1 dystonia is a dominantly inherited, disabling neurological disorder with low penetrance that
is caused by the deletion of a glutamic acid (ΔE) in the protein torsinA. We previously showed
that torsinA(wt) is degraded through macroautophagy while torsinA(ΔE) is targeted to the
ubiquitin proteasome pathway (UPP). The different catabolism of torsinA(wt) and (ΔE)
potentially modulates torsinA(wt):torsinA(ΔE) stoichiometry. Therefore, gaining a mechanistic
understanding on how the protein quality control machinery clears torsinA(ΔE) in neurons may
uncover important regulatory steps in disease pathogenesis. Here, we asked whether FBG1, a
ubiquitin ligase known to degrade neuronal glycoproteins, is implicated in the degradation of
torsinA(ΔE) by the UPP. In a first set of studies completed in cultured cells, we show that FBG1
interacts with and influences the steady-state levels of torsinA(wt) and (ΔE). Interestingly, FBG1
achieves this effect promoting the degradation of torsinA not only through the UPP, but also by
macroautophagy. To determine the potential clinical significance of these findings, we asked if
eliminating expression of Fbg1 triggers a motor phenotype in torsinA(ΔE) knock in mice, a model
of non-manifesting DYT1 mutation carriers. We detected differences in spontaneous locomotion
between aged torsinA(ΔE) knock in-Fbg1 knock out and control mice. Furthermore, neuronal
levels of torsinA were unaltered in Fbg1 null mice, indicating that redundant systems likely
compensate in vivo for the absence of this ubiquitin ligase. In summary, our studies support a non-
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essential role for FBG1 on the degradation of torsinA and uncover a novel link of FBG1 to the
autophagy pathway.
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DYT1 dystonia is a dominantly inherited brain disorder characterized by involuntary muscle
twisting that leads to abnormal postures (Tarsy and Simon, 2006). DYT1 is caused by a
GAG deletion in the gene TOR1A (Ozelius et al., 1997). This dominant mutation exhibits
low penetrance, as only about a third of mutation carriers develop symptoms (Tarsy and
Simon, 2006). Therefore, the identification of mechanisms that regulate disease
pathogenesis might uncover important clues on how penetrance is determined.

TOR1A encodes torsinA, an endoplasmic-reticulum (ER) resident protein (Hewett et al.,
2000, Kustedjo et al., 2000) that belongs to the family of AAA+ ATPases (Ozelius et al.,
1997). The DYT1 mutation translates into the deletion of a glutamic acid residue in torsinA,
(torsinA(ΔE)) (Ozelius et al., 1997). Both forms of torsinA, wild type (wt) and (ΔE), are co-
translationally imported into the ER and do not progress through the secretory pathway
(Hewett et al., 2000, Callan et al., 2007). However, torsinA(wt) is preferentially located in
ER sheets (Vander Heyden et al., 2011), while the mutant form concentrates in the nuclear
envelope (NE) (Gonzalez-Alegre and Paulson, 2004, Goodchild and Dauer, 2004, Naismith
et al., 2004). Findings from different laboratories suggest that torsinA(ΔE) acts through a
dominant negative effect over torsinA(wt), through a toxic gain of function, or both
(Goodchild and Dauer, 2004, Koh et al., 2004, Torres et al., 2004, Gonzalez-Alegre et al.,
2005, Misbahuddin et al., 2005, Hewett et al., 2007, Hewett et al., 2008, Nery et al., 2008,
O’Farrell et al., 2009). Whatever the final mechanism of disease pathogenesis proves to be,
a substantial amount of experimental evidence indicates that torsinA(ΔE) expression is
deleterious for central neurons. Therefore, the cellular mechanisms that regulate the levels of
torsinA(ΔE) could play an important modulatory role on disease pathogenesis.

A critical process in the pathogenesis of many neurological diseases, such as Parkinson’s or
Alzheimer’s disease, is the neuronal ability to clear disease-linked proteins (Nedelsky et al.,
2008). This is also probably true for DYT1 dystonia. TorsinA is a very stable protein
normally recycled through the non-selective process of macroautophagy (hereafter referred
to as autophagy) (Giles et al., 2008, Gordon and Gonzalez-Alegre, 2008). The (ΔE)
mutation, however, redirects this protein to the ubiquitin proteasome pathway (UPP) through
ER-associated degradation (ERAD) (Giles et al., 2008, Gordon and Gonzalez-Alegre, 2008)
significantly shortening its half-life. This results in a reduction of the steady-state levels of
torsinA in DYT1 knock in (KI) mice and in human DYT1 fibroblasts despite similar
transcript expression for both alleles (Goodchild et al., 2005). Consequently, any biological
event that impairs the rapid clearance of torsinA(ΔE) by the UPP would increase its levels,
potentially exacerbating the pathogenic process in DYT1.

