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D Y S T O N I A S

The HIV protease inhibitor, ritonavir, corrects diverse 
brain phenotypes across development in mouse model 
of DYT-TOR1A dystonia
Zachary F. Caffall1, Bradley J. Wilkes2, Ricardo Hernández-Martinez1, Joseph E. Rittiner1,  
Jennifer T. Fox3, Kanny K. Wan3, Miranda K. Shipman1, Steven A. Titus3, Ya-Qin Zhang3, 
Samarjit Patnaik3, Matthew D. Hall3, Matthew B. Boxer3, Min Shen3, Zhuyin Li3,  
David E. Vaillancourt2,4, Nicole Calakos1,5,6,7*

Dystonias are a group of chronic movement–disabling disorders for which highly effective oral medications or 
disease-modifying therapies are lacking. The most effective treatments require invasive procedures such as deep 
brain stimulation. In this study, we used a high-throughput assay based on a monogenic form of dystonia, DYT1 
(DYT-TOR1A), to screen a library of compounds approved for use in humans, the NCATS Pharmaceutical Collec-
tion (NPC; 2816 compounds), and identify drugs able to correct mislocalization of the disease-causing protein 
variant, ∆E302/3 hTorsinA. The HIV protease inhibitor, ritonavir, was among 18 compounds found to normalize 
hTorsinA mislocalization. Using a DYT1 knock-in mouse model to test efficacy on brain pathologies, we found that 
ritonavir restored multiple brain abnormalities across development. Ritonavir acutely corrected striatal cholinergic 
interneuron physiology in the mature brain and yielded sustained correction of diffusion tensor magnetic reso-
nance imaging signals when delivered during a discrete early developmental window. Mechanistically, we found 
that, across the family of HIV protease inhibitors, efficacy correlated with integrated stress response activation. 
These preclinical results identify ritonavir as a drug candidate for dystonia with disease-modifying potential.

INTRODUCTION
Dystonias are centrally driven movement disorders characterized 
by sustained involuntary postures and/or slow twisting movements 
that lead to motor disability and pain. Presentations range from 
focal dystonias, affecting single limbs or other body parts, to gener-
alized dystonias where most of the body is involved in abnormal 
posturing and/or slow uncontrolled twisting movements. Once 
symptoms manifest, they typically endure throughout an indi-
vidual’s lifetime leading to a notable burden of disability and pain. 
In all its forms, dystonia is the third most common movement dis-
order after Parkinson’s disease and essential tremor and can arise in 
many clinical settings—from sporadic and inherited forms to 
those that occur in association with traumatic brain injury, stroke, 
neurodegenerative diseases, metabolic disorders, or antipsychotic 
medication use (1, 2).

There are major unmet treatment needs for dystonia (2). The 
mainstays for oral medication treatment are anticholinergic drugs, 
benzodiazepines, and muscle relaxants (2, 3). These medications 
typically reduce the intensity of, but do not eliminate, symptoms 
(3). A narrow therapeutic window further limits their utility. Inject-
able botulinum toxin is another treatment option, which is used to 
weaken muscles that are excessively activated (2). This approach is 

helpful when only a few specific muscles are problematic (2). Use of 
this toxin is further limited by the need to maintain some function 
in muscles, cost, invasiveness, and access to skilled providers to ad-
minister the injections. Last, pallidal deep brain stimulation surgery 
has been shown to be beneficial for some subsets of patients with 
dystonia, including those with DYT1 dystonia (4, 5). Although en-
couraging, this is a highly invasive treatment available only at tertiary 
care centers. Thus, there is a major unmet need for effective, afford-
able, and easily accessible dystonia treatments.

DYT1 dystonia is an autosomal dominant disease with reduced 
penetrance that typically presents in childhood and leads to generalized 
dystonia (1, 6). Symptoms usually begin focally in the first decade of 
life and progress to involve most of the body over the next several 
years. The most common causative mutation is an in-frame tri-
nucleotide deletion (n. ∆GAG, p. ∆E) in the TOR1A gene that elimi-
nates a glutamic acid residue. The disorder is also thought to have a 
developmental component because of its childhood onset and because 
individuals that do not manifest symptoms in the first two decades 
of life typically never will (7). Individuals with DYT1 dystonia can 
be severely disabled by extensive involuntary movements that interfere 
with volitional movement control (2). Current pharmacological treat-
ments have limited benefits (8). Moreover, none of the treatments 
are disease-modifying (2, 3).

Previously, we developed a high-throughput, high-content (HC) 
assay for genome-wide RNA interference (RNAi) screening that was 
based on hTorsinA protein mislocalization caused by the ∆E muta-
tion (9). Here, we adapted the assay for chemical library screening 
to discover potential therapeutics for dystonia. We found that 
off-target activity of the HIV protease inhibitor (HIV PI), ritonavir, 
was effective in correcting diverse cellular and brain abnormalities 
associated with dystonia.
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RESULTS
Drug library screen identifies the HIV PI, ritonavir
The mislocalizing propensity of the DYT1 TorsinA protein has been 
observed in several studies across multiple cell systems (when it is 
the dominant species, such as in overexpression settings or against 
a null background) (9–21). The ∆E TorsinA mislocalizing propensity 
is also observed independent of whether the protein is expressed as 
a fusion protein or not (15, 16, 18, 20). Recently, this difference in 
wild-type (WT) and ∆E hTorsinA protein localization was used to 
develop a high-throughput, high-content assay and successfully ap-
plied for genome-wide RNAi screening (9). In the screening assay 
cell lines, a cDNA-expressing enhanced green fluorescent protein 
(EGFP) fused to the N terminus of hTorsinA is integrated at a 
defined genomic site in human embryonic kidney (HEK) 293T cells 
under control of a tetracycline-dependent promotor (Tet-On; fig. S1). 
EGFP fluorescence is used to monitor the subcellular distribution of 

