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Abstract

DYT6 dystonia is caused by mutations in THAP1 [Thanatos-associated (THAP) domain-containing apoptosis-associated protein]
and is autosomal dominant and partially penetrant. Like other genetic primary dystonias, DYT6 patients have no characteristic
neuropathology, and mechanisms by which mutations in THAP1 cause dystonia are unknown. Thap1 is a zinc-finger
transcription factor, and most pathogenic THAP1 mutations are missense and are located in the DNA-binding domain. There are
also nonsense mutations, which act as the equivalent of a null allele because they result in the generation of small mRNA
species that are likely rapidly degraded via nonsense-mediated decay. The function of Thap1l in neurons is unknown, but there
is a unique, neuronal 50-kDa Thap1 species, and Thap1 levels are auto-regulated on the mRNA level. Herein, we present the first
characterization of two mouse models of DYT6, including a pathogenic knockin mutation, C54Y and a null mutation. Alterations
in motor behaviors, transcription and brain structure are demonstrated. The projection neurons of the deep cerebellar nuclei are
especially altered. Abnormalities vary according to genotype, sex, age and/or brain region, but importantly, overlap with those
of other dystonia mouse models. These data highlight the similarities and differences in age- and cell-specific effects of a Thap1
mutation, indicating that the pathophysiology of THAP1 mutations should be assayed at multiple ages and neuronal types and
support the notion of final common pathways in the pathophysiology of dystonia arising from disparate mutations.

Introduction

Little is known regarding the pathogenic molecular mechanisms
underlying the abnormal, painful muscle contractions character-
istic of primary dystonia (1). Medical and surgical treatments of
the dystonias are symptomatic and are not always of lasting
benefit. DYT6 is an autosomal dominant and partially penetrant.
DYT6 patients lack any characteristic neuropathologic lesion;
however, neuroimaging in manifesting and non-manifesting

carriers (NMCs) demonstrates abnormalities in the cerebello-
thalamo-cortical and cortico-striato-pallido-thalamo-cortical
pathways (2). DYT6 is caused by mutations in THAP1 [Thana-
tos-associated (THAP) domain-containing apoptosis-associated
protein] (1,3). Thap1is a zinc-finger transcription factor, featuring
an N-terminus DNA-binding domain (DBD), a nuclear localiza-
tion signal and a coiled-coiled domain toward the C-terminus
(4,5). Most pathogenic THAP1 mutations are missense and are
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located in the DBD, but mutations occur in other domains as well.
Some mutations are nonsense, resulting in small mRNA species
likely subject to rapid decay, yielding the equivalent of a null
allele (3).

Little is also known about the role or targets of Thap1 in neu-
rons, butin other cell types, the protein has pro-apoptotic activity
and is implicated in proliferation via regulation of pRB-E2F path-
way genes (5-8). Up-regulation and down-regulation of Thap1
leads to similar phenotypes in human umbilical vein endothe-
lial cells (HUVECS) (7). In a neuronal cell line, overexpression
of Thap1 decreases endogenous THAP1 mRNA, and in induced
pluripotent stem cells derived from patients with a THAP1 muta-
tion, THAP1 mRNA is up-regulated (9). These observations lead to
the conclusion that THAPI levels are auto-regulated at the tran-
scriptional level.

Thap1 is a member of a large protein family (5,10,11) without
homology to other proteins implicated in dystonia. There are
shared clinical features among the primary torsion dystonias al-
though there are differences in ages of presentation and in ana-
tomic distribution (1), and a major research focus is to identify
common pathophysiologic mechanisms. Clinical and animal
studies suggest the existence of structural and molecular patho-
genic features that are common to several genetic dystonias.
These include the involvement of the cortico-striato-pallido-tha-
lamo-cortical and cerebello-thalamo-cortical pathways, impair-
ment in dopaminergic and cholinergic neurotransmission,
abnormalities of cell cycle and endoplasmic reticulum stress
pathways and transcriptional dysregulation (1,12,13).

To study the effects of THAP1 mutations in mouse neurons,
we created and initiated the characterization of mice expressing
C54Y THAPI1, a disease-causing mutation in one of the three
cysteine residues that are part of the zinc binding motif
(CysX,-4CysXss_53CysXoHis) (5). We created two lines of mice
with physiologic mutations, a Thap1®®*' knockin (KI) mouse
and a mouse with a null allele. The C54Y mutation prevents bind-
ing of Thap1 to DNA in vitro (3,14). In particular, we sought to de-
termine whether Thap1 function is associated with the pathways
and systems heretofore linked with dystonia. Thus, we (1) com-
pare brain anatomy and motor function in the two recombinant
mouse strains; (2) measure baseline tissue monoamine levels; (3)
compare downstream regulation of reported Thap1 targets, in-
cluding Thap1 itself (7,9), Rrm1 (7) and Torla (9,14,15); (4) perform
targeted assays of gene expression in pathways hypothesized to
contribute to primary dystonia pathophysiology, including
neurotransmitter pathways and genes with a role in plasticity.

Results

Generation and identification of Thap1-recombinant mice

We generated two THAP1/DYT6 genetically modified mouse al-
leles, including (1) Thap1©>*Y, a constitutive KI of the C54Y causa-
tive mutation in the DBD of THAP1 and (2) Thapl~, a constitutive
null, or knockout (KO), allele. The THAP1 gene structure is shown
in Figure 1A, and the targeting construct in Figure 1B. Southern
blot analysis of a wild-type (WT) and Thap1>*¥ heterozygote
mouse is shown in Figure 1C. The constitutive null allele was de-
rived by crossing Thap1>*¥/* with a line in which the CMV pro-
moter directs Cre recombinase expression in germ cells (16).
Heterozygotes of each genotype were produced in Mendelian ra-
tios and were viable and fertile. Almost all Thapl™~ and
Thap1°#¥/~ embryos died by E10, but there were rare survivors
up to E14. We did not obtain any Thap1®**¥“**Y embryos at
those ages. Thapl™~ and Thap1®°*¥/~ embryos were smaller

than WT or heterozygote littermates, and variable defects were
externally obvious, including absence of eyes and liver (Fig. 1D).
Transillumination revealed a marked decrease in brain tissue
and relative increase in ventricular volume (Fig. 1E). Tujl-immu-
nopositive ‘neurons’ in Thap1™~ and Thap1**¥/~ embryos were
few in number and of unusual morphology without obvious pro-
cesses (Thap1°**¥/~ pictured in Fig. 1F), suggesting a role for Thap1l
in multiple stages of neuronal differentiation. Further study of
the embryos and their neuronal development is ongoing.

