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Disruption of Protein Processing in the Endoplasmic
Reticulum of DYT1 Knock-in Mice Implicates Novel
Pathways in Dystonia Pathogenesis
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Dystonia type 1 (DYT1) is a dominantly inherited neurological disease caused by mutations in TOR1A, the gene encoding the endoplasmic
reticulum (ER)-resident protein torsinA. Previous work mostly completed in cell-based systems suggests that mutant torsinA alters
protein processing in the secretory pathway. We hypothesized that inducing ER stress in the mammalian brain in vivo would trigger or
exacerbate mutant torsinA-induced dysfunction. To test this hypothesis, we crossed DYT1 knock-in with p58(IPK)-null mice. The ER
co-chaperone p58(IPK) interacts with BiP and assists in protein maturation by helping to fold ER cargo. Its deletion increases the cellular
sensitivity to ER stress. We found a lower generation of DYT1 knock-in/p58 knock-out mice than expected from this cross, suggesting a
developmental interaction that influences viability. However, surviving animals did not exhibit abnormal motor function. Analysis of
brain tissue uncovered dysregulation of eiF2� and Akt/mTOR translational control pathways in the DYT1 brain, a finding confirmed in
a second rodent model and in human brain. Finally, an unbiased proteomic analysis identified relevant changes in the neuronal protein
landscape suggesting abnormal ER protein metabolism and calcium dysregulation. Functional studies confirmed the interaction be-
tween the DYT1 genotype and neuronal calcium dynamics. Overall, these findings advance our knowledge on dystonia, linking transla-
tional control pathways and calcium physiology to dystonia pathogenesis and identifying potential new pharmacological targets.
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Introduction
Dystonia type 1 (DYT1) is a childhood-onset autosomal-
dominant disease characterized by abnormal, disabling, involun-

tary twisting movements (Bressman et al., 2000). The disease-
causing mutation in nearly all DYT1 patients is an in-frame GAG
deletion in the TOR1A gene that results in the loss of a glutamic
acid (�E) near the carboxy terminus of the protein torsinA (Oze-
lius et al., 1997). TorsinA is an endoplasmic reticulum (ER)-
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Significance Statement

Dystonia type 1 (DYT1) is one of the different forms of inherited dystonia, a neurological disorder characterized by involuntary,
disabling movements. DYT1 is caused by mutations in the gene that encodes the endoplasmic reticulum (ER)-resident protein
torsinA. How mutant torsinA causes neuronal dysfunction remains unknown. Here, we show the behavioral and molecular
consequences of stressing the ER in DYT1 mice by increasing the amount of misfolded proteins. This resulted in the generation of
a reduced number of animals, evidence of abnormal ER protein processing and dysregulation of translational control pathways.
The work described here proposes a shared mechanism for different forms of dystonia, links for the first time known biological
pathways to dystonia pathogenesis, and uncovers potential pharmacological targets for its treatment.
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resident AAA protein (ATPase associated with various cellular
activities). The function of torsinA within the ER and by what
biological mechanism torsinA(�E) triggers the disease remain
unknown. Multiple studies have explored how torsinA(�E) ex-
pression influences different aspects of neuronal physiology. For
instance, torsinA(�E) impairs synaptic vesicle recycling, calcium
dynamics, and protein quality control mechanisms, among oth-
ers (Pisani et al., 2006; Granata et al., 2009; Tanabe et al., 2009;
Iwabuchi et al., 2013a). It is unclear, however, whether these
biological events are under the direct control of torsinA function
or if they represent indirect, nonspecific downstream effects of
torsinA(�E) expression.

A clue to understanding the specific biological function of tor-
sinA derives from its subcellular localization. TorsinA resides in the
ER lumen and the perinuclear space of the nuclear envelope (NE),
whereas torsinA(�E) concentrates in the NE (Gonzalez-Alegre and
Paulson, 2004; Goodchild and Dauer, 2004; Naismith et al., 2004). In
the heterozygous state, torsinA(�E) recruits torsinA from the ER to
the NE, causing a dominant-negative effect (Breakefield et al., 2001;
Torres et al., 2004; Gonzalez-Alegre et al., 2005; Goodchild et al.,
2005; Hewett et al., 2008). However, how this leads to ER dysfunc-
tion remains unknown. A plausible hypothesis, supported by data
from multiple studies, is that torsinA(�E) interferes with ER protein
metabolism. The AAA domain of torsinA is closely related to ClpB, a
bacterial chaperone (Kock et al., 2006), and torsinA exhibits chaper-
one function in vitro (Burdette et al., 2010). DYT1 patient fibroblasts
and cultured neurons from torsinA-null mice show impaired ER
processing of a secreted reporter protein under homeostatic condi-
tions (Hewett et al., 2007). TorsinA facilitates the retrotranslocation
of mutant cystic fibrosis transmembrane conductance regulator to
the cytosol for proteosomal degradation via ERAD (ER-associated
degradation), a process impaired by torsinA(�E) (Nery et al., 2011).
Furthermore, fibroblasts and neurons from torsinA-null mice and
homozygous Tor1a�E/�E knock-in mice exhibit increased sensitivity
to ER stress (Cho et al., 2014), although cells overexpressing torsinA
have normal stress responses (Gordon et al., 2011). Finally, torsinA
levels and torsinA(�E) expression modulate the sensitivity of nem-
atodes to ER stress (Chen et al., 2010; Thompson et al., 2014). These
reports suggest that torsinA modulates ER cargo processing and ex-
port and the DYT1 mutation would impair this process. However,
most of these studies are cell based and, in many cases, overexpres-
sion models. We hypothesize that increasing the import of misfolded
proteins into the ER in the presence of torsinA(�E) will cause ER
stress in the mammalian brain in vivo, triggering the biological
pathogenic cascade that leads to DYT1 and translating into abnor-
mal motor function.