the fusion protein. Depending on whether the cell line expresses WT 
or ∆E hTorsinA, we have previously shown that subcellular distri-
bution markedly differs between a diffuse cytosolic distribution (WT) 
and punctate pattern (∆E) (Fig. 1, A and B) (9). Automated HC image 
analysis is used to detect punctate green fluorescence in cells and 
report the percentage of cells with puncta. To avoid phenotype drift 
due to selective pressure, EGFP-hTorsinA protein expression is 
induced at the time of screening by the addition of tetracycline 
(Fig. 1C). To enable screening of large chemical libraries in dose-
response format, assay conditions were adapted to 1536-well plate 
format. Conditions were identified with a signal window of 7.73 ± 0.69 
and a Z′ of 0.67 ± 0.06 in line with recommendations for high-
throughput formats (22). Because of the potential to translate dis-
coveries to the clinic faster, we screened the NCATS Pharmaceutical 
Collection (NPC) library, a library of 2816 compounds approved for 
use in humans. NPC library compounds were assayed in 1536-well 
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Fig. 1. High-throughput, high-content screen for correction of ∆E hTorsinA protein mislocalization identifies potential therapeutic drugs. (A) Representative 
images of HEK293T assay cell lines after 48 hours of tetracycline-induced EGFP-hTorsinA expression. Scale bar, 40 m. (B) Representative examples of automated image 
analysis. Cells were identified using nuclear staining (Hoechst). Green fluorescence was used to characterize EGFP-hTorsinA localization as puncta or diffuse. Mislocalization 
pathology was quantified as the percentage of cells containing EGFP puncta. Scale bar, 20 m. (C) Schematic depicting timeline for high-throughput compound screen-
ing assay. (D) The NCATS Pharmaceutical Collection (NPC) library was formatted in 1536-well plates with interplate dilutions at four separate doses (0.4, 1.9, 9. 2, and 46.1 M). 
Heatmap represents compound performance within wells. (E) Criteria for compounds classified as hits. (F) Correction of ∆E hTorsinA mislocalization versus cellular 
viability as measured by CellTiter-Glo (CTG) assay for free ATP (Promega) for each compound tested at 46.08 M. The percentage of cells containing EGFP puncta was 
normalized to the range of dimethyl sulfoxide (DMSO)–∆E cell line representing 100% of this phenotype and DMSO-WT representing 0%. Compounds categorized as 
hits by criteria in (D) are in green. Gray-shaded box indicates cytotoxicity < 70% (normalized to vehicle-treated ∆E cells = 100) and efficacy of reducing ∆E hTorsinA 
mislocalization > 50%.
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plates with interplate dilutions at four separate doses (0.4, 1.8, 9.2, 
and 46.1 M; Fig. 1D). Features of the multitarget analysis module 
within GE’s IN Cell Analysis Investigator Workstation were optimized 
to quantify the percentage of cells with EGFP puncta (Fig. 1B). Hit 
selection criteria demanded modest potency and efficacy evidence 
of a dose-response relationship (curve classes 1 to 3) (23), preserva-
tion of total EGFP fluorescent intensity and minimal cytotoxicity 
(Fig. 1E).

Eighteen compounds met these hit selection criteria resulting in 
an initial hit rate of 0.6% (Fig. 1, E and F). Among these, the HIV PI, 
ritonavir, stood out because its known target was not present in the 
assay cell line and off-target mechanisms that had been described in 
proteostasis (24) and the integrated stress response (ISR) (25) inter-
sected with processes that are implicated in dystonia pathogenesis 
(9, 26, 27).

We performed a series of confirmatory and counter screens to 
validate the initial hits. In the DYT1 hTorsinA mislocalization assay, 
new stocks of the 18 hit compounds were obtained and tested in 
11-point dose responses from 0.008 to 46.08 M (figs. S2 and S3). 
Ten compounds failed to meet dose-response curve, potency, and/
or efficacy criteria. To avoid selecting compounds with effects that 
could derive from interference in the green fluorophore channel, a 
counter screen was performed using a red fluorescent readout signal 
(Alexa Fluor 594–conjugated to an anti-GFP antibody). The same 
10 compounds that failed in the confirmatory test failed to confirm 
in this counter screen. Next, we determined whether top hits showed 
potential to reverse pre-established TorsinA mislocalization by de-
livering drugs 72 hours after EGFP-∆E hTorsinA expression induc-
tion and assessing effects 12 hours later (fig. S3). Last, an additional 
four compounds were eliminated because of cytotoxicity using the 
CellTiter Glo assay (Promega) (table S1). Throughout these additional 
screens, ritonavir remained among the top performing compounds.

Ritonavir acutely rescues dystonia-associated 
neurophysiology in brain slices
To vet lead compounds in a more disease-relevant setting, we tested 
drug effects acutely applied to brain slices ex vivo using a knock-in 
mouse (Tor1a+/∆GAG) that models the human DYT1 dystonia genotype 
(17). In DYT1 mouse models, abnormalities in dopamine modula-
tion of striatal cholinergic interneurons (SCIs) are reproducibly ob-
served across multiple models and laboratory groups (28–32). SCIs 
spontaneously and tonically fire action potentials (33). Typically, 
dopamine through the type 2 dopamine receptor (D2R) causes a 
reduction in tonic SCI activity (34). Paradoxically, in DYT1 mouse 
models, SCIs respond to D2R agonism with an increase in firing rates 
rather than decrease (28–32). This finding has recently been extended 
to several other dystonia models [DYT-THAP1 (DYT6) and DYT-
GNAL (DYT25)], indicating that SCI dysregulation may be a more 
common feature of dystonia (35). In the clinic, anticholinergics are 
among the more effective dystonia drugs (when tolerated) support-
ing the plausibility that this phenotype may relate to a pathophysio-
logically relevant process (2, 36).

To test the ability of ritonavir to rescue the DYT1 SCI pheno-
type, acute brain slices were preincubated for 1 to 4 hours with 
vehicle or ritonavir (4 M) under blinded conditions, and cell-attached 
recordings of SCIs were performed to assess firing rate modulation 
by the D2R agonist, quinpirole (10 M). First, previously described 
genotype differences in D2R modulation in SCIs of DYT1 knock-in 
mice were reproduced (Fig. 2, B and C) (31, 32). Next, compared to 

vehicle preincubation, ritonavir significantly modified the D2R SCI 
response (P = 0.0061), categorically shifting the nature of the modu-
lation back to the WT phenotype of mean rate reduction (<1) rather 
than augmentation (>1) (Fig. 2, B and C). Measures of SCI intrinsic 
excitability indicated that ritonavir’s effects may occur through 
modifying action potential kinetics, slowing and widening the action 
potential waveform (fig. S4). These effects were apparent before 
quinpirole application and were not further modified by quinpirole 
exposure. In summary, these results indicate that acute ex vivo expo-
sure of brain tissue to ritonavir is sufficient to normalize the D2R 
SCI pathophysiology associated with dystonia.