The adult brains of the two heterozygote genotypes,
Thap1®**Y* and Thap1*/~, appeared similar in appearance, size
(Fig. 1G) and weight when compared with each other and the
WT (WT =0.50 g+ 0.03 SEM; KI/+ = 0.53 g+ 0.04; KO =0.52 g+ 0.04).

Projection neurons in the dentate nucleus of the
cerebellum (DNC) are abnormal in THAP1°°*¥/* and
THAP1*~ mice

We examined early postnatal regionalization and expression of
neuronal subtype-specific markers in Thap1*¥/* male mice
(Supplementary Material, Fig. S1A), with particular attention to
regions implicated in dystonia. In summary, we saw no obvious
difference following Nissl stain of the adult and P1 striatum,
and neither immunostaining for DARPP-32 (dopamine and cyc-
lic-AMP-regulated phosphoprotein 32 kDa) nor mu opiate recep-
tor (MOR) revealed changes. Nissl stain of the P1 and adult cortex,
with special attention to the somatosensory cortex, appeared
normal. Similarly, immunocytochemistry for glial fibrillary acidic
protein, a marker of reactive gliosis, was unchanged from con-
trols in both forebrain and hindbrain. The striatum in adult
Thap1*/~ adult male mice also appeared grossly normal as deter-
mined by Nissl, anti-DARPP-32 and anti-MOR staining (Supple-
mentary Material, Fig. S1C).

In the adult Thap1®**¥* male mice, cerebellar folia were grossly
normal (Fig. 2Aa and a’), but the adult and P1 DNC appeared differ-
ent, i.e. hypocellular, relative to the WT mouse as visualized by
both Nissl (a, a’, b, b’) and immunostaining for Tbr1 (c, ¢’), a tran-
scription factor highly expressed in embryonic and early postnatal
period in cerebellum and neocortex (17,18). The immunostaining
for Tbr1 in the P1 cortex appeared normal (d, d’). Thus, we more
closely examined the DNC in the presence of a KI or null allele in
the adult. In the adult Thap1<>*¥/*, we observed hypocellularity in
the dentate, i.e. lateral, nucleus (Fig. 2Bb and f), but this difference
appeared more obvious in the Thap1*~ (d and h) than in the
Thap1®*#Y*. We therefore counted the large neurons in the DNC,
most of which are glutamatergic and GABAergic projection neu-
rons (18,19) in adult Thap1*~ and Thap1>*** mice, each with its
own set of controls. There was a 40% decrease in cell number in
6-month-old Thap1*~ mice (n=5 of each genotype; Thapl** =
2037 +133; Thapl*~= 1233+ 216; one-way ANOVA, P=0.013)
(Fig. 2C). In 6-month-old Thap1°**** mice, there was only a slight
trend toward a decrease in cell number (n=5 of each genotype;
Thap1*/*=2216 + 133 S.D.; Thap1®>*¥/+= 1873 + 157 S.D.; P=0.134)
(Fig. 2C). There was, however, a 40% increase in soma volume in
Thap1>*Y* relative to Thap1** [Thapl** 4976 + 1089, S.D. versus
Thap1©>*Y/ 7580 + 914, S.D. (um?), P <0.0001] (Fig. 2D), whereas
soma volume was normal in Thap1*/~.

Thap1®**¥* and Thap1*~ mice display abnormalities
of motor function

On visual inspection in their home cages up to 18 months of
age, Thap1®®*¥* and Thap1*~ mice did not display overt abnor-
malities, nor did they display forelimb or hind limb clasping
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Figure 1. Generation of Thap1°**¥ and Thap1~ alleles and mice. (A) Schematic representation of THAP1 gene and Thap1 protein with the THAP domain (purple), low-
complexity proline-rich region (black), coiled-coil domain (red) and nuclear localization signal (green). The exon positions are indicated corresponding to the numbers
of the amino acid sequence. (B) B6;129Thap1“>*"™L°*FFit ;mytant mouse construct with the inserted LoxP-FRT-PGK-NeoR-FRT-1oxP cassette. The C54Y mutation is located
in Exon 2 flanked by two LoxP sites. The Thap1©>*Y allele was generated by crossing with the Flp(o) mouse, and subsequently, the Thap1~ allele was generated by crossing
with the CMV-Cre mouse. Green arrows represent the position of the forward and reverse primers used for genotyping. Orange line represents the probe used for Southern
blot analysis. E, EcoRV; K, Kpnl; F, Frt site; L, LoxP site. (C) Southern blot analysis of 10 and 20 pg of Kpnl/EcoRV digested genomic DNA from Thapl** and the
B6;129Thap1C>#YtmLoxPFrt g clone ultimately used to produce the mice. The Thapl** sample has bands at 12- and 3-kb bands whereas the positive clone has an
additional band at 7.2 kb. (D) Representative Thap1*/*, Thap1>*¥/~, Thap1*~ and Thapl~~ embryos at E14.5 or E13.5. Rare, homozygote mutant survivors at this age are
small with multiple malformations. (E) Transillumination of a Thap1*/~ skull compared with a Thap1**¥/~ skull at E12 shows that the brain is grossly smaller in size,
with relatively increased ventricular size (arrows). (F) Immunofluorescence with anti-Tujl of the cerebral cortex in sections derived from embryos pictured in (E)
shows a paucity of positively stained neurons and projections in the Thap1>*¥*/~ brain. The immunopositive ‘neurons’ are of abnormal shape and size. Regions
identified by arrows in upper panels are shown at higher power in lower panels. Scale bars: 50 pm. (G) Brains of Thap1®**¥/* and Thap1*/~ mice are of normal size

relative to Thap1**, and the exterior is grossly normal.