GRP78/BiP is the main chaperone that helps client ER pro-
teins achieve native conformations as they enter the ER. The BiP
co-chaperone p58(IPK) or p58 (also known as DNAJC3) assists
the maturation of proteins entering the secretory pathway (Rut-
kowski et al., 2007). Expression of p58 influences resistance to ER
stress in different tissues (Datta et al., 2010; Tao and Sha, 2011;
Yang et al., 2011, Gao et al., 2012), suggesting that p58 modulates
ER stress though its chaperone function. Therefore, this is an
excellent model in which to test our hypothesis. Here, we crossed
Tor1a�/ � E (knock-in) with p58� / � (knock-out) mice to deter-
mine the consequences of this genetic interaction on motor func-
tion, ER stress pathways, and the neuronal proteome.

Materials and Methods
Generation of Tor1a �/ � E;p58 � / � mice. Animal studies were carried at
the University of Iowa and the Children Hospital of Philadelphia, and
approved by the Institutional Animal Care and Use Committee in both

institutions. Tor1a �/ � E mice were generously provided by Dr. William
Dauer (University of Michigan) (Goodchild et al., 2005). We obtained
p58 �/ � mice from Dr. Thomas Rutkowski (University of Iowa) (Rut-
kowski et al., 2007). Both lines were maintained on a C57BL/C6 back-
ground. We first crossed the two mouse lines to obtain Tor1a �/ � E;
p58 �/ � in the first generation, used as breeders. To generate experimen-
tal animals, we bred Tor1a �/ � E; p58 �/ � with Tor1a �/�; p58 �/ � . An-
imals were genotyped after weaning, and weighed weekly.

Acute slice preparation. Acute cerebellar slices were used for imaging
the changes in cytoplasmic calcium concentration ([Ca2�]c). Three- to
four-week-old mice were decapitated under intraperitoneal anesthesia
with ketamine (87.5 mg/kg) and xylazine (12.5 mg/kg). The brain was
quickly removed and was immersed in ice-cold, cutting solution (in mM:
125 NaCl, 3 KCl, 0.1 CaCl2, 5 MgCl2, 1.25 KH2PO4, 25 NaHCO3, 25
D-glucose, 305–310 mOsm, pH 7.3–7.4). After midline section of the
brain and coronal section rostral to the cerebellum, the remaining cere-
bellum and brainstem were glued on a magnetic specimen holder with
cyanoacrylate glue, immersed in ice-cold cutting solution, and sliced
sagittally at a thickness of 250 �m with a vibrating-blade microtome
(Leica Biosystems, Buffalo Grove, IL). Slices were transferred to a record-
ing/imaging solution (in mM: 125 NaCl, 3 KCl, 2 CaCl2, 1.3 MgCl2, 1.25
KH2PO4, 25 NaHCO3, 25 D-glucose, 305–310 mOsm, pH 7.3–7.4) at
room temperature, trimmed to isolate the cerebella and kept in the same
solution for �30 min. Slices were then treated with tunicamycin at 1
�g/ml (Sigma) or the vehicle (0.05% DMSO) in prewarmed Minimum
Essential Medium (MEM, Invitrogen-Thermo Fisher Scientific), for 120
min in a humidified culture incubator (37°C, 95% O2/5% CO2). After
washing in MEM for 30 –120 min in the culture incubator, a slice was
loaded with [Ca2�]c indicator Fluo-3-AM (10 �M, Invitrogen-Thermo
Fisher Scientific) in prewarmed MEM for 20 min in the culture incuba-
tor, rinsed in dye-free MEM for 10 min in the culture incubator, and
observed in the recording solution in an imaging chamber (RC-26, War-
ner Instruments, Hamden, CT) at room temperature. The cutting and
recording solutions were well saturated with 95% O2/5% CO2 through-
out the procedures. The stock solutions of tunicamycin and Fluo-3-AM
were prepared at 2 mg/ml and 2 mM in DMSO, resulting in the final
DMSO concentrations of 0.05% and 0.5%, respectively.

Calcium imaging. Sagittal cerebellar slices were imaged on an inverted
microscope (Eclipse-TiE, Nikon, Melville, NY), using a 20� objective
lens (S Plan Fluor, NA 0.45) or 4� objective lens (Plan Fluor, NA 0.13),
a filter cube (490/20 nm excitation, 510 nm dichroic-long-pass, 520-nm-
long-pass emission), and no intermediate coupler (i.e., 1�), and an EM-
CCD camera (iXon EM� DU-860, Andor Technology, Belfast, UK).
Fluo-3 was excited using a 490 nm light-emitting diode (LED, CoolLED-
Custom Interconnect, Hampshire, UK) at 53% of maximal intensity.
Slices were imaged at 100 frames/s and 1 � 1 binning, using a 20� lens
and Solis software (Andor Technology), with a focus near the top surface
of the slice. Exposure time was 9.67 ms and was limited to the period of
image capture (LED was triggered by digital output from camera). Biased
acquisition of fluorescence images was avoided by preselecting the area of
slices for imaging based on DIC optics, i.e., in the absence of prior infor-
mation about fluorescence images. Areas were selected based on the
following indicators: clear identifications of molecular layer and granule
cell layer of cerebellar cortex and the white matter, clear margin at the pial
surface, lack of apparent mechanical damage and a lack of anchor mesh
in the visible field. Fluorescence images were then acquired. In each
image, the slice was placed such that the solution flows in the direction
from the pial surface toward deeper layers of cerebellar cortex. [Ca2�]c