Ritonavir administered during critical developmental period 
yields long-lasting normalization of DTI MRI
With these encouraging ex vivo results, we aimed to test the effects 
of ritonavir under systemic and chronic dosing conditions. Ideally, 
the phenotypic readout would have face validity, such as the dystonia 
movement disorder itself. However, modeling DYT1 dystonia in 
rodents has met with limited success in generating a face valid model 
(3, 37). Genetic perturbations that are more severe than the human 
clinical setting show proof of principle that ∆E TorsinA can impair 
movement and cause other severe brain phenotypes (21, 38–42). 
However, because excessive WT TorsinA transgenic overexpression 
can also cause movement phenotypes and overt cell damage/loss that 
is beyond the pathology associated with DYT1 dystonia (42), we 
instead chose to maintain the benefits of drug testing in a construct-
valid setting that models the causative genotype. For the readout, 
we selected a brain phenotype that has been described in both human 
patients and mouse models. Microstructural integrity is disrupted 
in DYT1 human subjects and knock-in mice. In diffusion tensor 
imaging (DTI) magnetic resonance imaging (MRI) sequences, both 
humans and mice show lower fractional anisotropy (FA), a signal 
that relates to restricted water diffusion in brain tissue, largely at-
tributed to deficits in white matter tracts (43–46).

To test ritonavir’s effects on brain microstructure, we selected an 
early developmental window for treatment because early develop-
ment is a period of extensive myelination and microstructural 
development in both mice and humans (47, 48). In addition, DYT1 
dystonia presents in a discrete mid-childhood developmental period. 
TorsinA expression prominently peaks in early development, and 
DYT1 mouse models show early developmental time windows for 
synaptic effects (7, 49–51). Because ritonavir is a P-glycoprotein 
substrate (Pgp, also known as multidrug resistance protein 1) and 
subject to efflux from the brain, we first performed in vivo pharmaco-
kinetic (PK) studies in young mouse pups with ritonavir and the 
Pgp inhibitor, elacridar. The combination of ritonavir (15 mg/kg) 
and elacridar (100 mg/kg) produced brain ritonavir concentrations 
greater than the screening assay EC50 (median effective concentra-
tion) for >4 hours (Table 1 and fig. S5) (52, 53). Pregnant dams were 
treated by intraperitoneal injection from about embryonic day 10 to 
birth. Pups were treated thereafter using oral gavage until postnatal 
day 14. Mice were then allowed to reach adulthood ages that have 
been previously studied with DTI MRI (43) before euthanasia and 
preparation of tissue for ex vivo DTI at 17.6 T.

We performed three types of analysis to test whether ritonavir 
treatment had a corrective effect on DYT1 genotype–dependent dif-
ferences in FA. First, we pre-established regions of interest (ROIs) 
for treatment effects by identifying all voxels with DYT1 genotype–
dependent FA differences from WT (P < 0.05) in brain areas previously 
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reported to show genotype differences using the same DYT1 mouse 
model and age (43). Previous data have shown that DYT1 mice pre-
sented regions of lower FA values within the superior cerebellar 
tract (R), pons (R), corpus callosum (R), striatum (L), and superior 
colliculus (R) (Fig. 3B) (43). We extracted the genotype-significant 
voxel subset for each brain area (P < 0.05), calculated the mean FA 
value of those voxels within each area, and performed between-group 
comparisons for each brain area. Using this approach, four of the 
five areas previously reported showed significantly lower mean FA 
values in vehicle-treated DYT1 mice compared to WT controls 
[P = 0.0081 (R) in superior cerebellar tract, P = 5.4 × 10−4 (R) in 
pons, P = 0.0032 (R) in corpus callosum, and P = 3.3 × 10−4 (L) in 
striatum] (Fig. 3B). Next, within the DYT1 mice, we tested whether 
ritonavir increased FA values. We found that ritonavir-treated DYT1 
mice had significantly higher FA values than vehicle-treated DYT1 
mice in three of those four regions [P = 0.021 (R) in pons, P = 0.011 
(R) in corpus callosum, and P = 2.2 × 10−4 (L) in striatum; not (R) 
superior cerebellar tract (P = 0.09)] (Fig. 3B). Last, we found that, in 
contrast to vehicle-treated DYT1 mice that showed significantly lower 
FA values than WT in 9 of 10 comparisons made bilaterally in these 
five brain regions [P = 0.0032 (R) and P = 0.0070 (L) in corpus cal-
losum, P = 0.0016 (R) and P = 3.3 × 10−4 (L) in striatum, P = 5.4 × 
10−4 (R) and P = 0.0014 (L) in pons, P = 0.0081 (R) and P = 0.0052 
(L) in superior cerebellar tract, and P = 0.030 (L) in superior colliculus], 

ritonavir-treated DYT1 mice failed to 
show significant differences from WT in 
FA values in all but 1 of these 10 com-
parisons [P = 0.030 in (R) superior cere-
bellar tract] (Fig 3B).

To complement this candidate region 
approach, we also performed whole-brain 
voxel-wise comparisons between groups. 
Figure 3C shows representative brain 
sections with directionality of FA changes 
noted for all voxels with P < 0.05. This 
analysis indicates that the DYT1 geno-
type tended to show unidirectional FA 
differences (lower) brain-wide in com-
parison to WT (Fig. 3C, left). The com-
parison between DYT1-ritonavir and 
WT-vehicle further suggested that nor-
malizing effects of ritonavir may also be 
more widespread than previously iden-
tified ROIs (Fig. 3C, middle). These 
findings prompted us to consider whether 
we could use machine learning tools 
such as support vector machine (SVM) 
analyses to classify genotype; hence, 
approaches have been useful in clinical 
populations with dystonia (54). We used 
SVM to classify brains by genotype 
using the subset of voxels with P < 0.05 
for genotype differences (DYT1 versus 
WT). The SVM model was trained using 
only the vehicle-treated WT and DYT1 
mice and leave-one out (LOO) cross-
validation, in which the training occurred 
on datasets missing a single sample, that 
was later used as a test subject (Fig. 3D). 