when suspended by the tail. Weights were similar to littermate
controls [n=7-12 for each sex and genotype, t-test, P>0.05 for
each comparison; male Thap1®**"*: WT 30.9+1.6 (SEM) and
Thap1®*** 33.4+1.7; female Thap1®**"*: WT 25.7+1.2 and
Thap1°*¥/* 26.0 + 0.9; male Thap1*/~: WT 31.5+ 1.4 and Thapl*/~
30.4 + 1.0; female Thap1*~: WT 26.3 + 0.8 and Thap1*/~ 25.8 +1.3].
Naive mice were evaluated in the elevated plus maze to ensure
that anxiety-like behavior would not influence performance on
motor tasks (Supplementary Material, Figs S2 and S3). There
was no significant difference in the time spent in the open and
closed arms or in the neutral zone between the Thap14¥* or
Thap1** mice of both sexes (n=9 males and n=12 females per
genotype) or of the Thapl*~ mice of both sexes and their
Thap1*/* littermates (n =8 per genotype and sex). Both sexes of
each recombinant genotype also had normal baseline locomotor
activity for 60 min (total, ambulatory and stereotypy; two-way
ANOVA, P> 0.05) (Supplementary Material, Figs S4 and S5). We
performed further motor function assays in the KI and null hemi-
zygous mice of both sexes. Assays included rotarod, gait analysis,
beam walking challenge and pole test, with one test carried out
each week over consecutive weeks. In all cases, males and fe-
males were assigned to a cohort at weaning and tested separately
so statistical analysis was performed individually for each sex.
In the accelerating rotarod assay, on testing days, only the fe-
male Thap1>*¥/* mice displayed a genotype-dependent differ-
ence in performance (two-way ANOVA with Bonferroni post hoc
testing: F=4.6, Df =1, P <0.05) (Fig. 3A). We note, however, that

the t-test of individual trials was significant (P <0.05) for male
trial 5 and female trial 6. Thap1*~ male and female mice did
not display any abnormality on the rotarod test.

Mice were trained to cross a large beam of 20 mm width for 2
consecutive days with three trials per day and then tested on the
medium (10 mm) and narrow (7 mm) beams. We measured la-
tency to cross and foot-slips on 2 testing days with two trials
per day. There was no difference in latency to cross between
Thap1®**¥* and Thap1** mice during training, or on the test
days. However, the Thap1°**¥/* mice had an increase in the num-
ber of foot-slips compared with Thap1** mice. Both Thap1©>#¥/*
sexes showed deficits on the narrow beam on testing Day 1 (un-
paired t-test, P < 0.05 for males and <0.01 for females). Males actu-
ally exhibited a worsening performance on the second day of
testing on the medium beam relative to Thap1** (P < 0.05) where-
as females improved (Fig. 3B). Female Thap1*/~ mice showed a
strong tendency to a 75% increase in foot-slips on the narrow
beam on Day 4 (P =0.06).

Gait analysis was manually analyzed (Fig. 3C). There was a
decrease in stride length of both paws in Thap1°*¥* males
(P <0.001), whereas in females, the hind paw base width was ab-
normal (P <0.01). The overlap between fore- and hind paws was
not significantly different from control in either sex, although
males showed a strong trend toward a larger overlap compared
with Thap1** mice (males: P=0.052). Male Thap1*/~ mice dis-
played abnormal forepaw stride length and base width (n=8 of
each genotype, 5 and 17% increase, respectively, P <0.001).
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Figure 2. The projection neurons of the DNC are abnormal in Thap1°*/* and Thap1*/~ mice. (A) Nissl stain of the adult cerebellum (a, a’) shows grossly normal architecture
in the adult Thap1°**¥/* mouse. Notably, whereas cellularity in the folia appears normal, the deep cerebellar nuclei appear abnormal (arrows, a, a’). The dentate nucleus
(arrows) also appears hypocellular at P1 in the Thap1**/*, as detected with Nissl stain (b, b’) and an anti-Tbr1 antibody (c, ¢’), a marker of the projection neurons, which
appears less intense. Immunostaining with anti-Tbr1 in the cortex of the P1 Thap1°*¥/* is similar to the WT (arrows, d, d’). (B) Under higher power, Nissl stain of
cerebellum shows hypocellularity in the deep nuclei of the cerebellum of the Thap1>*¥* and Thap*/~ mouse, most prominent in the dentate (lateral) nucleus,
indicated by arrows (a-d) and more obvious at higher power (e-h). (C) Hypocellularity is confirmed by stereologic counts of large projection neurons in the dentate
nucleus of the Thap*~ mouse, which reveals a 40% decrease relative to WT (n=5 of each genotype; **P <0.01) and not in the Thap1“>**/* mouse (n =5 of each genotype,
P>0.05). (D) The large projection neurons in the dentate nucleus of the Thap1>*¥/* mouse are of increased volume (Bonferroni’s multiple comparison test; **P <0.001),
but the large projection neurons in the Thap*'~ mouse are of normal volume. Note: each genotype had its own set of litter-matched controls for each assay. **P <0.01;
P <0.001. Scale bars: (A) a =500 pm; b-d = 100 pm. (B) a =250 pm, e = 100 pm.

Female Thap1*/~ mice had normal stride length, with a 10% de- peripheral cells imply that there are overlapping as well as cell-spe-
crease in forepaw base width (P =0.045) and almost a 20% in- cific differences in downstream regulation (7,8). Therefore, we first
crease in front and hind paw overlap (P =0.004). used a targeted approach to examine gene expression in the re-
In the pole test, we measured time to orient downwards combinant mice in striatal and cerebellar mRNA derived from
(t-turn) and total time to descend the pole (t-total) (Fig. 3D and mice at ages P1 and 2.5 months to determine whether there were
E). Male and female Thap1>*¥/* mice surprisingly took less time age and regional differences, using published results as a guide.
to descend the pole than Thap1** mice (unpaired t-test, P < 0.05) The first gene of interest was Thap1 itself, and mouse (m) and
(Fig. 3D). t-Turn times were independent of genotype in human (h) Thapl mRNAs were measured by quantitative real-
Thap1>*¥/* mice, although the females displayed a strong trend time PCR using TagMan assays, which we documented to be spe-
toward a shorter turn time. Male Thap1*~ mice were also faster cies specific. This assay amplified across the Exon 2-3 junction,
to orient downwards than their respective controls (P <0.05) and Exon 2 is deleted in the null allele. In the adult Thap1 ¥+
(Fig. 3E). In marked contrast, female Thap1*/~ mice were slower mouse, mThapl was unchanged in the striatum but was in-
in both orienting downwards and descending than their litter- creased in the cerebellum (+42%, P <0.001) [Table 1(B)] and testis
mate controls (P <0.05 and 0.01, respectively) (Fig. 3E). (+15%, P <0.001), in which Thap1 is expressed in greater abun-

dance than that in the brain (20). At P1, mThap1 was increased
in both striatum (+31%, P <0.01) and cerebellum (+43%, P < 0.05)

Downstream targets of Thap1 are differentially regulated (Table 1). On the other hand, Thap1*~ heterozygote mice dis-

?;qcorldcl;% /Eo gzng:lypiifld brain region in heterozygote played a 50% decrease of mThapl mRNA in the striatum and cere-
ap an ap bellum at both P1 and adult (Table 1).