A first step to understand the mechanism underlying the rapid clearance of torsinA(ΔE) is to
identify key elements of this process. Protein degradation by the UPP is selective, requiring
the identification of specific substrates for their ubiquitination and subsequent degradation.
Ubiquitin ligases are the components of this pathway that provide substrate selectivity
(Ciechanover and Brundin, 2003). They attach a poly-ubiquitin tag to specific proteins that
facilitates their recognition as a degradation substrate by the proteasome. We hypothesize
that the ubiquitin ligases that target torsinA(ΔE) to the UPP play a key protective role in
lowering the steady-state levels of this protein in the DYT1 brain.
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Of the several hundred ubiquitin ligases in the human proteome (Ciechanover and Brundin,
2003), F-box/G-domain protein 1 (FBG1) is an excellent candidate to catalyze the
degradation of torsinA(ΔE). FBG1 is the substrate-binding component of a multisubunit
SKP, Cullin, F-box (SCF) E3 ubiquitin protein ligase (Erhardt et al., 1998, Yoshida et al.,
2002). FBG1 is preferentially expressed in neurons and binds ER glycoproteins that contain
high mannose N-linked glycans targeting them for degradation through ERAD (Yoshida et
al., 2002, Glenn et al., 2008). Examples of FBG1 substrates are pre-integrin β1, CFTR-
ΔF508, SHPS-1, NR1 and NR2A subunits of the NMDA receptor, and BACE (Yoshida et
al., 2002, Murai-Takebe et al., 2004, Kato et al., 2005, Nelson et al., 2006, Gong et al.,
2010). Because torsinA(ΔE) is pathogenic in central neurons, is modified by two high
mannose glycan groups (Hewett et al., 2000, Kustedjo et al., 2000) and is rapidly degraded
through ERAD (Giles et al., 2008, Gordon and Gonzalez-Alegre, 2008), we hypothesized
that FBG1 participates in the degradation of torsinA(ΔE). To test this hypothesis, we
designed cell-based experiments to determine if FBG1 interacts with torsinA(ΔE) and
modulates its steady-state levels. Subsequently, we explored the potential clinical
significance of this process by studying if FBG1 expression modulates motor phenotypes in
a mouse model of DYT1 dystonia.

1. Experimental procedures
1.1 Cell culture and transfection

PC6.3 cells were grown and maintained in RPMI with 10% HS and 5% FBS (all from Gibo,
Grand Island, NY, USA), and differentiated in RPMI with 2% HS and 1% FBS with 100 ng/
ml nerve growth factor (NGF) as described (Gordon et al., 2011). TorsinA(wt) and (ΔE)
(Gonzalez-Alegre and Paulson, 2004) and HA-FBG1 inducible PC6.3 cells (Wen et al.,
2010) were induced with doxycycline at 1.5 μg/ml as described (Gordon et al., 2011). Cos7
and HEK293 cells were grown and maintained in DMEM (Gibco) with 10% FBS as
described (Gordon and Gonzalez-Alegre, 2008). These cell lines were transiently transfected
using LIPOfectamine 2000 or Lipofectamine PLUS (Invitrogen, Grand Island, NY, USA)
according to manufacturer’s protocol. Hep-G2 (human liver, hepatocellular carcinoma) cells
obtained from ATCC were grown and maintained in Eagle’s MEM (Sigma, St. Louis, MO,
USA), 10% FCS, 2 mM L-glutamine, 1% non-essential amino acids, and 1% NA pyruvate.
shRNA constructs were transfected into HepG2 cells using Lipofectamine PLUS
(Invitrogen). Cells were treated with 3μg/mL puromycin for 10 days to eliminate non-
transfected cells. Clones were selected and allowed to expand.

1.2. Plasmid vectors and transfections
Transient transfection was performed using the pCDNA3.1 torsinA(wt) and torsinA(ΔE)
constructs previously described (Gonzalez-Alegre et al., 2003), pFLAG-CMV-6b with
FBG1, FBG1(ΔN), FBG2, FBG3 or alkaline phosphatase (AP) as a control (Glenn et al.,
2008). The FLAG-FBG1(ΔN) construct has the N-terminal portion consisting of both the
PEST and F-box domains removed. Co-transfection was performed at a 2:1 ratio of FBG1 to
torsinA. shRNA expression plasmid #4306 (Sigma) containing the sequence
“CCGGCACCGTTAAGCTACTGTCCGACTCGAGTCGGACAGTAGCTTAACGGTGTT
TTT” to silence FBG1 were used to make HepG2 clones. As previously described (Gordon
and Gonzalez-Alegre, 2008), autophagy and proteasomal inhibition were achieved by
adding 10 mM 3-Methyladenine (3-MA) (Sigma) or 10 μM lactacystin (Calbiochem,
Billerica, MA, USA) to the media as indicated. Cycloheximide (Sigma) was used at 10 μM
in PC6.3 cells to inhibit protein synthesis.
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1.3. Western Blot
Samples were harvested in Laemmli buffer with 200 mm DTT (Research Products
International, Mt. Prospect, IL, USA), sonicated, and boiled 5 min prior to loading on 12%
SDS-PAGE gels and transfer to PVDF membrane. Western blot analysis was performed and
protein signal was quantified using Image J (NIH. Bethesda, MD, USA). Control samples
for each set were assigned a relative density of 1 and density of experimental samples were
calculated compared to control. All samples were then normalized to tubulin loading
control. Quantification data is shown as % western blot signal from at least 3 replicates with
standard error of the mean (SEM). Statistical analysis was performed as appropriate using
Students independent t-test, one-way or two-way ANOVA followed by Tukey’s post hoc
test (p≤0.05). Antibodies used were torsinA and Fbx06 (for FBG2) (Abcam, Cambridge,
MA, USA), TA913 (Gordon and Gonzalez-Alegre, 2008), FBG1 (FBX02) (Glenn et al.,
2008), tubulin, GAPDH and FLAG (polyclonal or M5) (Sigma), ubiquitin (Dako,
Carpinteria, CA, USA), GFP (Roche, Indianapolis, IN, USA), and THE HA (Genscript,
Piscataway, NJ, USA). Horseradish Peroxidase (HRP) conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were used along with
Western Lightning ECL (Pierce, Rockford, IL, USA) reagents to visualize blots.