The receiver operating characteristics for the trained SVM model 
are shown in fig. S6, and the area under the curve was 0.79. We 
proceeded to use the genotype-trained SVM classifier to determine 
whether ritonavir-treated DYT1 mice were classified as DYT1 or WT, 
using the same subset of voxels. SVM classified 80% (four of five) of 
the ritonavir-treated DYT1 mice as WT (Fig. 3D). Therefore, each 
of these distinct analyses provides support that early perinatal treat-
ment of mice with ritonavir causes long-lasting normalizing changes 
to brain microstructural defects associated with the DYT1 genotype. 
Together with the neurophysiology results, these animal model 
studies show corrective effects of ritonavir in DYT1 knock-in mice 
under diverse treatment conditions—an acute response to ex vivo 
treatment (Fig. 2) and sustained adulthood effects after chronic 
dosing in a discrete perinatal window (Fig. 3).

Anti-DYT1 activity and mechanism of HIV PIs
Encouraged by the positive treatment effects of ritonavir on ex vivo 
and in vivo dystonia-related brain phenotypes, we next sought to 
understand the mechanism by which ritonavir exerted these effects. 
First, to determine whether DYT1 hTorsinA assay rescue was 
unique to ritonavir or shared by other members of the HIV PI class 
of compounds, we examined the activity of eight U.S. Food and 
Drug and Administration (FDA)–approved HIV PIs (EC50 for HIV 
protease inhibition ranging from 1 to 80 nM) and one related analog 
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(cobicistat) (Figs. 4 and 5). We found that five of nine HIV PIs 
reduced ∆E-hTorsinA mislocalization (maximum efficacy, >70% 
normalization; EC50 range, 2 to 16 M). These results indicate that 
ritonavir’s activity is shared by many but not all HIV PIs. However, 
of these five, only ritonavir showed good separation of mislocaliza-
tion effects from cytotoxicity (Fig. 4, A and D). As a drug class, the 
HIV PIs were developed to inhibit the virally encoded aspartic pro-
tease, HIV-1 protease (O90777_9PLVG). Because this protein target 
is not expressed in the assay cell lines, these results suggest that a 
common off-target mechanism underlies the dystonia treatment 
effects that we observe.

We next tested whether a well-known off-target activity of ritonavir 
could be responsible. Ritonavir inhibits liver and intestinal cytochrome 
P450 metabolism via inhibition of CYP3A4 (55–57). The drug cobi-
cistat has two structural modifications from ritonavir that eliminate 
HIV PI activity while preserving CYP3A4 inhibition (58). In the 
DYT1 hTorsinA mislocalization assay, we found that cobicistat showed 
more than sevenfold worsening of the EC50 compared to ritonavir 
(Fig. 5). Elimination of the central hydroxyl group (see blue OH in 
Fig. 5) has also been shown to markedly reduce HIV protease activity 
without altering CYP3A4 inhibition activity (58). We therefore tested 
the activity of deshydroxy-ritonavir and deshydroxy-lopinavir in 
the DYT1 hTorsinA mislocalization assay. Compared to ritonavir, 
deshydroxy-ritonavir showed a more than 10-fold worsening of the 
EC50 (Fig. 5). Similarly, compared to lopinavir, deshydroxy-lopinavir 
caused a greater than threefold worsening of the EC50 (Fig. 4D and 
Table 1). This series of experiments indicates that CYP3A4 inhibition 
is unlikely to be the mechanism for anti-DYT1 activity of ritonavir.

Recently, several HIV PIs have been found to stimulate the ISR 
(25). The ISR is a highly conserved signaling network that broadly 
regulates protein synthesis by eIF2 in settings of cellular stressors 
as well as learning and memory (2, 9, 59–61). Transcriptional activity 
of activating transcription factor 4 (ATF4) is a major downstream 
signaling mechanism for the ISR (59). We used a reporter of ATF4 
transcriptional activity [amino acid response element (AARE)–dual 
luciferase; fig. S7] to test whether ISR activation was a feature of 
HIV PIs with anti-DYT1 activity. Five of nine HIV PIs showed 

dose-dependent increases in ATF4 transcriptional activity (Fig. 6A). 
Consistent with our predictions, the five HIV PIs with ATF4 activity 
were the same compounds that showed efficacy in the DYT1 hTorsinA 
assay (Fig. 4). However, we also noted that, contrary to the subtler 
predictions of our hypothesis, the potency for ISR activation and 
the potency for correction of DYT1 hTorsinA mislocalization were 
not correlated (fig. S8). For example, of the five compounds, ritonavir 
had the highest potency for TorsinA localization but the lowest ATF4 
transcriptional activity. Ritonavir is also distinguished from the other 
four compounds because its anti-DYT1 dose-response curve was 
separable from the cytotoxicity dose-response curve (Fig. 4, A and D). 
ISR mechanisms can restore cellular homeostasis; however, depending 
on degree of activation, it can also prompt cellular apoptosis through 
C/EBP-Homologous Protein (CHOP)–dependent mechanisms (62). 
In this case, we saw that cytotoxicity and ISR activation were strongly 
correlated (Fig. 6C), whereas autophagy was not activated by HIV 
PIs (fig. S9). From these experiments, we conclude that ISR activa-
tion is a shared property across DYT1-correcting HIV PIs. However, 
counter to our predictions, among the DYT1-correcting HIV PIs, 
the degree of ISR activation does not correlate with activity in the 
dystonia assay but rather with cytotoxicity.