It is assumed, albeit unproven, that the pathophysiology of DYT6 We then sought to determine whether Thapl protein and
includes transcriptional dysregulation, and studies to date in mRNA levels correlate. We have shown that in neuronal
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Figure 3. Thap1®** and Thap1*/~ mice display abnormalities of motor function. (A) On the accelerating rotarod testing days, the female Thap1°**/* performance was
significantly worse compared with their Thap1*/* littermates (error bars indicate SEM; two-way ANOVA followed by Bonferroni post hoc test) (n=9 males and n=12
females for all assays). (B) On the beam walking test days, male and female Thap1°**¥/* mice exhibited an increased number of foot-slips on the first test day on the
small 7 mm beam compared with their Thap1*/* littermates (unpaired t-test, P <0.05). Males were not able to learn, showing a worse performance also on the second
day of testing (P <0.05). (C) In the gait analysis, Thap1°>*/* males showed a decrease in stride length and the females had a wider base width of the hind paws
compared with Thap1*/* (t-test: stride length males: P <0.001; females: P >0.05 and base width males: P >0.05; females: P <0.01; overlap: n.s.). (D) On the pole test,
Thap1>*"/* male and female mice displayed a lower total time to descend the pole, i.e. descended faster, compared with Thap1** in both sexes (unpaired t-test:
P <0.05). (E) Thap1*/~ males also displayed a lower total time to descend the pole compared with Thapl** (n=6; P <0.01) and also decreased t-turn time (P <0.01). In
contrast, Thap1*/~ females (n = 8) were slower to orient downwards (P <0.05) and to descend (P <0.01), i.e. greater t-turn and t-total. *P < 0.05; **P <0.01.

Table 1. Regulation of downstream targets of Thap1 in the brain is genotype, age and region dependent

Gene ID Thap1®>*Y+ Thap1*/~

P1 Mean + SEM Adult Mean + SEM P1 Mean + SEM Adult Mean + SEM
(A)
Striatum
mThapl (+) 31%™ 131.4+7.0 ns 112.3 (-) 49%* 50.9+8.7 (-) 50%*** 50.1+2.1
rrml (+) 28%" 128.4+8.1 ns 102 +5.2 ns 84.9+27.3 ns 101.8+1.4
TorlA ns 113.9+26.1 ns 106 +10.9 ns 77.9+8.2 nd nd
Slc6al3 (+) 210%* 239.8+57.6 (+) 47%* 147 +13.4 ns 16.9+4.7 ns 79.0+5.8
®)
Cerebellum
mThap1 (+) 43%* 143+9.3 (+) 42%+ 1422 +4.3 (-) 53%*** 47.0+58 (-) 43%* 57.5£6.2
rrml ns 91.2+64 ns 97.1+7.8 ns 95.8+3.9 ns 90.9+7.4
TorlA ns 111.6 +10.3 ns 87.9+8.6 nd nd nd nd
Slc6al3 nd nd ns 137 +16.8 nd nd nd nd

Quantitative real-time PCR analyses showing mRNA expression levels in the striatum (A) and cerebellum (B) of the Thap1°°*/* and Thap1*/~ mice. Results are expressed as
percentage relative to Thap1*/*. Unpaired t-tests were conducted between genotypes: *P < 0.05; **P <0.01; **P <0.001. P1: postnatal day 1; n=4-8.
ns, not significant; nd, not done; P1, postnatal day 1.
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structures, mThap1 appears as 30-32 and 50-kDa bands, both fre-
quently doublets, and the latter being neuronal specific, localized
to the nucleus and capable of binding DNA. Using homozygous-
null tissue from embryos, we also demonstrated that the 50-kDa
band recognized by the ProteinTech antibody used in the current
study is overwhelmingly authentic Thap1, but that the 30-kDa
band contains a large amount of a cross-reacting protein. Finally,
we showed that in the heterozygote-null embryo, the level of the
50-kDa isoform was similar to that of the WT (20). For this study,
therefore, we quantitated only the 50-kDa band. In the striatum
of the Thap1*/~ mouse, the level of the 50-kDa Thap1 protein
was decreased at 2 months of age but normalized by 3 months
(Fig. 4A). In the adult Thap1“>*¥* mouse, the level of the 50-kDa
isoform was similar to WT in striatum (Fig. 4A), whole brain
and cerebellum (Supplementary Material, Fig. S6), the latter des-
pite a significant increase in mRNA, but as discussed below, these
data must be interpreted with caution.

RRM1 is a documented target of Thap1 in endothelial cells (7).
It encodes a ubiquitously expressed subunit of ribonucleoside-di-
phosphate reductase most active during the S-phase of mitosis
and regulated by pRB-E2F (21). Rrm1 mRNA was up-regulated in
P1 Thap®>*¥* striatum, whereas its level was unchanged in both
regions of adult mice of both recombinant genotypes (Table 1).
Dnmtl is associated with developmental and adult neuronal

function and neuropsychiatric disorders (22) and is another pur-
ported target of Thap1 in HUVECs (7), but Dnmt1l mRNA was un-
altered in any of the P1 or adult samples in which it was assayed.