1.4. Immunoprecipitation
GST-pulldown experiments were performed as described (Glenn et al., 2008). Briefly,
lysates prepared from doxycycline inducible PC6.3 cells overexpressing torsinA(wt) or
torsinA(ΔE) were incubated with purified GST-FBG1 fusion protein and 15 ul of
Glutathione-Sepharose-4B beads (GE Healthcare, Piscataway, NJ, USA) for 30 min at room
temperature. The beads were then transferred to Micro-Spin columns (Pierce), washed 4
times with FLAG lysis buffer, and eluted with Laemmli buffer at room temperature for 15
min. Bound proteins were resolved by SDS-PAGE. For co-immunoprecipitation
experiments, HEK293 cells in 10 cm dishes were transiently co-transfected with FLAG-
FBG1 or FLAG-FBG3 and torsinA(wt) or (ΔE). Lysates were collected in FLAG lysis
buffer with protease inhibitor cocktail (Roche). Lysates were centrifuged for 20 min at
12,000 rpm following incubation on ice. Supernatant was removed and immunoprecipitation
with anti-FLAG M2 affinity gel (Sigma) was performed. The beads were transferred to
Micro-Spin columns (Pierce), washed 4 times with FLAG lysis buffer, and eluted with
Laemmli buffer without DTT at room temperature for 15 min. Eluted proteins were resolved
by SDS-PAGE to determine interacting proteins.

1.5. Confocal microscopy
We generated plasmid vectors expressing fluorescently-tagged torsinA(wt and ΔE) and
FBG1 using In-Fusion Cloning (Clontech, Mountain View, CA, USA). Untagged torsinA
was inserted into pAmCyan-N1 (Clontech) (in-frame C-terminal fusion after eliminating the
stop codon, as N-terminal tag could alter import into ER) and FBG1 into pZsYellow1-C1
(Clontech) (N-terminal fusion after mutating the initial ATG). Sequence was verified and
western blot performed to confirm expression of the fusion protein at the appropriate
molecular weight. For colocalization studies, PC6.3 cells were transiently co-transfected as
above. Live cells were visualized and images collected 30 hours after transfection using a
Zeiss 510 Confocal microscope at the Central Microscopy Research Facility (CMRF)
(University of Iowa, Iowa City, IA, USA). Images were pseudocolored green for torsinA-
AmCyan signal or red for ZsYellow-FBG1 signal and merged.

1.6. Animals
Tor1a KI mice (Goodchild et al., 2005), were crossed with Fbg1 knock-out (KO) mice (also
known as Fbx2) (Nelson et al., 2007). 123 mice of 6 genotypes were generated. Mice were
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housed in controlled temperature rooms with 12 hr light and dark cycles with food and water
provided ad libitum. All experimental protocols were approved by the University of Iowa
Animal Care and Use Committee (ACURF #0609196). Weights were recorded each month
from 1–18 months of age. Mendelian ratios of birth were determined as well as survival of
the mice up to 18 months of age. Weights were statistically analyzed by repeated measures
ANOVA (p≤0.05) and survival by the Kaplan-Meier method using Prism (GraphPad
Software, La Jolla, CA) statistical software.

1.7. Behavioral Analysis
Test of spontaneous locomotion was performed by placing 4 mice simultaneously in an open
field arena with 4 separated 25 cm × 25 cm quadrants after acclimation to the room as
previously described (Martin et al., 2011). The movement of the mice was recorded using a
ceiling mounted video camera connected to an automated tracking system (Viewpoint
Videotrack, Lyon, France) used to collect the total distance traveled by each mouse during a
90 min trial with data collected in 5 min bins during the light cycle at similar times each day.
Locomotor testing was performed initially at 3 months of age and repeated at 6, 9, 12, 15,
and 18 months. Statistical analysis was performed for all surviving animals on 6–18 month
tests using repeated measures ANOVA with Bonferroni post-hoc tests (p≤0.05).

Mice were tested on an accelerating rotarod at 18 months of age. Mice were acclimated to
the rotarod (model 47 600 Ugo Basile, Milan, Italy) at 4 rpm for 3 min followed by 2 min
with acceleration from 4 rpm to 19 rpm. For the trials, an accelerating paradigm was used
with acceleration from 4 rpm to 40 rpm over 300 sec with max trial duration 500 sec.
Latency to fall from rod was recorded. Mice that rode the rotating rod during the trial for 3
revolutions without walking were removed due to inactivity. Mice were tested for 3 days
with 3 trials per day and at least 20 min rest between each trial. For analysis, all trials were
averaged or the 3 trials per day were averaged to determine an average latency to fall for
each genotype. Statistical analysis was performed using two-way ANOVA or repeated
measures ANOVA, respectively, with Bonferroni post-hoc test (p≤0.05).

1.8. Brain analysis
Mice were sacrificed at 18 months after final behavioral analysis. Transcardial perfusion
was performed with ice cold 0.9% NaCl for protein analysis or fixed with 4% PFA for
histological analysis. Brains were excised from the cranial cavity and either flash frozen and
stored at −80°C for protein or post-fixed overnight and stored at 4°C in 30% sucrose. For
protein analysis by western blotting, tissue was homogenized in RIPA lysis buffer with
protease inhibitor cocktail (Roche) and 10 mM N-ethylmaleimide (NEM) (Sigma) followed
by centrifugation at 4000 rpm for 15 min at 4°C and removal of supernatant. Approximate
concentrations were determined using a filter paper concentration assay of samples
compared to known BSA standards. 40–50 μg of protein was diluted up to 10 μl in RIPA
buffer followed by addition of 10 μl 2X Laemmli buffer with 200 mM DTT. Samples were
analyzed by western blot as described above.

PFA-fixed brain tissue was cut using a sledge microtome (Leica, Buffalo Grove, IL, USA)
for 40 micron sections and stored as floating sections in cryostorage solution at 4°C. Brains
from 4 animals per genotype were cut and 8 slices of similar location from the frontal lobe
to post striatal area were chosen for staining. Slices were rinsed in PBS, then mounted onto
slides for Hematoxylin and Eosin (H&E) staining. Briefly, slices rehydrated in distilled
water were dipped in solutions in the following order: staining in Hematoxylin (Harris
formula, Surgipath, Buffalo Grove, IL, USA), distilled water rinse, decolorization in acid
alcohol (0.5% HCl), distilled water rinse, 1.36% Lithium carbonate solution, distilled water
rinse, 80% ethanol, stained in eosin containing phloxine, followed by dehydration in 2
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changes of 95% alcohol, 3 changes of 100%, then 3 changes of Xylenes and coverslipped
using Cytoseal 60 (Thermo Scientific, Rockford, IL, USA) mounting medium. Slices were
viewed and pictures captured on an Olympus BX-51 microscope with DP-70 camera
(Olympus, Center Valley PA, USA) (CMRF).