transients were induced by applying 90 mM KCl solution, 10 s after image
acquisition was started, and continuously for 50 s thereafter. It was pre-
pared by replacing equimolar NaCl by KCl in the recording solution.
This solution was applied to the slices using the “Y-tube” method, a rapid
local perfusion system that allows exchange of the external solution
within 30 ms with an average travel rate of �100 �m/ms (Iwabuchi et al.,
2013b). The Y-tube was connected to a suction bottle with a vacuum level
of 300 – 400 mmHg, and the system was controlled by a Master-8 pulse
stimulator (AMPI). In addition, the entire imaging chamber was per-
fused with the recording solution continuously (bath perfusion). Photo-
bleaching experiment was performed in the same way, but in the absence
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of 90 mM KCl application. All imaging experiments were performed at
room temperature. Images were analyzed using ImageJ and the Time
Series Analyzer V3 plug-in. Images acquired during 1 s before stimula-
tion were averaged to determine the image of prestimulus baseline inten-
sity (F0). The change in [Ca2�]c was expressed as the fold-change in
fluorescence intensity (F) from baseline (F0): (F � F0)/F0 � �F/F0. A
single polygonal region-of-interest (ROI) was placed on the molecular
layer of the cerebellar slice, but excluding the pial surface, using the
averaged F0 image. The intensity of the pixels in the ROI was averaged,
and its time course was exported to Excel (Microsoft, Redmond, WA).
The data were running-averaged with respect to time (rank � 10, n � 21
points) to reduce noises, and the peak amplitude was measured from the
baseline without correcting for photobleaching.

Behavioral evaluations. Animals underwent weekly in-cage observa-
tion for grossly abnormal behavior before weighing. Open field. To mea-
sure spontaneous motor activity, mice were placed in a 25 � 25 cm
chamber and their movements tracked by the Viewpoint Videotrack
software system as previously described (Martin et al., 2011). Total dis-
tance traveled was recorded in 10 min bins for a period of 30 min. Ro-
tarod. Mice were trained the first day for three trials on a rotarod
apparatus going at a constant speed of 4 rpm for 2 min, then accelerating
from 4 rpm to 16 rpm in 3 min. The next following three days, animals
were tested three times on the rotarod accelerating from 4 rpm to 40 rpm
over 5 min. The average time to fall off the rotarod was recorded for each
day as previously reported (Bode et al., 2012). Beam walking. We used a
110-cm-long beam with a flat surface 12 mm wide, placed 51 cm above a
padded surface. A black escape box was placed at the end of the beam and
a 60W lamp above the start point used as an aversive stimulus. On the
first day, mice were placed in the black box for 5 min to acclimate. Then,
the animal was placed on the beam at 6 inches distance of the box. On day
two, we allowed the animals to acclimate for 2 min to the black box. The
mouse was then placed at the beginning of the beam until each mouse
completed two successful trials. On day three (test day), animals accli-
mated to the box for 2 min and walked on the beam for two consecutive
trials. The time required to traverse the beam and number of foot slips
were recorded and averaged for the two trials. Hindlimb clasping was
scoped as described previously (Guyenet et al., 2010).

Human tissue. We obtained frozen brain tissue from three genetically
confirmed DYT1 patients from the NICHD Brain and Tissue bank for
developmental disorders in Baltimore (cerebellum and putamen from
one, and only cerebellum or putamen from the other two). Their age at
death was 67, 77 and 90 years. Two of them have been previously re-
ported (cases #3 and #5 in Paudel et al., 2014). The third case is a 67-year-
old woman that developed dystonia at 12–15 years of age. She died of
complications from cancer. Frozen putamenal (n: 5) and cerebellar (n: 3)
tissue from control human brains were kindly provided by the laboratory
of Dr. Beverly Davidson (age range 68 –91). Total proteins were extracted
as described above. In brief, samples were homogenized for 10 s in RIPA
buffer supplemented with proteases and phosphatase inhibitors using a
hand homogenizer, followed by a step of sonication, and kept on ice for
30 min to complete the lysis. The soluble fraction of proteins was col-
lected after centrifugation and processed for Western blotting.

Western blotting. Animals were killed by cervical dislocation and their
brains extracted and dissected to collect different brain regions. Tissues
were snap frozen in liquid nitrogen and stored at �80°C until processed.
For total protein extraction, the tissues were lysed in RIPA buffer com-
pleted with N-ethylmaleimide and protease/phosphatase inhibitors as
described previously (Gordon et al., 2012). After sonication, protein con-
centration was determined using the BCA assay, 20 – 40 �g proteins were
separated by SDS-PAGE and blotted with the following antibodies: Tor-
sinA (ab34540, Abcam), p58 (2940, Cell Signaling Technology), BiP
(3177, Cell Signaling Technology), Kdel (ADI-SPA-827, Enzo), Hspa9
(sc-13967, Santa Cruz Biotechnology), PERK (5683, Cell Signaling Tech-
nology), p-PERK (3179, Cell Signaling Technology), eIF2� (sc-11386,
Santa Cruz Biotechnology), p-eIF2� (9712, Cell Signaling Technology),
Akt (9272, Cell Signaling Technology), p-Akt (4060, Cell Signaling Tech-
nology), ATF4 (sc-200, Santa Cruz Biotechnology), ATF4 (10835-1-AP,
Proteintech), CHOP (2895, Cell Signaling Technology), CHOP (sc-575,
Santa Cruz Biotechnology), calbindin (sc-7691, Santa Cruz Biotechnol-

ogy), calretinin (sc-50453, Santa Cruz Biotechnology) and �-Tubulin
(T5168, Sigma). Secondary HRP-linked goat anti-rabbit/mouse or don-
key anti-goat antibodies were used, and signals were detected with the
Chemidoc MP Imaging system from Biorad. To quantify the total load of
high mannose glycoproteins we completed a lectin (GNA) blot as de-
scribed previously (Mallinger et al., 2012). In brief, equal amounts of
total protein for each lysate were resolved in SDS-PAGE and transferred
to PVDF membranes, blocked and incubated with 6 �g of snowdrop
lectin (GNA; EY Laboratories, San Mateo, CA) for 1 h at room temper-
ature and developed by chemiluminescence. For quantification, we used
ImageJ to measure band intensity as described previously (Gordon et al.,
2011). Control samples for each blot were assigned a density of 1, and the
relative density of other lanes was compared with the control. All samples
were then normalized to a loading control.