We next sought to directly test whether ISR activity was neces-
sary for ritonavir’s activity on DYT1 hTorsinA localization by 
performing chemical and genetic manipulations that inhibit the 
ISR (Fig. 6B). ATF4 plays a central role in mediating the cellular 
response to ISR activation. Previously, we found that expression of 
an ATF4 cDNA was sufficient to lower DYT1 hTorsinA mislocal-
ization (9). Here, using a small interfering RNA (siRNA) knockdown 
approach, we tested whether inhibiting the ISR pathway by reduc-
ing ATF4 expression would lower ritonavir efficacy. In comparison 
to a nonsilencing control siRNA, ATF4 knockdown significantly 
lowered ritonavir’s efficacy (P = 5.7 ×10−4; Fig. 6D). We also took 
advantage of a potent and specific tool compound to inhibit the 
translational consequences of ISR activation, ISRIB (ISR inhibitor) 
(63). Previously, we found that ISRIB alters the normal subcellular 
localization of WT hTorsinA (9). Here, we tested whether ISRIB 
reduces ritonavir’s efficacy in the DYT1 cell line assay. Similar to 

Table 1. Anti-DYT1 activity of HIV protease inhibitor class of compounds. EC50 values shown for data in Figs. 4 and 5. n.d., not determined. Therapeutic 
window = log2 of the ratio of EC50 for cytotoxicity over localization. 

∆E hTorsinA mislocalization assay AARE/ATF4 assay

Collected activity data Localization EC50 (M) Localization max 
efficacy Cytotoxicity EC50 (M) Therapeutic window Pathway activator

Ritonavir 2.06 97% 44 4.4 Yes

Nelfinavir 3.49 120% 4.2 0.3 Yes

Lopinavir 4.69 70% 37.2 3.0 Yes

Saquinavir 7.52 135% 205.7 4.8 Yes

Deshydroxy-lopinavir 15.98 115% 40.7 1.3 Yes

Cobicistat 17.46 82% n.d. n.d. n.d.

Deshydroxy-ritonavir 37.14 97% 66.2 0.8 n.d.

Atazanavir No activity 53.3 n.d. No

Amprenavir No activity n.d. n.d. No

Darunavir No activity n.d. n.d. No

Indinavir No activity n.d. n.d. No
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observations with ATF4 knockdown, ISR inhibition by ISRIB sig-
nificantly reduced ritonavir’s efficacy (P = 0.0014). Last, consistent 
with prior observations, we noted that, in the vehicle condition, ISRIB 
increased the percentage of cells with DYT1 hTorsinA mislocalization. 
From this set of experiments, we conclude that ISR activity contrib-
utes to ritonavir’s effects.

DISCUSSION
Dystonia is a chronic debilitating disease with a major unmet need 
for efficacious oral and disease-modifying treatments. In this study, 
we identify disease-modifying potential for an FDA-approved drug 
to treat the rare genetic disease, DYT1 early-onset generalized dys-
tonia. The mechanism for ritonavir’s effect is independent of its 
known HIV protease target and involves signaling by the ISR. This 
drug mechanism intersects with recently described pathophysiolo-
gy observed across multiple distinct clinical and etiological forms of 
dystonia (9, 64–67), creating the potential for benefit in a substan-
tially larger patient population.

To enable this discovery, a recently described high-content, 
high-throughput, cell-based screening assay that monitors the 
punctate mislocalization of EGFP-hTorsinA caused by the DYT1 
mutation was adapted for chemical library screening in 1536-well 
and dose-response format. The NPC of FDA-approved compounds 
was screened resulting in a 0.6% hit rate, with 18 compounds meeting 
selection criteria. Ritonavir was among this small number of com-
pounds with high efficacy and potency and low cell toxicity.

Our data suggest that the mechanism for ritonavir in correcting 
DYT1-related phenotypes is not through its known molecular tar-
get, the HIV-1 protease. A number of off-target activities for HIV 
PIs have been described, and tool compounds isolating HIV protease 
activity from other effects are available. We found that compounds 
eliminating the HIV PI activity but preserving off-target activity on 
cytochrome P450 activity lost efficacy in the DYT1 assay. The re-
cently described off-target activity of HIV PIs intersects directly 
with a newly proposed mechanism for DYT1 and other dystonias 
(25). We proposed the eIF2 hypothesis for dystonia because phasic 
activation of the ISR was found to be attenuated in three forms of 
dystonia (DYT1, DYT16, and sporadic focal), human genetic vari-
ants in two pathway genes were associated with dystonia (PRKRA 
and ATF4), and tool compounds that boosted the ISR showed cor-
rective activity in DYT1 cell and animal models (9). Support for this 
pathway mechanism for dystonia has since extended to other dystonias 
and is supported by biochemical and human genetic studies from 
multiple teams (9, 64–68). We therefore hypothesized that HIV PIs 
may correct DYT1-related phenotypes because of their ISR-activating 
properties. When we explored the potential for ISR activation as a 
mechanism, we found that ISR activity was common to the subset of 
HIV PIs with DYT1 assay activity. We also found that chemical and 
genetic manipulations inhibiting the ISR lowered ritonavir’s efficacy.

Modulation of ISR activity state has wide-reaching ramifications 
for the translated proteome because the ISR causes large shifts in 
which mRNAs are translated (59). The breadth of the impact of ISR 
modulation on protein abundances might also explain why ritonavir 
can correct such diverse DYT1-associated phenotypes that may each 
have distinct molecular underpinnings. In addition, the intersection 
of corrective mechanisms for HIV PIs and causal mechanisms for 
dystonia on the ISR indicates potential for ritonavir as a mechanism-
targeting therapeutic. Although our findings provide solid support 
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Fig. 3. Daily ritonavir during early development (E10-PND14) corrects DYT1 
microstructural abnormalities imaged in adult mice. (A) Schematic of experi-
mental design. (B) Treatment effects in previously reported genotype-discriminating 
brain regions of adult Tor1a +/∆GAG (DYT1) mice; n = 4 WT-vehicle, 6 DYT1-vehicle, 
and 5 DYT1-ritonavir. Box and whiskers plots represent 5 to 95 percentiles. FDR-
adjusted one-tailed t test; *P < 0.05 and **P < 0.01. (C) Heatmap showing FA values 
for all voxels reaching P < 0.05 by t test between indicated groups. (D) Support vector 
machine (SVM) learning algorithm trained on WT-vehicle and DYT1-vehicle voxel-
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applied to DYT1-ritonavir, classifying four of five DYT1-ritonavir–treated mice as WT.
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for a contribution of the ISR to ritonavir’s effects, we remain open 
to the possibility that additional mechanisms are involved. Future 
studies to determine the molecular binding partner of ritonavir will 
help resolve this important question.