Much evidence supports the notion that disruption of cat-
echolamine signaling, particularly dopamine, contributes to the
pathophysiology of early onset torsion dystonia. We screened ex-
pression of genes involved in G-protein-coupled receptor (GPCR)
function by microarray (SABiosciences, ARRAY #PAMM-071Z) in
the striatum of adult Thap1®**¥/* mice (n=4). Of the genes in-
cluded in this array, all were unchanged except Lpar1, Ccl2, Ccl4
and only the latter with a change of at least 2-fold. We were un-
able to validate any of these changes by real-time quantitative
polymerase chain reaction (RT-qPCR). Genes assayed in this com-
mercial microarray include Drd1, Drd2, Acy5, Rgs2, Adora2a and
multiple genes implicated in striatal synaptic plasticity, e.g.
Egr1, Fos,Jun and JunB. We assayed additional potentially relevant
genes in these same pathways, and Rgs9, Rgs14, Pde10a and Egr3
mRNAs were all unchanged, as were protein levels of tyrosine hy-
droxylase (TH), Goolf (causative gene for DYT25) (1) and DARPP-32
(Fig. 4B and C).

Additionally, we looked for genes included in the GPCR array
that were abnormal in lymphoblastoid lines from a DYT6 patient
(c.71+9C>A sequence variant) (8). There were four genes, Bail,
Elk4, Agt and Mmp9, that were dysregulated in the lymphoblastoid
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Figure 4. Protein levels of torsinA, Goolf, DARPP-32 and TH are unchanged in Thap1©>*¥/* and Thap1 */~ mice. (A) Western blot analysis of Thap1 in 30 ug of striatal total
cellular homogenates showed a significant decrease of the 50-kDa isoform at 2 months of age in Thap1*/~ mice but no difference at 3 months of age, at which time it was
also unchanged in Thap1°**¥/* mice relative to Thap1*/*. GAPDH is displayed as a loading control. Blots are representative of n = 3 per genotype for Thap1>*¥* and n =5 per
genotype for Thapl*'~ mice. Densitometry values were normalized to GAPDH, and Thap1*/* levels were set arbitrarily at 100%. (B) Western blot analysis of total cellular
homogenates from adult Thap1>*¥/* and Thap1*/~ striatum (20 ug protein per lane). Baseline levels of TH, DARPP-32, Gaolf and TorsinA are similar in the two recombinant
mice compared with their Thap1** littermates. GAPDH is displayed as loading control. n = 4 per genotype. (C) Densitometry values were normalized to GAPDH and Thap1**
levels were set arbitrarily at 100%. P > 0.05 (unpaired two-tailed t-test).
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lines but not in the Thap1>** striatum. Finally, we chose several
genes for RT-qPCR from the lymphoblastoid array, which are ex-
pressed in the brain. Most relevant to this report, the GABA trans-
porter Slc6al3 was down-regulated in lymphoblastoid mutant
lines but, in the mice characterized herein, was up-regulated in a
genotype-, age- and region-dependent fashion (Table 1).

Torla mRNA and torsinA protein levels are unchanged in
Thap1°**¥* and Thap1*~ mice

Torla mRNA and/or protein levels were measured in all three
genotypes based on the reports of interaction and regulation of
the DYT1 TOR1A gene by Thap1 in vitro (14,15). In the two recom-
binant mice described herein, Thap®>*¥* and Thap*/~, there were
no differences in Torla mRNA (Table 1) or torsinA protein levels in
striatum or cerebellum at P1 and in the adult (Fig. 4B and C).

Noradrenaline level in the Thap1*** and Thap1*/~
striatum is increased and response to d-amphetamine
plus propranolol is altered in the THAP1°4¥* mouse

To measure monoamines and their metabolites, striatum and
cerebellum were analyzed by HPLC in the Neurochemistry Core
at Vanderbilt University Medical Center (Nashville, TN). The le-
vels of striatal and cerebellar serotonin and dopamine, and
their metabolites and ratios (Table 2) in Thap1®** mice and in
the striatum of Thap1*/~ mice were equal to WT littermates. Nor-
adrenaline (NA) was increased in the striatum of Thap1>*¥/* and
Thap1*~ mice when analyzed by individual t-tests, but by one-
way ANOVA with Bonferroni’s multiple comparison, P-values
were not significant.

Striatal NA level is very low, so even though significant by
t-test, we interpreted these data with caution. Although TH pro-
tein level is normal in the striatum, only a small percentage of
TH-immunopositive projections in the striatum are derived
from the locus coeruleus (LC). Immunostaining for TH in the LC
of Thap1>*¥/* mouse appeared grossly normal (Supplementary
Material, Fig. S1B). Therefore, to initiate a functional assay of
the striatal dopamine and NA systems, we assayed the response
to D-amphetamine and the nonselective p-adrenergic antagonist
propranolol, which enhances the locomotor response to d-
amphetamine in WT mice (23). Male and female Thap1*/* and
Thap1>*Y/* were injected intraperitoneally with either 20 mg/kg
of (S)-(-)-propranolol hydrochloride or an equal volume of
saline, and after 30 min, all mice were injected with 2 mg/kg of

Table 2. Noradrenaline is increased in the striatum of Thap1*¥/* and
Thap1*~ mice

HPLC Thap1©°4Y* (n=5) Thap1*/~ (n=4)

Striatum Mean (%) +SEM  P-value Mean (%)+SEM P-value
DOPAC 115.8+6.3 ns 116.1+6.8 ns
DA 95.8+4.5 ns 102.5+4.6 ns
HVA 97.9+2.6 ns 114.2+9.8 ns
DOPAC/DA  122.6+10.6 ns 112.2+3.2 ns
HVA/DA 102.6 +3.8 ns 108.6 + 8.4 ns
3-MT 100.5+6.5 ns 115.6+3.5 ns
5-HIAA 107.6+1.5 ns 1104 +7.8 ns
5-HT 104.0+3.6 ns 114.1+8.2 ns
NA 152.9+9.4 <0.01* 143.6 +12.5 <0.05*