Proteomic analysis. Cerebellum of 3 weeks-old mice were collected as
above, snap frozen in liquid nitrogen collected and shipped in dry ice to
Applied Biomics (Hayward, CA) for 2 dimensional fluorescence differ-
ence in gel electrophoresis (2D DIGE) and mass spectrometry analysis.
For each gel, we used pooled samples from 2 animals for each genotype,
all males. We followed the same protocol as described in torsinA-
expressing cells (Martin et al., 2009). In summary, 30 �g of lysates from
each genotype were labeled with Cy3 and Cy5 dyes. Labeled samples were
mixed and loaded on a 13 cm IPG strip, separated first by isoelectric
focusing and then by molecular weight on a 12% SDS-PAGE. Image
scans of the 2D-DIGE were taken using Typhoon TRIO (GE Healthcare).
The scanned images were then analyzed on the Image QuantTL software
(GE-Healthcare), and then subjected to in-gel analysis and cross-gel
analysis using DeCyder software version 6.5 (GE-Healthcare). The ratio
change of the protein differential expression was obtained from in-gel
DeCyder software analysis, and 1.5 fold-change between genotypes was
selected as differential expression threshold. The spots of interest were
picked up by Ettan Spot Picker (GE Healthcare) followed by in-gel diges-
tion with modified porcine trypsin protease (Trypsin Gold, Promega).
The digested peptides were spotted on a MALDI plate, and MALDI-TOF
and TOF/TOF (tandem MS/MS) performed on a 5800 mass spectrome-
ter (AB Sciex). MALDI-TOF mass spectra were acquired in reflectron-
positive ion mode, averaging 2000 laser shots per spectrum. TOF/TOF
tandem MS fragmentation spectra were acquired for each sample, aver-
aging 2000 laser shots per fragmentation spectrum on each of the 5–10
most abundant ions present in each sample (excluding trypsin autolytic
peptides and other known background ions). The resulting peptide
mass and the associated fragmentation spectra were submitted to GPS
Explorer version 3.5 equipped with MASCOT search engine (Matrix
science) to search the database of National Center for Biotechnology
Information nonredundant (NCBInr) or Swiss Protein database.
Searches were performed without constraining protein molecular weight
or isoelectric point, with variable carbamidomethylation of cysteine and
oxidation of methionine residues, and with one missed cleavage allowed
in the search parameters. Candidates with either protein score CI% or
ion CI% �95 were considered significant.

Statistical analysis. We used GraphPad Prism 5 for statistical analysis.
Statistical testing used for each experiment is indicated in the text or
figure legends.

Results
Generation of DYT1 knock-in/p58 knock-out mice
We mated Tor1a�/ � E;p58�/ � with Tor1a�/�;p58�/ � mice to
generate six potential genotypes. A total of 150 experimental an-
imals were generated. We obtained half Tor1a�/ � E;p58� / � ani-
mals than expected (Fig. 1A), suggesting a potential genetic
interaction during development. For the rest of our experiments,
we did not use heterozygote p58�/ � mice. We focused on the
other four genotypes for behavioral and molecular characteriza-
tion. A previously described phenotypic trait of p58� / � mice is
lower body weight compared with p58 hemizygous and WT mice.
This phenotype was not modulated by the presence of the DYT1-
causing mutation (Fig. 1B). Because the human disease has a
childhood/juvenile onset suggesting the occurrence of important
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pathogenic events at that developmental stage, a group of 80
animals were killed at 3 weeks of age (after weaning), whereas 70
mice were killed at 9 months.

Loss of p58 does not induce gross motor dysfunction in
Tor1a �/ � E mice
Spontaneous locomotion was recorded at 6 and 9 months of age,
revealing no differences by genotype (Fig. 2A). Similarly, we did
not detect a genetic interaction between the Tor1a and p58 geno-
types on beam walking (Fig. 2B) or performance on the rotarod
(Fig. 2C). p58� / � mice trended to perform better in some of
these tests, likely due to their smaller size, but this was not influ-
enced by the presence of the DYT1 mutation. Mice lacking p58
showed hindlimb clasping that was not modified by the DYT1
genetic background (Fig. 2D). Overall, these results suggest that
loss of p58 function is not sufficient to trigger significant motor
dysfunction in DYT1 mice.

Influence of torsinA(�E) on the PERK-eiF2� pathway
Next, we investigated whether this genetic interaction influences
torsinA levels and activation of the PERK-dependent ER-stress

pathway (Fig. 3A) through Western blot analysis of cerebellar
(Fig. 3) and striatal (data not shown, results consistent with cer-
ebellar findings) lysates of 3-week-old and 9-month-old mice.
Tor1a�/ � E mice are known to have lower steady-state levels of
total torsinA because the mutant protein is efficiently degraded
by the proteasome through ERAD. We found that loss of p58
does not influence torsinA levels (Fig. 3B,C). In 3-week-old
Tor1a�/ � E;p58� / � mice, phosphorylation of PERK (p-PERK/
PERK ratio) was reduced (Fig. 3B,D). These findings are the
opposite of what would be expected in the presence of ER stress.
We hypothesized that this could reflect an adaptive response by
reducing the ER protein cargo (reduced demand). To test this
possibility, we measured total high-mannose glycoprotein con-
tent, a biochemical signature of ER cargo, through lectin blotting
in cerebellum. Consistent with this hypothesis, we found an ad-
ditive reduction in high-mannose glycoproteins in loss of p58
and torsinA(�E) expression in 3-week-old (data not shown) and
9-month-old mice (Fig. 3E). Interestingly, the reduction of ER
cargo load correlates with an increment in CHOP levels (Fig. 3D),
suggesting the possibility of enhanced age-related apoptosis.

Figure 1. Generation of DYT1 knock-in/p58 knock-out mice. Tor1a �/ � E;p58 �/ � and Tor1a �/�;p58 �/ � mice were bred to generate six potential genotypes. A, Shown are the expected
(dotted line) and obtained number of animals per genotype based on a normal Mendelian distribution. B, Weekly weights are shown for the cohort of animals maintained until age 9 months.
Two-way ANOVA for repeated measures showed a positive interaction of genotype and time ( p 	 0.001). Bonferroni’s post test indicated an effect of the p58, but not the DYT1, genotype.