We found that ritonavir was effective in correcting multiple brain 
phenotypes and under vastly different treatment designs. Ritonavir 
acutely normalized SCI physiology when applied ex vivo to mature 
brain slices and also caused long-lasting normalization of DTI MRI 
signals in adulthood when delivered transiently during a discrete early 
developmental window. These results show promise for ritonavir or 
derivatives as potential disease-modifying therapeutics for dystonia. 
Although neither of these brain phenotypes is dystonia, considerable 
connections between each of these brain phenotypes and dystonia 
have been established. Paradoxical SCI firing in response to dopa-
mine (rate increases instead of decreases) has now been described in 
multiple etiological models of inherited dystonia (28–32, 35). 
Hypercholinergia in the setting of dopamine D2R signaling is further 
a plausible mechanism for dystonia because among the current 
best oral medications for children with DYT1 are anticholinergic 

compounds (but suffer from a poor therapeutic window), and dopamine 
deficiency (due to genetic loss of function in critical biosynthetic 
enzymes, dopamine receptor blocking drugs or Parkinson’s disease) 
can cause dystonia. Lower FA (a measure of microstructural integ-
rity in DTI MRI sequences) has now been reported in many forms 
of dystonia including familial and sporadic disease (46, 69–74) and 
five mouse models involving the Tor1a gene (42, 43, 75–77). A few 
studies further suggest correlations between FA values and dystonia 
symptomatology (71, 78, 79). Collectively, these studies support the 
potential predictive value of the brain readouts tested in this study.

There are several limitations of our study that could influence 
interpretation and translation to human studies. Most critically, 
although our study has shown that ritonavir corrects paradoxical 
SCI firing responses to D2R agonism and white matter deficiencies, 
we still do not understand how these diverse phenotypes are in-
volved in dystonia disease pathogenesis in humans. To meet success 
in translation to clinical populations, we see two major milestones 
ahead. The first concerns determining when in the disease course to 
administer the drug for the treatment to be effective. The second 

A B C

D

N
or

m
.%

 m
is

lo
ca

liz
at

io
n

N
or

m
.  

%
 c

el
l c

ou
nt

s

∆E hTorsinA +
DMSO

∆E hTorsinA +
31.6 μM ritonavir

NH

HN
O

OH

NH

O
O

N
O

S

N

N

S

N
or

m
.%

 m
is

lo
ca

liz
at

io
n

N
or

m
.  

%
 c

el
l c

ou
nt

s

Nel�navir Lopinavir Deshydroxy-lopinavirSaquinavir

Atazanavir Amprenavir Darunavir Indinavir

H

HN

OH

S NH
O

HO

O

NH N
HN

O

O
HN

OH

NH
O

O

HN

O
N

HO

NH

O
H2N

O HN O

N

N
HN

O

O
HN

NH
O

O

N
HN

O

NH

O
O

OH

NH
O

HN

O
O

N

N

OH

NH
O

O

O

S
O

O
NH 2

H

OH

O

O
O

NH

OH

N S
O

O
NH 2

NH

O

N

N

N

OH

O
NHHO

Ritonavir

[Log M]
-9 -8 -7 -6 -5 -4

-25

0

25

50

75

100

125

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

-9 -8 -7 -6 -5 -4
-25

0
25
50
75

100
125

[Log M]

Fig. 4. Activity of HIV PI drugs for normalization of DYT1 hTorsinA mislocalization. (A) Dose-response curves for ritonavir on DYT1 hTorsinA localization (black) and 
cell count (gray) in the ∆E assay cell line. Degree of DYT1 hTorsinA mislocalization was normalized such that vehicle-treated E cells = 100 and vehicle-treated WT cells = 0. 
Cell count was normalized such that vehicle-treated E cells = 100. (B) Structure of the HIV protease inhibitor (PI), ritonavir. (C) Representative images from 31.6 M ritonavir 
and vehicle treatments in ∆E cell lines. Scale bars, 20 m. (D) Dose-response curves for the family of HIV PI compounds on DYT1 hTorsinA localization (black) and cell count 
(gray) in the ∆E cell line and their respective structures. n = 4 biological replicates per compound dose for dose-response data and 24 for vehicle control data (used for 
normalization). All data are presented as means ± SEM.

D
ow

nloaded from
 https://w

w
w

.science.org at Florida State U
niversity on N

ovem
ber 30, 2021



Caffall et al., Sci. Transl. Med. 13, eabd3904 (2021)     18 August 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 13

concerns addressing the PK, pharmacodynamic (PD), and risk pro-
file that accompanies using a ritonavir-like molecule at concentra-
tions in the central nervous system (CNS) that are much greater 
than currently approved indications.

A limitation of our study is that it leaves open the question of when, 
during the human disease course, a compound like ritonavir should be 
tested. Because of limitations in preclinical modeling of DYT1 dystonia, 
we did not have the opportunity to test ritonavir on the movement 
disorder itself. The DYT1-related brain phenotypes that were corrected 
by ritonavir support arguments for two very different possibilities: 
to acutely reverse established symptoms in adulthood and to intervene 
during a developmental window for sustained benefit without need 
for ongoing drug treatment in adulthood. We also note that although 
we showed sufficiency for a brief early developmental treatment 
period to cause sustained microstructural DTI signal correction, 
our study design does not rule out the possibility that treatment in 
the mature adult might also respond. This is an important area for 
future study. In human studies within and outside of dystonia, the 
capacity for plasticity of DTI signals has been established (78–80).

A second major translational issue we anticipate is that, at a min-
imum, for an indication in dystonia, ritonavir would need to be re-
formulated to achieve CNS concentrations much higher than those 
described in the currently approved indications (which suggest at 
most cerebrospinal fluid concentrations of 2.63 to 32 nM (52)). The 
results in this study were obtained using a dose (15 mg/kg) that achieves 
peak CNS concentrations of about 5 M in mice when combined 
with a Pgp-1 inhibitor. Although these concentrations are much higher 
than those reported with current ritonavir HIV clinical indications 
due to unmitigated CNS efflux, the peak plasma and CNS concen-
trations that we observed at the 15 mg/kg dose in mice are well 
within the range reported in human plasma (15 M) under dosing 
relevant to the HIV clinical indication [600 mg twice daily (BID)] 
(81), as well as the therapeutic window for adverse cytotoxicity 
suggested both by our data (Table 1) and published studies (25, 82). 