2. Results
2.1. TorsinA-FBG1 interactions

In a first set of experiments, we investigated if FBG1 and torsinA interact, as predicted by
the high-mannose glycan-binding properties of FBG1 and the presence of 2 high-mannose
tags in torsinA. We induced expression of torsinA(wt) and torsinA(ΔE) with doxycycline in
previously reported PC6.3 inducible cell lines (Gonzalez-Alegre and Paulson, 2004) and
obtained non-denaturing lysates. The lysates were incubated with recombinant GST-FBG1
(or GST control) to assess for a direct interaction as has been previously used to identify
FBG1-interacting proteins (Nelson et al., 2006, Glenn et al., 2008). Both torsinA(wt) and
torsinA(ΔE) interacted with GST-FBG1, but not with GST control (Figure 1A). To further
investigate the interaction between FBG1 and torsinA(ΔE), cells were transiently
transfected with FLAG-FBG1 and torsinA(wt) or (ΔE), obtaining non-denaturing lysates 48
hrs later and followed an immunoprecipitation protocol with anti-FLAG affinity gel. This
approach confirmed the presence of torsinA-FBG1 interactions (Figure 1B). To determine if
the interaction was due to the glycan- binding property of FBG1, we included a control
transfected with FLAG-FBG3, the only member of the FBG family that does not bind
glycans (Glenn et al., 2008). These experiments did not show any interaction between FBG3
and torsinA (Figure 1B). Finally, to evaluate if FBG1 and torsinA co-localize, we expressed
torsinA-AmCyan and ZsYellow-FBG1 expressing vectors into PC6.3 cells followed by
confocal microscopy. These experiments showed areas of co-localization, but also non-
overlapping signal (Figure 1C). This is consistent with the different subcellular localization
of both proteins under normal conditions (ER and cytosol), and co-localization once torsinA
has been retrotranslocated for degradation.

2.2. FBG1 influences steady state levels of torsinA
Next, we asked if FBG1 expression alters the steady-state levels of torsinA. We transiently
co-expressed torsinA(wt) or torsinA(ΔE) with FLAG-FBG1 or a control plasmid in Cos7
cells. Western blot analysis of torsinA expression 48 hrs later showed that overexpression of
FLAG-FBG1, but not the control plasmid, reduced levels of torsinA(wt) and torsinA(ΔE)
(Figure 2A). To confirm these findings in a neuronal model, we used NGF-differentiated
PC6.3 cells. Co-expression of FLAG-FBG1 and torsinA(ΔE) led to significant reduction in
torsinA(ΔE) levels 48 hrs after transfection (Figure 2C), consistent with our results in Cos7
cells. A potential concern with transient transfection is that it leads to very high levels of
expression, which we have shown might lead to the recruitment of alternative protein
degradation pathways (Gordon and Gonzalez-Alegre, 2008). To use a more physiological
system, we employed an inducible PC6.3 cell system that expresses HA-FBG1 upon
addition of doxycycline to the media. PC6.3 cells express endogenous torsinA. Thus, we
asked if inducing HA-FBG1 expression lowered steady-state levels of endogenous rat
torsinA. HA-FBG1 expression was induced with doxycycline. Because the half-life of
torsinA is ~80 hrs (Giles et al., 2008), translational inhibition with cycloheximide was used
to facilitate the detection of changes in protein levels. HA-FBG1 expression led to a small
but significant reduction in the levels of endogenous torsinA (see later Figure 3B). Finally,
Hep-G2 cells express high endogenous levels of FBG1 and torsinA. We used this cell line to
evaluate the consequences of acute suppression of FBG1 expression through RNA
interference on torsinA. Hep-G2 cells were transfected with the shRNA-expression plasmid
#4306 targeting endogenous FBG1. Expression of endogenous FBG1 and torsinA were

Gordon et al. Page 6

Neuroscience. Author manuscript; available in PMC 2013 November 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measured by western blotting. We found, in multiple clones, that suppressing expression of
endogenous FBG1 proportionally increased levels of torsinA (Figure 2E and not shown).
Collectively, these experiments indicate that FBG1 expression modulates the steady-state
levels of torsinA in cultured cells.

FBG1 has been shown to function as a canonical SCF complex (Yoshida et al., 2002) but
also independent of CUL1 (Nelson et al., 2007, Yoshida et al., 2007). As deletion of the F-
box domain abolishes its interaction with other components of the SCF complex (Bai et al.,
1996), we transiently co-expressed torsinA with an FBG1 construct lacking the N-terminal
domain (FLAG-FBG1(ΔN)) in Cos7 cells to investigate SCF-dependent or independent
activities of FBG1 on torsinA degradation. As shown in Figure 2B, FLAG-FBG1(ΔN) no
longer altered torsinA(wt) levels. Surprisingly, FLAG-FBG1(ΔN) still reduced the levels of
torsinA(ΔE) (Figure 2B), consistent with an SCF-independent activity. These results were
also observed in PC6.3 cells (Figure 2D). The apparent ability of FBG1 to modulate levels
of torsinA(ΔE), but not torsinA(wt), through both SCF-dependent and independent
pathways indicates that there are mechanistic differences in how FBG1 influences
torsinA(wt) and (ΔE) expression.