Figure 2. Behavioral characterization of adult DYT1 knock-in/p58 knock-out and control mice. Mice of the four genotypes indicated were assessed at 6 and 9 months of age for motor function.
A, Spontaneous locomotor activity in the open field (shown as total distance traveled in 30 min). B, Beam-crossing task, measured as time to transverse (in seconds) and number of hindlimb slips.
C, Performance on the rotarod on 3 consecutive trial days at ages 6 and 9 months. D, Clasping score in the tail-hanging test as described in the Materials and Methods. Statistical differences were
assessed by ANOVA with Tukey’s post hoc test. *p 	 0.05; **p 	 0.01.
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Despite the significant reduction in PERK phosphorylation in
Tor1a�/ � E;p58� / � mice, we still detected increased phosphory-
lation of its, substrate eiF2� (Fig. 3B,D). This finding suggests
that, when the ER is challenged in the presence of mutant torsinA,
there is PERK-independent eiF2� phosphorylation. This could
partly explain why, under homeostatic conditions, torsinA(�E)
does not significantly alter ER function but, upon the induction
of stress, triggers abnormal signaling. Due to the potential rele-
vance of this finding, we aimed to verify that torsinA(�E) triggers
eiF2� phosphorylation in a different experimental system. We
used brain tissue derived from transgenic rats that overexpress
the human mutant TOR1A gene, including intros and exons and
from its own promoter. We reasoned that increasing expression
levels of torsinA(�E) in this transgenic model over the physiolog-
ical expression seen in the DYT1 knock-in mice, could trigger this
effect even in the absence of an additional ER stressor. Consistent
with findings in mice, transgenic rats had reduced levels of BiP
and a trend toward reduced p-PERK/PERK (Fig. 4A,B). We next
evaluated the phosphorylation state of PKR, another kinase that
targets eiF2�. Similar to PERK, there was a reduction in p-PKR/
PKR ratio. Although an effect of these kinases over eiF2� inde-
pendent of this ratio cannot be excluded, PERK and PKR might
not be responsible for the increased p-eiF2� detected and per-
haps there is a feedback downregulation of both as a consequence
of the higher levels of p-eiF2�. Ultimately, p-eiF2� is a key regu-
lator of translation though a process that plays an increasingly
recognized role in brain physiology (i.e., synaptic function). If
torsinA(�E) leads to translational dysregulation, other pathways
that control this process could also be abnormally activated. To
test this possibility, we evaluated the Akt/mTOR pathway, an-
other translational regulator, in neurons with evidence of cross-
talk with the eIF2� pathway (Mounir et al., 2011). Western blot

analysis demonstrated significantly increased phosphorylation of
Akt, mTOR, and 4ebp in DYT1 transgenic rats (Fig. 4A,B) and in
tor1a�/ � E;p58� / � mice (data not shown).

Unbiased proteomic analysis identifies dysregulated proteins
upon torsinA(�E) expression
Most patients with DYT1 first develop dystonia at approximately
age 10, suggesting the occurrence of key pathogenic events in the
juvenile DYT1 brain. Consistent with this, there is already abnor-
mal eiF2� signaling in 3-week-old Tor1a�/ � E;p58� / � mice and
its downstream effects might be implicated in disease pathogen-
esis. Due to its role in translational regulation, we reasoned that a
comparative proteomic analysis would be a reasonable approach
to identify downstream effects of abnormal eiF2� signaling in the
stressed DYT1 brain. In a first 2D-DIGE, we compared the cere-
bellar proteome of Tor1a�/ � E mice with wild-type littermates
under homeostatic conditions (normal p58 expression). In a sec-
ond gel, we evaluated samples from Tor1a�/ � E and Tor1a�/�

animals in a p58� / � background. This should allow us to detect
protein expression changes caused by expression of torsinA(�E)
only when the ER is challenged (lack of p58, when we detected
abnormal eiF2� signaling), but not under homeostatic condi-
tions (normal p58 expression). Automated quantitative analysis
of the resulting 2D-DIGE images identified a total of 59 differen-
tially expressed proteins with a change of at least 1.5-fold among
different conditions. We selected 23 spots for tandem MS/MS
identification (Fig. 5A, Table 1). The results obtained indicated
altered levels of some proteins, whereas others seemed to be se-
lectively posttranslationally modified in Tor1a�/ � E;p58� / � tis-
sue (Fig. 5B,C). The two main functional clusters of proteins
detected included ER protein metabolism and calcium-regulated
proteins. Western blotting of selected proteins in tissue from

Figure 3. Analysis of the PERK– eiF2� pathway. A, Schematic representation of the ER and post-ER components of the PERK-eiF2� ER stress pathway. B, Western blot analysis in cerebellar tissue
obtained from 3-week-old and 9-month-old mice for expression of the indicated proteins (n � 3 different animals per genotype). C, Quantification of total torsinA levels for each genotype as shown
in B. D, Quantification of the Western blot signal for different proteins shown in B. For phosphorylated proteins, the phosphorylated to total protein ratio is shown. E, Lectin blot of cerebellar lysates
from three different animals per genotype (top) with quantification (bottom). Equal total protein amounts were loaded. Statistical differences were assessed by ANOVA with Tukey’s post hoc test.
*p 	 0.05; **p 	 0.01; ***p 	 0.001.
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different animals was consistent with the results of proteomic
analysis through trends or significant changes (Fig. 6).