In this study, we used the Pgp-1 inhibitor tool compound, elacridar, 
to achieve high CNS concentrations and establish proof of principle. 
Strategies for CNS delivery will need to be addressed, either through 
next-generation Pgp inhibitors like zosuquidar (83, 84) or other 
methods (85). Separate from PK/PD and cytotoxicity considerations, 
there are safety and risk considerations that should be considered 
when deploying the HIV PI to activate the ISR. The ISR is a funda-
mental pathway for restoring cellular homeostasis and, when disrupt-
ed, in either direction—too much or too little—may have adverse 
effects (59, 60). Human disorders such as diabetes, dystonia, cancer, 
Down’s syndrome, and traumatic brain injury are just a few exam-
ples of diseases in which a causal and/or corrective role for the ISR 
is involved (60). These examples also provide an insight to potential 
risks. Last, our results across the family of HIV PIs also highlight 
that the degree of ISR perturbation may crucially influence the clin-
ical suitability of drug candidates. In our study, a drug with modest 
ISR activity, ritonavir, showed promise in normalizing DYT1 pheno
types, whereas the most potent ISR activator, nelfinavir, suffered from 
a poor therapeutic window.

In summary, using a recently developed HC, high-throughput 
screen (HTS) assay that monitors DYT1 hTorsinA mislocalization, 
we have identified a potentially disease-modifying therapeutic op-
portunity in the HIV PI, ritonavir. DYT1 is a particularly severe and 
early-onset form of dystonia in which most of the body can be con-
sumed with involuntary movements that prevent independence with 
the most basic activities of daily living. Once symptoms onset, usually 
in early childhood, they are unremitting, exacting a large cumulative 
toll of disability. There are no well-tolerated, highly effective or 
disease-modifying oral treatments, and, typically, adequate symptom 
control requires invasive approaches at specialized tertiary care 
centers such as botulinum toxin injections and deep brain stimu-
lation. Thus, the availability of an oral drug with disease-modifying 
potential would transform the current treatment landscape. In addi-
tion, DYT1 dystonia is part of a larger group of disorders that include 
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dystonia and which also lack disease-modifying treatments. The 
emerging views of multiple forms of dystonia sharing ISR dysfunction 
suggest possible benefit for dystonias beyond DYT1. The results of 
the present study showing normalization of diverse dystonia-related 
brain phenotypes provide strong preclinical support to further con-
sider and develop this class of drugs for dystonia.

MATERIALS AND METHODS
Study design
The objective of this study was to determine the repurposing potential 
of drugs approved for use in humans as therapeutics for DYT-TOR1A 

early-onset generalized dystonia. Drug 
screen: A cell-based, high-content, high-
throughput screen was used to test com-
pound efficacy and potency for correction 
of mislocalization of the causative pro-
tein variant, ∆E hTorsinA. A number of 
replicates for drug screening were es-
tablished a priori based on assay perform
ance and technical feasibility. Hit calling 
features were established before screen-
ing. Mouse model neurophysiology: Ex 
vivo slice electrophysiology was used as 
a secondary assay to test to the ability of 
ritonavir to acutely correct a previously 
defined paradoxical increase in firing 
rate of SCIs in Tor1a+/∆GAG mice. Ade-
quate sample sizes were identified em-
pirically in pilot studies based on group 
sizes sufficient to identify genotype dif-
ferences. Sample sizes were then set as a 
number of mice per condition based on 
typical yield of usable cellular record-
ings. All cells meeting inclusion criteria 
were used. Exclusion criteria were pre-
established, and exclusions (technical 
recording quality; cell type) were made 
before unblinding. DTI MRI: Regions 
in which DTI signal abnormalities had 
been previously described in dystonia 
mouse models were chosen before study 
as an outcome measure for an in vivo 
preclinical test of ritonavir. Sample sizes 
were constrained by complexity and 
limited throughput of experiment and 
set to have about equal numbers in each 
group. Analyses were completed before 
unblinding. SVM analysis was under-
taken after recognizing widespread effects 
of drug treatment. HIV PI mechanistic 
studies: Chemical and genetic inhibition 
of the ISR, ISRIB, and ATF4 knock-
down were used to confirm the necessity 
of the ISR for anti-DYT1 activity of 
ritonavir. For all in vivo and ex vivo 
studies, primary variable was blinded, 
and for most studies, genotype was also 
blinded (WT/DYT1). In vitro mechanis-

tic studies carried out with HC imaging were not blinded but analysis 
was automated. Datasets do not have any outliers excluded.