Quantitative HPLC analysis of the biogenic monoamines in Thap1**¥/* and Thap1*/~
striatum. Results are expressed as average ng/mg tissue+SEM (n=5) and
normalized to Thap1**, arbitrarily set at 100%. Unpaired t-test, *P < 0.05; **P < 0.01.
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d-amphetamine. Total activity was recorded, as were its ambula-
tory and stereotypy components, for 30 min after propranolol
and 45 min after amphetamine (Fig. 5). In the male control cohort
(Fig. 5A), there was a significant interaction between time and
propranolol (two-way RM ANOVA: F =1.98, P =0.03), which was
not present in the KI group (F=0.27, P =0.99). Although the inter-
action was significant only when analyzing the total locomotor
activity, the major genotype-dependent difference was in stereo-
typical activity following amphetamine. However, no single point
in time was significant on the post hoc test for any of the three
measurements. The same assay in females (Fig. 5B) resulted in
an interaction between time and genotype for total locomotor
activity (interaction P=0.007, Df =8, F =2.84; genotype, P=0.01,
Df=1, F=7.99; Bonferroni post hoc text, P<0.05 at 25 and
40 min), indicating an increased response to amphetamine in
the KI mouse in the absence of propranolol. The WT female
mice exhibited an enhanced response to amphetamine following
propranolol (Fig. 5B; at 35 min, Bonferroni post hoc test, Diff =
114.9, t=2.96, P <0.05), whereas the KI females failed to show
this induction. These data suggest that the KI mice are more sen-
sitive to the ambulatory effects of a low dose of amphetamine.
Moreover, the failure of propranolol to amplify this response, as
it does in the WT, implies a lower reliance on production of
cAMP via the B-adrenergic receptor in the KI mice (23).

Discussion

We generated and characterized the first mice harboring genetic
abnormalities of the DYT6 gene, Thap1, including a KI C54Y allele
and a Thapl null allele. We sought to determine whether these
mice display motor or molecular phenotypes consistent with
some of the major proposed causes of human primary dystonias
and comparable to other mouse models of genetic dystonia. In
comparing this panel of mice against humans with DYTS, it is
notable that none of these recombinant mice displayed any
spontaneous movement disorder, similar to human NMCs.
These data imply either that the presence of a single WT Thap1
allele in the mouse is sufficient to prevent overt disease and/or
that there are naturally occurring compensatory or suppressor
mechanisms. Both genotypes, however, displayed abnormalities
that can be ascribed to neural systems associated with dystonia.
Our data thereby provide important leads as to how dysfunction
of Thap1l might result in the human DYT6 phenotype.

Neuronal molecular consequences of a mutant or null Thapl
allele are both shared and genotype-unique. In addition, within
the brain, the abnormalities are age and region dependent.
Both the KI and null alleles are early embryonic lethal in the
homozygote state, and importantly, Thap1>*" is unable to rescue
the Thap1 null embryo. Demise at these ages raises the possibility
of placental dysfunction in addition to organ abnormalities.
These data imply a loss-of-function, yet there are DYT6 patients
homozygous for mutant THAP1 (24), so these data are consistent
with the theory that THAP1 mutations may vary in their level of
disruption of Thap1 function.

Morphology

The most robust abnormalities described herein are in the projec-
tion neurons of the DNC. Mice lacking brain torsinA develop
spontaneous twisting movements with gliosis and apoptosis in
sensorimotor regions, including the deep cerebellar nuclei (13).
Although non-physiologic relative to the DYT1 genotype, those
data serve to highlight brain regions that developmentally re-
quire torsinA. Subtle microstructural changes exist in the
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Figure 5. Thap1®°*¥/* mice display altered response to injection of the p-adrenergic antagonist propranolol followed by d-amphetamine. (A) Locomotor, ambulatory and
stereotypy activities of Thap1>*¥* male mice following administration of d-amphetamine (i.p., 2 mg/kg) after the nonselective p-adrenergic antagonist (S)-(-)-propranolol
injection (PRO) (i.p., 20 mg/kg) or saline (2-month-old males: n=8 of each genotype per treatment). Locomotion was quantified for 30 min after saline or propranolol
injections and 45 min after amphetamine injection. Mice were habituated to the cages for 15 min prior to the first injection. There was a significant interaction
between saline and propranolol groups in the Thap1** (two-way ANOVA), but individual time points were not significant with Bonferroni post hoc test. Data points
represent mean activity + SEM. (B) Thap1>*¥* female mice and littermate controls (n = 8) were treated similarly to males in (A). Genotype-dependent differences were
noted in locomotor or ambulatory activity following amphetamine in the absence of propranolol, indicating an increased response of the recombinant mice to
amphetamine but a relatively lower contribution of NA activity to cAMP production following the psychostimulant. In the locomotor activity panel, asterisk
represents Thapl*/* saline/amphetamine versus Thap1®*/* saline/amphetamine and hash represents Thap1** saline/amphetamine versus Thap1** propranolol/

amphetamine. In the ambulatory panel, asterisk represents Thap1*/* saline/amphetamine versus Thap

1¢5Y/* saline/amphetamine and hash represents Thap1*/*

saline/amphetamine versus Thapl** propranolol/amphetamine (Bonferroni post hoc test * or *P < 0.05; **P <0.01).

cerebellum of DYT1 KI mice (25,26). The marked decrease in large
projection neurons in the DNC in the ‘physiological’ Thap1*/~
mice and increased soma size in the Thap1>*¥* mice strongly
support the notion of an underlying abnormality of this structure
in more than one form of primary dystonia. Hypocellularity of the
DNC might result in decreased cerebellar output, consistent with
brain imaging in DYT1 and DYT6 patients (2). Neuronal hyper-
trophy, most studied owing to PTEN/PI3K/Akt/mTORC(1 or 2)
pathway mutations (27), has profound effects on plasticity,
which is disordered in dystonia. Of note, the PI3K signaling path-
way was among the most perturbed in the reported microarray
from DYT6 patient lymphoblasts (8).