Functional analysis demonstrates abnormal calcium
dynamics in cerebellum associated with torsinA(�E)
expression and ER stress
Next, we evaluated the effects of torsinA(�E) expression and ER
stress on calcium physiology because the proteomic analysis
pointed toward calcium dysregulation in Tor1a�/ � E;p58� / �

mice. Cerebellar slices from 3- to 4-week-old Tor1a�/ � E;p58�/�

mice and control littermates (Tor1a�/�;p58�/�) (Fig. 7A,B)
were stimulated with 90 mM K� solution and the changes in
cytoplasmic calcium concentration ([Ca2�]c) were evaluated in
the molecular layer of cerebellar cortex, where dendrites of Pur-
kinje neurons are located. The stimulation increased the [Ca2�]c

transiently, when it was expressed as the fold change in fluores-
cence intensity (F) from baseline (F0) (�F/F0; Fig. 7C,D). Under
the control condition, in which the slices were treated with vehi-
cle (DMSO), the Tor1a�/ � E;p58�/� mice showed smaller peak
amplitudes than the control mice (Fig. 7E,F). When the slices
were under cellular stress by treatment with 1 �g/ml tunicamy-
cin, the peak amplitude in control mice was reduced significantly,
whereas that in Tor1a�/ � E;p58�/� mice was unchanged (Fig.
7E,F). This resulted in a higher peak amplitude of the DYT1 than
their WT counterparts during ER stress (Fig. 7F). These results in
brain slices confirm the previous finding in cultured cells
that torsinA(�E) expression influences the calcium dynamics
(Iwabuchi et al., 2013a; Iwabuchi et al., 2013b) and, consistent
with the proposed hypothesis, show a similar effect of the DYT1
protein on calcium dynamics as ER stress (peak reduction). Fur-
thermore, in agreement with the proteomic findings, they
demonstrate enhanced calcium dynamics under ER stress in
DYT1 neurons.

Finally, to determine the potential significance of our find-
ings, we obtained frozen putamenal and cerebellar tissue from
human DYT1 patients and controls. Lysates were obtained and
run in SDS-PAGE, followed by Western blot analysis of compo-
nents of the eIF2� pathway and candidate calcium-binding pro-
teins. As shown in Figure 8, the comparison of expression levels

for these candidate proteins between human DYT1 and control
tissues was in agreement with findings in rodent models suggest-
ing dysregulation of the eIF2� pathway. We detected a potentially
higher p-eIF2�/ eIF2� ratio in DYT1 and possibly lower levels of
the candidate calcium-binding proteins calbindin and calretinin
in cerebellum. Statistical analysis was not performed due to the
limited number of samples.

Discussion
In this work, we tested the interaction between defective protein
folding in the neuronal ER and torsinA(�E) expression in vivo.
These experiments yielded very interesting findings. First, the
generation of Tor1a�/ � E;p58� / � animals was lower than ex-
pected. Second, we found an additive effect of torsinA(�E) ex-
pression and loss of p58 on reducing the ER glycoprotein load.
Third, torsinA(�E) increased eiF2� phosphorylation in a PERK-
independent manner. Fourth, the DYT1 brain had increased ac-
tivation of the Akt/mTOR pathway. Finally, in the stressed ER,
torsinA(�E) expression altered the brain proteome, indicating
dysregulated ER protein processing and calcium dynamics, as
confirmed in functional studies.

Most humans who carry the DYT1 mutation are asymptom-
atic and only �30% develop dystonia. We hypothesized that ER
stress might trigger motor dysfunction in DYT1. An important
observation of this study is that the genetic deletion of p58 did not
trigger significant motor dysfunction in Tor1a�/ � E mice. A re-
cent report described the generation of brain-specific conditional
Tor1a-null mice that exhibit significant motor dysfunction and
neuronal loss (Liang et al., 2014) with evidence of ER stress in
degenerating neurons. However, this is not an exact genetic
model of the disease and it would not allow us to explore the role
of ER stress as a potential “second hit” for phenotypic penetrance.
We decided to use DYT1 KI mice for this study, not only because
they carry the same genetic variant as human patients, but also
because they are a model of nonmanifesting mutation carriers.
Nevertheless, neuronal ER stress did not trigger significant motor
dysfunction in Tor1a�/ � E mice. Several things could explain this
finding. First, ER stress might not influence DYT1 pathogenesis
or penetrance. Second, subtle motor dysfunction in Tor1a�/ � E;

Figure 4. Analysis of the PERK– eiF2� pathway in DYT1 transgenic rats. A, C, Western blot analysis of cerebellar lysates obtained from DYT1 transgenic rats and nontransgenic littermates for
expression of the indicated proteins (n � 5 per genotype). B, D, Quantification of the experiments shown in A and C. Statistical differences were assessed by ANOVA with Tukey’s post hoc test. *p 	
0.05; **p 	 0.01; ***p 	 0.001.
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p58� / � mice might have escaped detection by the behavioral
assays performed and evaluation of additional animals might re-
veal an abnormality. Third, mice might not be an appropriate
species to model human inherited dystonia. Finally, the reduced
generation of Tor1a�/ � E;p58� / � animals indicates a possible
interaction during development causing a selection bias, with
normal motor function in surviving animals. TorsinA is ex-
pressed during development and peaks from embryonic day 17
(E17) to postnatal day 7 (P7) (Vasudevan et al., 2006). There is
activation of ER stress responses during embryonic brain devel-
opment at E13 through E18 (Zhang et al., 2007). Loss of the ER
chaperone ERdj4 reduces perinatal survival by half, demonstrat-
ing the importance of adaptation to ER stress in this developmen-
tal period (Fritz et al., 2014). Future studies will focus on the
developmental process in Tor1a�/ � E p58� / � mice. In addition,
evaluating the effect of one torsinA-null allele on the P58-null
background will determine whether loss of viability results from
torsinA haploinsufficiency or through a different mechanism.