Slice electrophysiology
Adult mice (3 to 8 weeks) were anesthetized and intracardially per-
fused with high-sucrose solution (194 mM sucrose, 30 mM NaCl, 
0.2 mM CaCl2, 2 mM MgCl2, 4.5 mM KCl,1.2 mM NaH2PO4, 26 mM 
NaHCO3, and 10 mM glucose, saturated with 95% O2 and 5% CO2). 
Immediately after perfusion, the mice were decapitated, and then 
brains were dissected and sliced using a Leica VT1200S vibratome 
(coronal slices; 300 m). Slices were equilibrated for at least 1 hour 
in artificial cerebrospinal fluid [ACSF; 124 mM NaCl, 2.5 mM KCl, 
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n = 4 independent replicates per condition. FDR-corrected two-tailed unpaired t test to DMSO. (B) Schematic indicating 
the sites of chemical and genetic manipulation of the ISR. (C) At a 10 M dose, cytotoxicity correlated with AARE/ATF4 
transcriptional reporter activity in the tested HIV PIs. (D) DYT1 hTorsinA localization in the ∆E assay cell lines after trans-
fection with ATF4 siRNA. Percent cells with mislocalization were normalized such that nonsilencing control (NSC) siRNA–
transfected ∆E cells = 100 and NSC siRNA–transfected WT cells = 0. (E) DYT1 hTorsinA localization in the ∆E assay cell 
lines after treatment with 50 nM ISRIB. Percent cells with mislocalization were normalized such that DMSO-treated ∆E 
cells = 100 and DMSO-treated WT cells = 0. Ritonavir (RTV) = 10 M; n = 4 wells per condition; two-tailed unpaired t test. 
*P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.0001. All data are presented as means ± SEM. KD, knockdown. GADD34, growth 
arrest and DNA-damage-inducible 34. CReP, constitutive repressor of eIF2 phosphorylation.
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10 mM glucose, 2 mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, and 
1.2 mM NaH2PO4 saturated with 95% O2 and 5% CO2 (pH 7.4), 
300 mOsm/liter]. Slices were then superfused continuously in ACSF + 
50 M picrotoxin at 3 to 4 ml/min and 32°C in a recording cham-
ber. Micropipettes were pulled (Narishige pc 100) from borosilicate 
glass tubes (King Precision Glass) and filled with internal solution 
[130 mM KSO4CH4, 5 mM KCl, 5 mM NaCl, 50 M CaCl2, 2 mM 
MgCl2, 10 mM Hepes, 2 mM adenosine triphosphate (ATP)–Mg, 
100 M EGTA, and 400 M guanosine triphosphate–Na (pH 7.3), 
290 mOsm/liter] to achieve a final resistance of 3 to 4.5 megohm. 
Cholinergic interneurons in the dorsal striatum labeled with enhanced 
yellow fluorescent protein, visualized using infrared differential inter-
ference microscopy, were first recorded in cell-attached mode. After 
a 15-min baseline recording in ritonavir/vehicle control, 10 M 
quinpirole (a selective D2R agonist; Tocris Bioscience) was added to 
the slice for 3 min, and recording was continued for another 12 min 
thereafter. Recording was then switched to whole-cell configuration, 
and electrophysiological properties were used to secondarily identify 
cell type using the standard current-voltage (I-V) protocol. Drugs 
were stored as stock solutions and diluted into the perfusion solution, 
before each experiment, in the final working concentrations indicated. 
(−)-Quinpirole hydrochloride (10 M; catalog no. 1061) and ritonavir 
(4 M; catalog no. 5856) were from Tocris Bioscience. Picrotoxin 
(50 M, CAS 124-87-8) is from Sigma-Aldrich.

DTI MRI acquisition and analysis
Ex vivo DTI acquisition and preprocessing were performed with 
the same protocol described briefly here (86). Mice were perfused 
with 10% neutral buffered formalin and stored in phosphate-buffered 
saline before scanning. The skull with encapsulated brain tissue was 
immersed in FC-40 (Fluorinert) and scanned on an Avance III Bruker 
750-MHz (17.6 T) spectrometer at the Advanced Magnetic Resonance 
Imaging and Spectroscopy facility at University of Florida. Diffu-
sion weighted images were acquired using a two-dimensional diffu-
sion weighted spin echo sequence, with repetition time (TR) = 4.3 s, 
echo time (TE) = 28 ms, diffusion duration () = 4 ms, diffusion 
spacing (∆) = 12 ms, and 3 averages. The voxel resolution was 125-m3 
isotropic. A total of 60 diffusion directions were used, including 
2 b = 0 s/mm2 volumes, 8 b = 600 s/mm2 volumes, and 52 b = 3000 
s/mm2 volumes. Total scan time was 22 hours and 47 min. Images 
were preprocessed using custom Unix shell scripts. Skull stripping 
was performed on b0 images using PCNN3D in MATLAB (87) and 
ITK-SNAP (88) and then applied to all other diffusion volumes. Cal-
culation of FA was performed using DTIFIT in FSL (89). Images 
from each animal were aligned to a common stereotactic space using 
nonlinear registration with advanced normalization tools (90).

Before image analysis and unblinding, ROIs for the superior 
cerebellar tract, corpus callosum, striatum, and superior colliculus 
were derived from MRI atlases provided by the Australian Mouse 
Brain Mapping Consortium (91, 92), and the pons ROI is defined 
according to the Allen Mouse Brain Atlas (mouse.brain-map.org). 
We assigned unique labels to ROIs from the left and right hemi-
spheres of the brain. Significant voxels in these ROIs were identified 
with group comparisons carried out in FSL, using randomized per-
mutation testing with threshold-free cluster enhancement (93). We 
extracted the genotype-significant voxel subset for each ROI, calcu-
lated the mean FA value of those voxels within each ROI, and per-
formed between-group comparisons for each ROI. For this ROI 
analysis, we corrected for multiple comparisons using a 5% false 

discovery rate (FDR) (94). Whole-brain voxel-wise analyses were also 
performed using FSL Randomise. Whole-brain voxels that differed 
between veh-DYT1 and WT mice (P < 0.05) were saved as a mask, 
and FA values in those voxels were extracted for each animal. Soft-
ware functions in MATLAB were used to carry out SVM analysis. 
The SVM model for binary classification was trained using those FA 
values from veh-DYT1 and WT mice using LOO cross-validation. 
The trained SVM model was applied to FA values from ritonavir-
DYT1 mice to determine whether they were classified as DYT1 or WT.

Statistical analysis
GraphPad Prism software was used to perform statistical analysis, 
and all data are shown as means ± SEM unless otherwise indicated 
in the respective figure legends. Statistical test used, number of rep-
licates, and P value definitions are provided in the respective figure 
legends. Differences were considered significant when P < 0.05.

SUPPLEMENTARY MATERIALS
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Tables S1 and S2
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The HIV protease inhibitor, ritonavir, corrects diverse brain phenotypes across
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Tackling dystonia with approved drug
Mutations in TOR1A cause a monogenic form of dystonia called DYT1. Patients with DYT1 present chronic movement
impairments that persist through life. Effective treatments addressing the cause of the disease are needed. Here,
Caffall et al. performed in vitro drug screening and in vivo testing to identify potential approved drugs able to normalize
the major hallmarks of DYT1. The HIV protease inhibitor, ritonavir, corrected protein mislocalization in vitro and had
therapeutic effects in a mouse model of DYT1, ameliorating the phenotype and restoring brain abnormalities when
administered during an early postnatal period. The results suggest that this class of drugs might be effective in treating
DYT1 by restoring disease-causing cellular abnormalities.
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