Transcription

Knockdown or overexpression of Thap1 in HUVECs reportedly led
to a similar phenotype owing to down-regulation of mRNA levels
of THAP1 itself (7). The authors concluded that overexpression of
Thap1 represses function of endogenous Thap1 and that cell via-
bility requires regulation of Thap1 level within a narrow range. A
recent report from a second group confirmed the THAP1 mRNA
auto-regulatory phenomenon (9). In corroboration of those re-
ports, we found that Thapl mRNA was increased in vivo in the

presence of the KI C54Y mutation but we show for the first time
that transcriptional dysregulation in Thapl-recombinant mice is
neuronal subtype and age dependent. Transcriptional alterations
vary between striatum and cerebellum and are generally greater
at younger ages, consistent with a developmental component of
the disease. Although we were unable to demonstrate a corre-
sponding increase in level of the 50-kDa isoform in Thap1®*¥/+
mice, we would not yet conclude that Thap1 protein is never
increased, for both technical and physiologic reasons. The anti-
bodies available preclude quantification of the lower-molecular-
weight form of the protein, and it is also possible that the mutant
allele is over-transcribed but the resultant protein is less stable
than the WT (9). In the presence of a null allele, Thapl mRNA
was decreased by 50%, but the level of the 50-kDa Thap1 protein
isoform in the striatum varied with age, consistent with post-
transcriptional regulation as seen in other heterozygote-null
mice with phenotypes (28,29). Auto-regulation thus appears to
occur on several levels. Albeit speculative, we also hypothesize
that behavioral and cellular abnormalities that are observed des-
pite sometimes apparently normal level of the Thap1 50-kDa iso-
forms in the hemizygous-null mouse are most likely due to cell
type- or age-specific differences and/or the sensitivity of certain
Thap1 bioactivities to very small changes in protein level of any



of the multiple Thap1 forms (10), for which precedents exist in
hemizygous-null mutant mice (e.g. 29).

Microarray data from HUVECs with altered Thap1 levels iden-
tified changes in levels of only 86 genes, which were enriched for
cell cycle control genes (7). Dysregulation of cell cycle genes plays
a role in many neuropsychiatric diseases (30). Notably, Rrm1
mRNA level was altered in the P1 Thap1>*Y/* striatum. A prelim-
inary survey of the homozygote-null and -Thap1°**¥ embryos,
along with decreased neuronal number in the DNC of heterozy-
gotes, suggests that dysregulation of neurogenesis, apoptosis
and/or differentiation may be occurring. Thus, a full picture of
transcriptional dysregulation by THAP1 mutations will require
genome-wide approaches in the presence of different mutations,
and surveys of multiple brain regions and cell subtypes from
animals of all ages.

Catecholamines

Mice with a KI or null allele both appeared to display an increase
in striatal NA. The dopamine system has received the most atten-
tion in dystonia studies (31,32), particularly with the identifica-
tion of GCH1 mutations causing dopa-responsive dystonia (33)
and mutations in GNAL/G,.r as the cause of DYT25 (32). However,
both the DA and NA systems contribute to the pathophysiology of
Parkinson’s disease and levodopa (L-DOPA)-induced dyskinesia.
Our data in the propranolol/amphetamine assay are consistent
with abnormalities in both pathways.

Despite sparse NA innervation, striatal medium spiny neu-
rons express a large number of adrenoreceptors (34). Adrenergic
receptors are GPCRs, and noradrenergic signals in the striatum
are transduced at least in part, via Gogr (35), and may increase
or decrease dyskinetic movements. In at least one study, either
ablation of LC neurons or genetic deletion of dopamine-g-hydro-
xylase (DBH) potentiated the motor deficits in animals with
dopaminergic lesions. Further, the motor function following de-
letion of DBH was improved by intracranial NA or paradoxically,
with systemic propranolol (36,37). In this study, the superior per-
formance of some of the recombinant mice on the pole test com-
pared with WT mice suggests the presence of up-regulated DA
neurotransmission (38), along with the increased ambulatory re-
sponse of the KI mice to a low dose of amphetamine.

Comparison of Thap1-related mice with DYT1 mice

Comparison of the phenotypes of DYT1 and DYT6 mice yields
some interesting similarities, including morphologic abnormal-
ities in the deep cerebellar nuclei. Like Tor1aAGAG KI and hetero-
zygote Torla-null mice (39), the Thapl-related mice described
herein do not demonstrate abnormal, spontaneous movements.
The DYT1 mice demonstrate abnormalities in motor learning
and individual motor tasks, particularly beam walking (39). The
Thapl-related mice demonstrate abnormalities in multiple
motor tasks, supporting a role for Thapl in the regulation of
motor function. The abnormalities in gait might best be de-
scribed as having some elements of ataxia, perhaps arising
from the changes in number or morphology of the projection
neurons in deep cerebellar nuclei, and there are instances of
overlapping ataxia and dystonia in patients and in mouse mod-
els. Motor abnormalities might also arise from abnormalities
within the catecholamine system present in both DYT6 and
DTY1 mice (40-42).

Attempts to mechanistically link forms of early onset torsion
dystonia have led to demonstrations of association between
Thapl and the Torla promoter in vivo in mouse brain and
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regulation of Torla by Thap1 in vitro, but not in DYT6 patient-de-
rived fibroblasts (9,14,15). From this first analysis of effects of a
Thapl mutation on the regulation of Torla in neurons, we con-
clude that in the mouse, a null allele or the expression of
Thap1“**Y does not alter the level of Torla mRNA or torsinA pro-
tein. We cannot exclude the possibility that a Thap1/Torla regu-
latory interaction is manifested under other conditions or in
other tissues.

Finally, the DYT6 recombinant mice described herein dis-
played sex differences on several motor assays. Several adult
onset forms of focal dystonia vary in their sex bias, with some
more prevalent in males and others in females (43). There was a
report prior to the identification of many of the dystonia genes
other than DYT1, which indicated a higher incidence in females
for isolated, genetic dystonia (44). There is no evidence among
THAP1 mutation-positive patients for a gender bias, and as most
mutations are private, there will likely not be enough power to
demonstrate a gender affect for any particular mutation.

Summary

This is the first characterization of neurons and mice harboring a
naturally occurring pathogenic human THAPI mutation. These
data highlight abnormalities in systems and function already as-
sociated with dystonia, and age-, cell- and context-specific down-
stream effects of a Thap1 point mutation or null allele, indicating
the need to study the effects of multiple THAP1 mutations at dif-
ferent ages and in multiple tissue and neuronal types. Our data
are consistent with a role for Thap1 in motor control and suggest
that the function of several widely distributed brain regions may
be altered in DYT®6. In particular, higher brain regions such as
those underlying sensorimotor function may be dysfunctional
in concert with abnormalities attributable to the noradrenergic
system originating in the LC of the brainstem. Finally, disruption
of Thap1 functions unrelated to its role in transcription may
underlie its embryonic lethality in mice and its pathogenicity in
humans. Future studies will focus on refining our characteriza-
tion of the structural and functional disturbances that are caused
by Thapl manipulations, in order to elucidate the pathogenesis of
DYT6 dystonia.