Consequences of torsinA(�E)expression in the ER: effects on
protein processing and calcium signaling
We show that torsinA(�E) modifies protein processing in the
early secretory pathway. The first indication comes from the re-
duction in high-mannose (ER-resident) glycoprotein levels
caused by torsinA(�E), exhibiting an additive effect with p58.
p58 is a co-chaperone that binds hydrophobic stretches in pro-
teins upon ER entry and delivers them to BiP for folding. Losing
this co-chaperone should increase the import of misfolded
proteins and therefore lower the threshold for ER stress, as shown
in other tissues. The mechanism via which this results in lower ER
glycoprotein load needs to be explored, but it could be due to an
adaptive response to chronic stress such as activation of the pre-
emptive quality control pathway (Kang et al., 2006). Whatever
the bases for this finding are, the fact that torsinA(�E) expression
and loss of p58 led to similar and additive findings suggests
that they disrupt ER cargo maturation in a similar manner. The
abnormal expression of the thioredoxin-dependent antioxidant

Figure 5. Proteomic analysis of cerebellar lysates from 3-week-old mice. A, Cerebellar lysates obtained from Tor1a �/ � E or Tor1a �/� mice on a p58 �/� or p58 � / � background were
processed as described in the experimental procedures. Lysates from Tor1a �/ � E or Tor1a �/� mice were labeled with Cy3 and Cy5, respectively, mixed, and subjected to 2-DIGE (overlap images
shown). A subset of the spots that were differentially expressed between the Tor1a �/ � E and Tor1a �/� genotypes (circled) were picked for MS-MALDI-TOFF identification (spot IDs correspond to
those shown in Table 1). B, Magnification of the top boxed area in A. The two circled proteins were identified as Hspa9, suggesting posttranslational modification by Tor1a �/ � E only in the p58 � / �

background. C, Magnification of the bottom boxed area in A. The top two circled proteins were identified as Erp29 and the bottom two as Prdx6, also suggesting posttranslational modifications by
Tor1a �/ � E only in the p58 � / � background.
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enzymes peroxiredoxin 6 and 3-mercaptopyruvate sulfurtrans-
ferase and the Hsp70 family chaperone HSPA9 found in the pro-
teomic analysis add further support to a potential role of torsinA
in oxidative folding and protein maturation. Interestingly, a pre-
vious unbiased analysis also found dysregulated expression of
HSPA9 upon overexpression of torsinA(�E), but not torsi-
nA(WT) (Martin et al., 2009). This protein has been implicated
in Parkinson’s disease and is implicated in the cellular response to
oxidative stress (Wadhwa et al., 2015). Future studies should
further explore the potential role of HSPA9 in DYT1.

Despite the evidence for ER-protein-processing impairment,
double mutant animals had reduced p-PERK/PERK compared
with Tor1a�/�;p58� / �, suggesting that torsinA(�E) expression

inhibits its activation. A potential mechanistic link to the phe-
nomenon is offered by the proteomic analysis showing striking
differential Erp29 expression or posttranslational modification in
the double mutant brain. Erp29 is a chaperone that facilitates
processing and transport of proteins in the early secretory path-
way (Mkrtchian and Sandalova, 2006). Furthermore, Erp29
binds and regulates PERK expression (Farmaki et al., 2011) and
promotes the biogenesis of ER client proteins such as CFTR,
ENaC, thyroglobulin, or Cx43 through a process regulated by
4-phenylbutyrate (Das et al., 2009; Suaud et al., 2011; Grumbach
et al., 2014). Therefore, torsinA(�E) could interfere with normal
Erp29 function in the presence of ER stress, leading to the ER-
protein-processing phenotypes described in different DYT1

Table 1. Differentially expressed proteins identified by MALDI-TOF/TOF

Spot Top ranked protein
Gene
Symbol MW PI

Peptide
count

Protein
score CI%

Total
ion CI%

Volume change* Tor1a �/E/Tor1a �/�

p58 �/� p58 �/�

7 Stress-70 protein, mitochondrial Hspa9 73,416 5.8 19 100 100 NS 2.07
8 Stress-70 protein, mitochondrial Hspa9 73,416 5.8 22 100 100 NS �2.72
9 Serum albumin Alb 68,648 5.8 29 100 100 �2.12 NS

10 Serum albumin Alb 68,648 5.8 29 100 100 �3.16 NS
16 Neurofilament light polypeptide Nefl 61,471 4.6 36 100 100 �2.04 2.12
24 Histone-lysine N-methyltransferase Setd7 40,481 4.5 15 100 100 NS 2.04
26 Brain acid soluble protein 1 Basp1 22,074 4.5 12 100 100 NS 1.99
27 Brain acid soluble protein 1 Basp1 22,074 4.5 8 100 100 NS 2.38
38 Carbonic anhydrase-related protein Ca8 33,061 4.7 11 100 100 1.56 �1.97
42 NAD-dependent protein deacetylase sirtuin-2 Sirt2 43,228 5.2 26 100 100 �1.73 NS
47 Acidic leucine-rich nuclear phosphoprotein 32 family member A Anp32a 28,520 4.0 9 100 100 1.8 �2.17
48 Acidic leucine-rich nuclear phosphoprotein 32 family member A Anp32a 28,520 4.0 6 100 100 NS �2.19
50 Calretinin Calb2 31,353 4.9 20 100 100 NS �2.38
52 Calbindin Calb1 29,975 4.7 17 100 100 NS �2.4
59 Endoplasmic reticulum resident protein 29 Erp29 28,805 5.9 9 100 100 NS 1.9
61 Peroxiredoxin-6 Prdx6 24,855 5.7 18 100 100 NS 8.91
62 Endoplasmic reticulum resident protein 29 Erp29 28,805 5.9 12 100 100 NS �2.39
63 Peroxiredoxin-6 Prdx6 24,855 5.7 18 100 100 NS �3.41
74 Glia maturation factor beta Gmfb 16,712 5.1 6 100 100 NS 4.66
77 Gamma-synuclein Sncg 13,152 4.7 4 100 100 �1.55 2.38
81 Neurogranin Nrgn 7,492 6.5 2 99 100 NS 1.87
82 Astrocytic phosphoprotein PEA-15 Pea15 15,045 4.9 6 100 100 NS �1.68
94 3-mercaptopyruvate sulfurtransferase Mpst 33,003 6.1 15 100 100 1.92 �3.9

MW, Molecular weight; PI, isoelectric point; NS, Nonsignificant.

*Volume change in DYT1(KI) over DYT1(WT) either in p58(WT) (first column) or p58(KO) (second column) backgrounds.