2.3. FBG1 promotes torsinA degradation through different degradation pathways
The studies above showed that FBG1 interacts with torsinA and influences its expression
levels. Next, we asked if FBG1 modulates torsinA levels through the proteasomal or
autophagic pathways. PC6.3 cells were co-transfected with FLAG-FBG1, FLAG-
FBG1(ΔN) or control FLAG-AP and torsinA(ΔE). 36 hrs later, 10 μM lactacystin or 10
mM 3-MA were added for 12 hrs to inhibit the proteasome or autophagy, respectively.
When co-expressed with FLAG-FBG1, the reduction in levels of torsinA(ΔE) was rescued
by both proteasomal and autophagy inhibition (Figure 3A). This result suggests FBG1 has
the ability to promote its degradation through both proteasomal and autophagic pathways.
When co-expressed with FLAG-FBG1(ΔN), only proteasomal inhibition restored
torsinA(ΔE) levels (Figure 3A). The partial rescue of torsinA(ΔE) levels by autophagy and
proteasomal inhibition in the presence of FBG1, but only upon proteasomal inhibition with
FBG1(ΔN), suggests that the N-terminal domain provides FBG1 with flexibility to target
substrates to autophagy.

We initially hypothesized that FBG1 would function through the UPP, but we found that it
also reduces levels of torsinA(wt) (Figure 2A), which is normally recycled through
autophagy. Therefore, we used torsinA(wt) to confirm that FBG1 targets substrates for
autophagic degradation, and not only to the UPP. PC6.3 cells that inducibly express HA-
FBG1 were treated 24 hrs after induction with 10 μM lactacystin or 10 mM 3-MA in
addition to cycloheximide for 24 hrs. Inducing expression of HA-FBG1 for 48 hrs reduced
levels of endogenous torsinA. In contrast to torsinA(ΔE), only autophagy inhibition, but not
proteasomal inhibition, rescued this effect (Figure 3B). These results with endogenous
torsinA confirm the ability of FBG1 to target torsinA for degradation through the autophagy
pathway.

2.4. Loss of FBG1 modifies motor phenotype in Tor1a+/ΔE mice
Based on our tissue culture experiments, we hypothesized that FBG1 modulates the
clearance of neuronal torsinA in vivo. As a consequence, loss of FBG1 function could lead
to increased levels of torsinA(ΔE) and trigger or exacerbate DYT1-linked phenotypes. To
test this hypothesis, we performed experiments using a DYT1 mouse model.

Tor1a+/ΔE KI mice, developed by Dauer and colleagues (Goodchild et al., 2005), do not
exhibit significant motor abnormalities and are regarded as a model of non-manifesting
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DYT1-mutation carriers. Thus, this model is well-suited to identify genetic or environmental
triggers of DYT1 phenotypes. We hypothesized that eliminating expression of Fbg1 in this
model would lead to increased levels of torsinA(ΔE) and, as a result, possible motor
dysfunction. Fbg1 null mice were previously described by Paulson and colleagues and do
not exhibit motor dysfunction or other overt developmental abnormalities (Nelson et al.,
2007). To test our hypothesis, we bred Tor1a+/ΔE mice with Fbg1+/− mice. Mendelian ratios
of the 6 genotypes generated were as expected (Figure 4A). We focused our studies on the
Fbg1+/+ and Fbg1−/− mice as total loss of FBG1 would be most likely to exacerbate the
phenotypes examined. Genotype did not significantly influence the weight or survival of the
animals out to 18 months (Figures 4B–D), allowing evaluation of motor function.

Upon repeated visual inspection of in-cage behavior over time, we found no abnormal
movements suggestive of dystonia. Several mouse models of DYT1 have demonstrated age-
dependent hyperactivity in the open field test (Dang et al., 2005, Shashidharan et al., 2005,
Grundmann et al., 2007). Therefore, we performed tests of spontaneous locomotion in an
open field at 3, 6, 9, 12, 15, and 18 months of age to ensure detection of any age-dependent
motor deficits resulting from the ΔE mutation and exacerbated by the loss of FBG1. We
evaluated total distance traveled during 90 min trials at each time point to assess
spontaneous locomotion. Analysis of distance traveled over time using repeated measures
ANOVA showed a significant effect of time and genotype, but no interaction between time
and genotype (Figure 5A). Surprisingly, these studies suggested reduced locomotion, not
hyperactivity. Analysis of individual time points identified significant differences only in
aged mice, suggesting hypoactive locomotion caused by the DYT1 mutation and loss of
FBG1 (Figure 5A).

We evaluated motor performance on the accelerating rotarod at 18 months of age, which has
been reported to be abnormal in a transgenic DYT1 mouse model (Sharma et al., 2005). The
average latency for each group of mice to fall from the accelerating rotarod is shown in
Figure 5B. Interestingly, on the Fbg1+/+ background, Tor1a+/ΔE mice exhibit impaired
ability to remain on the rotarod. Unexpectedly, loss of FBG1 rescues this phenotype. To
determine if this deficit represents impairment of motor performance or a motor learning
deficit (failure to learn over consecutive trials), we also analyzed the daily performance on
the rotarod over the 3 consecutive days. This analysis showed the presence of defective
performance in Fbg1+/+-Tor1a+/ΔE mice from day 1, indicating defective performance
(Figure 5C).

2.5. Loss of FBG1 does not alter neuronal torsinA expression levels
We examined the brains of the animals by H&E staining to search for gross changes in brain
structure that could influence protein expression. As expected based on previous reports
(Dang et al., 2005, Nelson et al., 2007), Tor1a KI and Fbg1 null mice did not exhibit gross
neuroanatomical abnormalities (not shown). The same was true for the genetic cross (not
shown). Subsequently, we homogenized whole brain and completed western blot analysis
for torsinA and FBG1 expression. As previously reported (Goodchild et al., 2005),
Tor1a+/ΔE mice have lower torsinA levels than Tor1a+/+ animals. However, the levels of
torsinA were not influenced by the presence or absence of FBG1 (Figure 6A). We felt this
finding might derive from the presence of functional redundancy. Of the other 5 members of
the FBG family, FBG2 has the closest glycoprotein binding pattern to FBG1 (Glenn et al.,
2008). To test if FBG2 could be functionally redundant with FBG1, we transiently
transfected FLAG-FBG2, FLAG-FBG1, or FLAG-AP control with torsinA(wt) or (ΔE) in
Cos7 cells. These experiments showed that FBG2 overexpression, similar to FBG1, reduces
levels of torsinA(wt) and (ΔE) compared to control plasmid (Figure 6B). Western blotting
of brain lysates obtained from the mice in Figure 6A demonstrated expression of this
ubiquitin ligase in brain tissue, although with variable levels among different animals
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independent of their genotype (Figure 6C). While not conclusive, these experiments are
consistent with the possibility that FBG2, and perhaps other ubiquitin ligases, could
compensate for the congenital loss of FBG1 in vivo.