Material and Methods

Experimental procedures were carried out in compliance with
the United States Public Health Service’s Policy on Humane
Care and Use of Experimental Animals and were approved by
the Institutional Animal Care and Use Committee at Icahn School
of Medicine at Mount Sinai.

Generation of gene-targeted mice

A targeting construct was created with two LoxP sites flank-
ing Exon 2 with a PGK-Neo cassette flanked by two FRT sites:
LoxP-FRT-PGK-NeoR-FRT-LoxP via Red/ET recombination
(GeneBridges, Heidelberg, Germany). Following electroporation,
129/Sv ES clones with homologous recombination were identified
by long-range PCR with two primer pairs: forward: 5" AGGTTT
CCTCTTACTCGCCCCAGCCT 3’ (5’ end of Exon 2), reverse: 5 CAA
GGTTCAAATCTGTTAAAGGA 3’ (3’ of the vector); and forward:
5" GCACGAGACTAGTGAGACGTGCTAC 3’ (located in antibiotic re-
sistance cassette), reverse: 5 CAGAAAGCCTGTTTCCCTTCAGT 3’
(5’ to the 3’ end of the vector).

Following microinjection into C57BL/6] blastocysts in the core
facility of Icahn School of Medicine at Mount Sinai, males
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(B6;129Thap1-C54Y™L*PFty that were >50% chimeric were
crossed with C57BL/6] females, and mutant mice subsequently
identified by Southern blot analysis. Genomic DNA was digested
with EcoRV and Kpnl and Southern blot performed (17). Mice
from a single chimera were crossed with Flp(o) mice (45). WT,
KI and null alleles were identified by PCR on genomic tail DNA
(REDExtract-N-Amp Tissue PCR kit; Sigma, St Louis, MO): forward
5" GCGTATAATTCAGGCTGTCAG 3’; reverse 5 GCATTCACCCAA
AGCCAATGC 3’ (WT, 779 bp; KI 913 bp; null 254 bp).

Mice with targeted gene mutations were mixed B6;129 back-
ground backcrossed three to four generations with C57BL/6]
and were 85% C57BL/6] (DartMouse, http:/dartmouse.org/).

Behavior

Most assays were performed in mice at 7-9 months of age with in-
vestigators blinded to genotype. Assays were performed as previ-
ously described, including elevated plus maze (46), locomotor
activity (40), (MicroMax Animal Activity Monitors, Digiscan D Mi-
crosystem, Columbus Instruments, Columbus, OH), gait analysis
(47), pole test (48), rotarod (47) and beam walking (40). Prior to
drug administration, mice were habituated to intraperitonial sa-
line injections and the locomotor boxes for three consecutive
days. On Day 4, after 15 min in the locomotor box, mice received
(S)-(-)-propranolol (Sigma) (20 mg/kg ip) or an equivalent volume
of saline. Activity was recorded for an additional 30 min, after
which all mice received d-amphetamine (2 mg/kg ip).

Real-time polymerase chain reaction

RT-qPCR was performed as previously described (20) using the
following Tagman assays: Mm01212603_m1 and Hs00216494_
ml to detect mouse and human Thapl, respectively,
MmO00485870_m1 for mouse Rrm1 (ribonucleotide reductase
M1), Mm00520052_m1 for TorlA [torsin family 1, member A
(torsin A)], Mm01151063_m1 for TBP (TATA-binding protein),
Mm00446968_m1 for HPRT1, Mm02601777_g1 RPS18.

Western blotting

Western blots were performed as previously described (20) using
the following antibodies: Thap1l (1:1000; Proteintech); TorsinA
(1:500; Abcam Ab34540); TH (1:1000; Chemicon Ab152), DARPP-
32 (dopamine and cyclic-AMP-regulated phosphoprotein,
32 kDa) (1:1000; Cell Signaling #2306); GAPDH (1:1000, Santa
Cruz sc32233).

Histology and immunocytochemistry

Nissl stain and immunocytochemistry were performed as previ-
ously described (47). We used the following antibodies: DARPP-32
(1:1000; Cell Signaling #2306), TH (1:1000; Chemicon Ab152), Tbr1
(1:1000; Abcam ab31940), MOR (1:1000; Immunostar 24216).

Stereology

The DNC was delineated on every section (49), and drawings of
the DNC were obtained using the Stereolnvestigator software
v.10 (MBF Bioscience, Williston, VT) on a Zeiss Axiophot micro-
scope at a 20x magnification. The section thickness was mea-
sured with the aid of a microcator at several locations within
the region of interest and was found to be 10 + 3 pm in both gen-
otypes. Our systematic-random design generated 13-29 different
locations, in the sampling grid, depending on the section, using
115 x 115 x 7 pm? disectors (19,49,50). The average volume of the

neuronal somata was estimated with the vertical Nucleator
probe in Stereolnvestigator using four rays and assessed 150-
300 neurons depending on the animal, yielding individual coeffi-
cient of errors of <10%. From this sampling, the total number of
large neurons (based on a cutoff value of 3000 pm? in somatic vol-
ume obtained by the Nucleator) in the DNC was estimated by
multiplying the density of the selected neurons by the volume
of reference (Vref). Owing to the relatively small size of the
DNC, a series of four equidistant Nissl-stained 30-pm-thick sec-
tions were obtained from each mouse (five mutant and five WT
mice). The Vref was obtained using the Cavalieri principle (19,50).

Statistics

GraphPad software (GraphPad Prism 5; San Diego, CA, USA) was
used to perform a two-way ANOVA with repeated measures be-
tween genotype and over time for the locomotor activity, rotarod
and beam walking tests. An unpaired t-test was performed for
the elevated plus maze, pole test, gait analysis, qPCR, catechol-
amine levels and western blot densitometry where genotype
was the only variable. One-way ANOVA with Bonferroni’s mul-
tiple comparison was used to analyze stereology and catechol-
amine level parameters. Statistical significance was deemed to
be achieved if P <0.05. Values are presented as mean + SEM.

Supplementary Material

Supplementary Material is available at HMG online.
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