Figure 6. Western blot analysis of selected proteins identified by the proteomic analysis. Cerebellar lysates (n � 3 animals per genotype) were used for Western blot analysis in 3-week-old (A)
and 9-month-old (B) mice with the indicated antibodies. Statistical differences were assessed by ANOVA with Tukey’s post hoc test. *p 	 0.05; **p 	 0.01.
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Figure 7. Analysis of calcium transients in cerebellar slices of 3- to 4-week-old mice. A, Montage showing a cerebellar slice in an imaging chamber. Three structures are visible in the
differential interference contrast (DIC) optics: the molecular layer, the granule cell layer, and the white matter. The slice is anchored with a nylon mesh (�1 mm intervals). Arrows show
the direction of the 90 mM KCl application. A red square shows a representative area for calcium imaging. B, Resting fluorescence image of the cerebellar slice before stimulation (F0). C,
Changes in fluorescence intensity (�F/F0) before KCl application (left) and during the peak response (right). D, Representative �F/F0 trace. The left inset shows a region of interest used
for calculating �F/F0. The right inset shows an enlarged trace near the peak, demonstrating the effect of running average on reducing noise for measuring the peak height (yellow trace).
E, Running-averaged �F/F0 traces under the control condition (left) and under a treatment with tunicamycin (right). Individual traces (top) and averaged traces (bottom). A single trace
is derived from a single slice. F, Peak heights of �F/F0 traces. Statistical significance was assessed using Student’s t test, with two-tailed p-values. *p 	 0.05; **p 	 0.01; n � 7 or 8
slices in each condition.

Figure 8. Analysis of protein expression in putamen and cerebellum of DYT1 patients and controls. A, Brain tissue from three DYT1 patients (cerebellum and putamen from one and only
cerebellum or putamen from the other two) and controls (putamen from five subjects and cerebellum from three subjects) were subject to Western blot analysis to evaluate the PERK-eiF2� pathway
and dysregulated calcium-related proteins from the proteomic analysis in mice. B, Quantification of expression levels normalized to the first control subject is shown. Statistical analysis was not
performed due to the limited number of samples from each anatomical region.
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models. These include reduced secretion of ER cargo in cultured
cells from DYT1 mice and patient fibroblasts (Hewett et al., 2007;
Hewett et al., 2008), increased sensitivity to ER stress, and rescue
of these phenotypes by 4-phenylbutyrate (Chen et al., 2010; Cho
et al., 2014).

The proteomic analysis also found a cluster of calcium-
binding or calcium-dependent proteins dysregulated by
torsinA(�E), including calbindin, calretinin, neurogranin,
and Basp1. Previous physiological studies have shown abnor-
mal calcium physiology in DYT1 neurons under normal con-
ditions (Iwabuchi et al., 2013a; Iwabuchi et al., 2013b). Here,
we confirm these findings and demonstrate a significantly ab-
normal response of neuronal calcium dynamics to ER stress in
the DYT1 cerebellum. How could torsinA(�E) lead to abnor-
mal calcium signaling? Although there are various potential
mechanisms, we find appealing the possibility of increased
calcium permeability in the ER. Downregulation of ER lume-
nal co-chaperones leads to increased calcium leakage from the
ER via Sec61 (Schorr et al., 2015). Based on the additive effects
of the ER co-chaperone p58 and torsinA(�E) in the early se-
cretory pathway, a similar mechanism could occur in DYT1
neurons. This would explain the defects on protein processing
and calcium physiology caused by torsinA(�E) though a com-
mon mechanism.

TorsinA(�E)-induced translational dysregulation
An important contribution of this work is the potential impli-
cation of translational control in dystonia pathogenesis. It is
possible that torsinA normally helps neurons adapt to differ-
ent sources of stress by modulating translation to maintain
normal function. This is very relevant because regulated trans-
lation in neurons is an increasingly recognized key event un-
der physiological conditions such as synaptic plasticity
(Costa-Mattioli et al., 2009). In the presence of the DYT1
mutation, torsinA(�E) could malfunction by activating stress
signals even under homeostatic conditions, leading to activa-
tion of the Akt/mTOR pathway and persistently enhanced
eiF2� phosphorylation. Both pathways could be indepen-
dently activated by torsinA(�E) or act in cis because there is
known functional crosstalk between them (Kazemi et al.,
2007; Mounir et al., 2011; Rajesh et al., 2015; Tenkerian et al.,
2015). This unexpected link between DYT1 and translational
regulation deserves further study.

Hypothesis for DYT1 pathogenesis
Based on our findings and prior reports, we propose a new
mechanism of DYT1 pathogenesis. Data from different groups
of investigators indicate that torsinA senses energy and redox
state (Zhu et al., 2008; Zhu et al., 2010) and functions as a
chaperone (Burdette et al., 2010). Therefore, torsinA could
normally sense and signal the presence of ER stress, causing a
targeted reduction in import and translation of ER cargo. In
the presence of the DYT1 mutation, torsinA(�E) would aber-
rantly trigger this process even under homeostatic conditions.
Furthermore, abnormal calcium permeability caused by the
loss of chaperone function of torsinA could disrupt this im-
portant ER signaling mechanism. Notably, this hypothesis
provides potential points of convergence for several forms of
primary dystonia that should be explored in future experi-
ments. The gene responsible for DYT16 dystonia, PRKRA, is a
stress-modulated activator of the eiF2� kinase PKR. Fibro-
blasts from DYT16 patients exhibit enhanced and persistent

phosphorylation of PKR and eiF2� under ER stress (Vaughn et
al., 2015). DYT6 is caused by mutations in THAP1 (Fuchs et
al., 2009), a protein also implicated in ER stress responses
(Nayak et al., 2014). Finally, a growing list of dystonia genes
are related to calcium physiology (Charlesworth et al., 2012;
Domingo et al., 2016). Collectively, all of these findings sug-
gest an intriguing link between ER protein processing and
stress responses and translational regulation and calcium sig-
naling in the pathogenesis of dystonia. This hypothesis re-
quires experimental verification.
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