3. Discussion
In this study, we investigated the potential influence of the ubiquitin ligase component
FBG1 on torsinA expression in cultured cells and on DYT1 phenotypes in vivo. We found
that FBG1 binds torsinA(ΔE) and torsinA(wt) and influences their steady-state levels
through different mechanisms, indicating its participation in torsinA degradation. However,
genetic ablation of FBG1 expression in a mouse model of DYT1 does not alter brain levels
of torsinA. Altogether, these results are consistent with the participation of FBG1 in the
degradation of torsinA through a non-essential and likely redundant process. In addition, our
studies support previous reports that showed significant versatility of FBG1 interactions and
function. Based on versatility provided by its N-terminal domain, we show that FBG1 assists
in the degradation of torsinA through the UPP and autophagy.

3.1. Redundant systems likely compensate for the absence of FBG1 to degrade torsinA
We show that FBG1 modulates torsinA degradation in different cell systems. Although
over-expression systems can produce artifactual results, we found that increased expression
and silencing of FBG1 influenced levels of endogenous torsinA in the opposite direction.
The findings presented here using over-expressed and endogenous torsinA strongly indicate
that FBG1 acts on both forms of torsinA. This is not surprising, as FBG1 is known to
participate in the degradation of other ER high-mannose glycoproteins, and both FBG1 and
torsinA are expressed in central neurons. Thus, FBG1 is the first identified protein that
participates in the catabolism of torsinA. Future studies will expand this finding to identify
additional down- and upstream components of this process.

Elimination of Fbg1 in Tor1a KI mice did not trigger motor dysfunction or alter the levels of
torsinA. In fact, the abnormal performance on the rotarod in aged Tor1a+/ΔE mice was
rescued by the loss of FBG1. Several possibilities could explain why the loss of FBG1 fails
to cause motor dysfunction or increase torsinA levels in vivo. For example, the presence of
redundant proteins, such as the functionally similar FBG2, may compensate for the absence
of FBG1 to ensure proper degradation of torsinA(ΔE). Other ER ubiquitin ligases, such as
HRD1 (Groisman et al., 2006), may also recognize and target torsinA for degradation. The
absence of redundancy in our cell models is not surprising as acute overexpression or
silencing is less likely to allow the development of efficient compensatory changes. In
contrast, the developmental absence of FBG1 expression in Fbg1 KO mice is more likely to
allow the development of redundant systems to maintain cellular homeostasis. Future
experiments could address the consequences of silencing expression of FBG2 and other
ubiquitin ligases that potentially provide a compensatory mechanism for the degradation of
torsinA(ΔE) in Fbg1 null mice.

3.2. FBG1 is a versatile protein linked to proteasomal and autophagic degradation
While the main goal of this work was to determine if FBG1 participates in the degradation
of torsinA and influences DYT1 phenotypes, our experiments yielded interesting findings on
FBG1. Previous reports indicate that FBG1 not only functions as a component of an SCF
complex, but also independently (Nelson et al., 2007, Yoshida et al., 2007). In addition to
providing additional experimental support to the SCF-independent function of FBG1, we
show that this versatile ubiquitin ligase has the capacity to direct targets for degradation by
different catabolic routes.
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How does FBG1 achieve such functional flexibility? Nelson et al. (2006) showed that FBG1
participates in glycoprotein ubiquitination through an interaction with the co-chaperone/E3
ligase CHIP mediated by the N-terminal PEST domain of FBG1. It is uncertain if this
cooperative action between FBG1 and CHIP occurs in an SCF-dependent or independent
manner. Furthermore, FBG1 forms heterodimers with SKP1 reducing glycoprotein
aggregation (Yoshida et al., 2007). A recent report highlighted promiscuous interactions of
FBG1 with different adaptor proteins through its N-terminal domain that potentially
modulate substrate selection (Wen et al., 2010). We observed an effect of FBG1 when
lacking its N-terminal domain (both the F-box and PEST domains) on torsinA levels which
further suggests the presence of SCF-independent and CHIP-independent mechanisms.
Thus, the flexibility in protein-protein interactions conferred by the N-terminal domain of
FBG1 likely translates into functional versatility in handling substrates. Collectively, reports
to date suggest that FBG1 is a non-conventional F-box protein that likely plays a wider role
in protein degradation than its known role in SCF-mediated ubiquitination and degradation
of ER glycoproteins by the UPP.

Our findings show that FBG1 facilitates the clearance of torsinA by the two main ER
degradation pathways, the UPP and autophagy. Functional links between the UPP and
autophagy are being increasingly uncovered at different levels (Bernales et al., 2006, Pandey
et al., 2007). Parkin, an ubiquitin ligase mutated in inherited Parkinson’s disease,
ubiquitinates proteins for degradation by both the proteasome and autophagy (Shimura et al.,
2000, Olzmann et al., 2007). The experiments reported here suggest that FBG1 shares the
ability of targeting substrates to both pathways. FBG1 participates in the proteasomal
degradation of ER glycoproteins such as CFTR-Δ508 (Yoshida et al., 2002), BACE (Gong
et al., 2010) and NMDA receptor subunits (Kato et al., 2005). However, its link to
autophagy is novel. Yoshida et al. (2007) speculated about a possible link of FBG1 and
autophagy based on the effect of FBG1-SKP1 heterodimers on protein aggregates. Our
results provide experimental support for this hypothesis. We found that the N-terminal
domain of FBG1 is necessary for its actions through autophagy (Figure 3A). It is possible
that the regulated interactions with other proteins mediated by the N-terminal domain of
FBG1 help to specify the catabolic route for specific substrates depending on their
biochemical properties and cellular environment. For instance, CHIP binds FBG1 through
the N-terminal domain (Nelson et al., 2006). A recent report indicates that CHIP cooperates
with BAG-3 in a process termed chaperone-assisted selective autophagy (CASA) (Arndt et
al., 2010). BAG-3 is engaged in the autophagic degradation of several neuronal disease
associated proteins (Carra et al., 2008, Crippa et al., 2010, Gamerdinger et al., 2011). We
found that deletion of the N-terminal domain of FBG1, which should prevent its interaction
with CHIP and participation in CASA, abolishes its ability to target torsinA to autophagy.
Thus, FBG1 might interact with CHIP and BAG-3 to clear torsinA through CASA.
Whatever the mechanism by which FBG1 regulates torsinA levels proves to be, it is
increasingly clear that it does not simply act as an SCF E3 ligase to direct glycoproteins for
ERAD. Future experiments will be designed to expand our knowledge of the link between
FBG1 and both ER catabolic pathways.

3.3. Motor dysfunction in Tor1a KI/Fbg1 KO mice
In this study, we identified mild, age-related motor deficits caused by genetic defects in the
Fbg1 and Tor1a genes. First, we found a rotarod deficit for the Tor1a KI mouse. This
appears to be age-related, as a recent report does not describe abnormal rotarod performance
in this mouse model up to 12 months of age (Tanabe et al., 2012). When each trial day was
analyzed separately, as done by Jinnah and colleagues (Song et al., 2012), we found
defective performance from day 1 as these authors did in younger mice. Our data also
suggest the possibility of a motor learning defect (reduced performance at day 3) similar to a
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previously reported age-related deficit in DYT1 transgenic mice (Sharma et al., 2005). But,
why would the lack of FBG1 rescue this defect? A possibility is that the absence of FBG1
does not affect total torsinA levels but it does influence the torsinA(wt):(ΔE) ratio (there are
no available antibodies that distinguish the wt from the mutant protein). Another possibility
is that the absence of FBG1 leads to adaptive changes in the rodent brain that indirectly
affect this phenotype. Nevertheless, these are purely speculative possibilities that will need
to be addressed in future studies.

We also found hypoactive spontaneous locomotion caused by both the loss of FBG1 and the
DYT1 mutation, similarly restricted to aged mice. This is in contrast to the reported
hyperactivity in the other DYT1 models (Dang et al., 2005, Shashidharan et al., 2005,
Grundmann et al., 2007). It should be pointed out that the significance of the age-related
changes identified in these studies and by others is unclear, as DYT1 dystonia is a childhood
onset disease.

Collectively with other reports, our experiments indicate the presence of subtle motor
dysfunction in mouse models of DYT1 that is influenced by age, genetic background and
probably experimental protocol and environment, among other factors. In fact, the influence
of genetic background on survival was recently demonstrated in Tor1aΔE/ΔE mice (Tanabe
et al., 2012). Although the authors did not find that backcrossing to alternate strains induced
rotarod or open field deficits up to 12 months of age, a recent publication of Tor1a KI mice
in C57BL/6J background reported hyperactivity in Tor1a KI animals and impaired
performance on the first day of rotarod testing (Song et al., 2012). A challenge for dystonia
researchers will be to determine whether these phenotypes are a correlate of human
dystonia, or if their underlying pathophysiology is different.

3.4. Conclusions
In summary, we show that FBG1 binds torsinA and reduces its expression levels in cultured
cells. However, it is unlikely that FBG1 modifies DYT1 pathogenesis due to the presence of
redundant catabolic pathways. Our findings also highlight the apparent molecular and
functional versatility of the neuronal F-box protein FBG1 as another functional link between
the UPP and autophagic pathways with potential implications for the pathogenesis of
various neurological diseases. Finally, we add to previous publications indicating the
development of mild motor dysfunction in aged DYT1 mice.
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Highlights

• FBG1 promotes torsinA degradation

• FBG1 acts through both the proteasome and autophagy

• The N-terminal domain of FBG1 is key for its functional versatility

• Absence of FBG1 triggers age-related motor dysfunction in torsinA(ΔE) knock-
in mice
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Figure 1. TorsinA and FBG1 physically interact
(A) Recombinant GST-FBG1 or GST control was incubated with lysates obtained from
PC6.3 cells overexpressing torsinA(wt) or torsinA(ΔE) and GST complexes were pulled
down using Glutathione-Sepharose-4B beads. Western blotting of the eluted precipitate was
completed using anti-torsinA antibodies. (B) FLAG-FBG1 or FLAG-FBG3 as a control
were transiently co-transfected with torsinA(wt) or torsinA(ΔE) in HEK293 cells, non-
denaturing lysates were obtained 48 hrs later followed by immunoprecipitation with anti-
FLAG affinity gel. Western blot analysis of the precipitate was completed for torsinA and
FLAG. 10% Input and IP for each condition are from the same blot and the same exposure.
Intervening lanes were excised for clarity. (C) Representative confocal images of PC6.3
cells cotransfected with torA(wt and ΔE)-AmCyan and ZsYellow-FBG1. Live cell images
were taken 30 hours after transfection.
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Figure 2. FBG1 and FBG1(ΔN) modulate torsinA levels in cultured cells
(A) Cos7 cells were co-transfected with torsinA(wt) or torsinA(ΔE) and FLAG-AP control
or FLAG-FBG1. 48 hrs later protein lysates were obtained and western blot completed for
torsinA, FLAG and α-tubulin expression. Shown are a representative blot and the
quantification of 3 independent experiments. (B) Experiments completed as in (A) using
FLAG-FBG1(ΔN) instead of FLAG-FBG1. (C) PC6.3 cells were co-transfected with
torsinA(ΔE) and FLAG-FBG1, differentiated in NGF for 48 hrs after transfection and
processed as in (A) and (B). (D) Experiments completed as in (C) using FLAG-FBG1(ΔN)
instead of FLAG-FBG1. (E) Hep-G2 cells were transfected with shRNA #4306 to target
endogenous FBG1. Cell lysates were obtained and western blot completed to detect
expression of endogenous torsinA, FBG1 and GAPDH. A non-transfected and two
transfected clones are shown. In all graphs, results are shown as mean ± SEM. Students t-
test was performed to determine statistical significance (*/p≤0.05; **/p≤0.01). NGF: Nerve
growth factor; CHX: cycloheximide; DOX: doxycycline; AP: alkaline phosphatase;
ΔN1:FBG1(ΔN).
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Figure 3. FBG1 reduces levels of torsinA by acting through the proteasome and autophagy
(A) PC6.3 cells were co-transfected with torsinA(ΔE) and FLAG-FBG1 or FLAG-
FBG1(ΔN) and differentiated with NGF for 48 hrs. 10 mM 3-MA or 10 μM lactacystin
were added for 12 hrs, protein lysates obtained and western blot completed to detect
expression of torsinA, FLAG, ubiquitin and α-tubulin. Shown are a representative blot and
the quantification of 3 independent experiments. Reference signal (100%) represents torsinA
levels when co-transfected with FLAG-AP. (B) HA-FBG1-inducible PC6.3 cells were NGF-
differentiated followed by induction of transgene expression with doxycycline as indicated.
10 mM 3-MA or 10 μM lactacystin and 10 μM cycloheximide were added for 24 hrs
indicated. Western blot was completed for endogenous torsinA, HA and α-tubulin. Shown
are a representative blot and the quantification of 3 independent experiments. Reference
signal (100%) represents torsinA levels in the absence of HA-FBG1 induction. In all graphs,
results are shown as mean ± SEM. Statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc test. (*/p≤0.05, **/p≤0.01). Lact: lactacystin; 3-MA: 3-
methyladenine; CHX: cycloheximide; DOX: doxycycline; AP: alkaline phosphatase; ΔN1:
FBG1(ΔN).
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Figure 4. Mendelian ratios, survival, and weights are not influenced by loss of Fbg1 in the
torsinA(ΔE) knock-in mice
Tor1a+/ΔE-Fbg1+/− mice were bred generating a total of 123 animals. (A) Expected and
obtained mendelian ratios for each genotype. (B) Kaplan-Meyer survival curve of the 4
experimental groups (Tor1a+/ΔE or Tor1a+/+ in Fbg1+/+ or Fbg1−/− background). Monthly
weights (mean ± SEM) for (C) males and (D) females surviving to 18 months were analyzed
by repeated measures ANOVA. Number of animals for each genotype surviving to 18
months (male, female): Fbg1+/+ Tor1a+/+ (5, 7), Fbg1+/+ Tor1a+/ΔE (7, 4), Fbg1−/− Tor1a+/+

(9, 3), Fbg1−/− Tor1a+/ΔE (6, 11).
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Figure 5. Motor phenotypes in Tor1a+/ΔE and Fbg1 KO mice
(A) Spontaneous locomotion was assessed by measuring the total distance traveled during a
period of 90 minutes in an open field every 3 months. Mean ± SEM was calculated for each
genotype. Repeated measures ANOVA was performed for mice surviving to 18 months.
There was a significant effect of time (F(4, 188) = 31.78; p<0.0001) and genotype (F(3, 47)
= 2.87; p=0.0461) on distance traveled, but no interaction. One way ANOVA was
performed independently for each time point, demonstrating a significant difference (*) at
15 (F(3, 47) = 4.059; p = 0.0120) and 18 (F(3, 47) = 3.389; p = 0.0256) months. (B)
Performance on the rotarod at 18 months is expressed as mean ± SEM latency to fall from 3
trials per day for 3 consecutive days. Results were analyzed by two-way ANOVA followed
by Bonferroni post hoc test (*p≤0.05). (C) Performance in the rotarod is shown for trial days
1–3. Repeated measures ANOVA showed a trend towards significance (F(3, 37) = 2.62;
p=0.0652). When each day was analyzed individually, a significant effect of DYT1
genotype was present on days 1 (F(1,37) = 6.35; p=0.0162) and 3 (F(1, 37) = 6.086; p=
0.0184).
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Figure 6. Absence of FBG1 does not alter neuronal torsinA levels in vivo.
(A) Mice were sacrificed at 18 months of age and their brains extracted. Whole brain protein
lysates were obtained and western blot analysis completed (using 50 μg protein) to detect
expression of torsinA, FBG1 and α-tubulin. Shown are a representative blot and the
quantification of torsinA levels normalized to loading control (mean ± SEM) for 4 animals
(2 males and 2 females). Two-way ANOVA was performed followed by Tukey’s post hoc
test (*/p≤0.05). (B) Cos7 cells were co-transfected with torsinA(wt) or torsinA(ΔE) and
FLAG-AP control, FLAG-FBG1 or FLAG-FBG2. Protein lysates were obtained 48 hrs later
and western blotting complete with torsinA, FLAG and α-tubulin antibodies. A
representative blot and the quantification of 3 independent experiments are shown. One-way
ANOVA was performed to determine statistical significance. (C) FBG2 expression was
analyzed by western blot analysis from whole brain lysates (using 175 μg protein) as in (A).
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