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Abstract

Dystonia is a movement disorder characterized by involuntary and repetitive co-contractions of agonist and antagonist
muscles. Dystonia 6 (DYT6) is an autosomal dominant dystonia caused by loss-of-function mutations in the zinc finger
transcription factor THAP1. We have generated Thap1 knock-out mice with a view to understanding its transcriptional role.
While germ-line deletion of Thap1 is embryonic lethal, mice lacking one Thap1 allele—which in principle should
recapitulate the haploinsufficiency of the human syndrome—do not show a discernable phenotype. This is because mice
show autoregulation of Thapl mRNA levels with upregulation at the non-affected locus. We then deleted Thap1 in glial and
neuronal precursors using a nestin-conditional approach. Although these mice do not exhibit dystonia, they show
pronounced locomotor deficits reflecting derangements in the cerebellar and basal ganglia circuitry. These behavioral
features are associated with alterations in the expression of genes involved in nervous system development, synaptic
transmission, cytoskeleton, gliosis and dopamine signaling that link DYT6 to other primary and secondary dystonic

syndromes.

Introduction

Dystonia is characterized by involuntary repetitive co-contraction
of agonist and antagonist muscles. It can occur as an isolated
(primary) movement disorder or in occurrence with (secondary)
other brain pathology (1-3). After essential tremor and Parkin-
sonism, it is the third most common movement disorder, yet
its neurological underpinnings are unknown (2,3). There are,

however, clues at the anatomical level. For instance, when
dystonia occurs secondary to other central nervous system
pathology—as in trauma, demyelination or strokes—the basal
ganglia and cerebellum (CB) are typically affected (2,4-6).
Involvement of these anatomical regions is also a theme in
other neurodegenerative syndromes where dystonia is one
among several other clinical features (such as Parkinson’s
disease, Huntington’s disease, Corticobasal syndromes and
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the Spinocerebellar ataxias) (7-10). These regional network
observations have found support in functional brain imaging
of primary dystonia syndromes—using positron emission
tomography and magnetic resonance imaging (11-15).

However, beyond clues to circuit dysfunction, the cellular
and pathological basis has yet to be resolved. As with other
neurological conditions, the hope is that genetic syndromes with
precise molecular defects will provide insights applicable to the
full spectrum of sporadic and acquired dystonic disorders. In this
context, we have been intrigued by the primary dystonia DYT6
that is caused by a mutation in a C2CH zinc finger transcription
factor—THAP1 [thanatos-associated (THAP) domain-containing
apoptosis-associated protein 1] (16). Because DYT6 results from a
mutation in a transcription factor, a likely proximate mechanism
for this dystonia is an alteration in the gene expression profile.

DYT6 is inherited in an autosomal dominant manner with
incomplete penetrance (of ~60%) and symptoms first appearing
in the cervical and cranial regions during adolescence (17).
Approximately 90 mutations have been described throughout
the gene, most of which tend to cluster in the DNA-binding and
coiled-coil domain of THAP1 (18,19). These mutations include
point mutations, truncations and deletions, all of which are
expected to interfere with its transcriptional function—and
indeed this is what is observed in functional cell-based studies
(20-22). There is so far no evidence that any of these mutations
cause toxicity by gain of novel or native functions of the protein.
Moreover, mutations have also been observed close to the
start site, including the initiating methionine, which would
suggest that absence of expression from one allele is sufficient
to cause DYT6 (23). For this reason, we decided to study the
role of Thap1 in mice by utilizing a loss-of-function approach.
Implementing a floxed gene-trap strategy, we made constitutive
and conditional Thap1 null mice. Focusing on the striatum (STR,
which is a component of the basal ganglia circuitry) and CB,
we discovered significant changes in gene expression that help
explain the complex pathophysiology underlying the disease
with ramifications for other genetic dystonic syndromes.

Results

Generation and characterization of Thap1 conditional
knockout mice

We generated constitutive Thapl null mice using gene trap
deletion (deleting exons 2 and 3; see Fig. 1A for schema) (24).
Heterozygous mating of Thap1 gene trap null mice (henceforth
called Thap1?/~) did not produce any viable homozygous null
pups (Thap1~~; Supplementary Material, Fig. S1A). These results
are similar to the findings from another strategy for making
Thap1 null mice (exon 2 deletion) (25).

Mice lacking one copy of Thap1 should in principle recapitu-
late the haploinsufficiency or loss of function in this autosomal
dominant disease resulting from one mutant allele. We therefore
performed behavioral phenotyping on Thap1*/~ mice. However,
we failed to observe not only dystonic posturing but also other
behavioral or motor deficits (such as motor incoordination on
rotarod testing; Supplementary Material, Fig. S1B and C). In the
course of studying these mice, we found that Thapl*/~ mice
did not show the expected reduction in Thapl mRNA levels
compared to wild-type littermates (Supplementary Material, Fig.
S1D; the level of Thap1 protein cannot be measured since there
are no reliable Thap1 antibodies) (26). This suggests that there is
autoregulation of Thap1 at the level of mRNA. These findings are
also consistent with recent studies demonstrating that Thapl
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Figure 1. Generation of conditional Thap1 KO mouse using cre-recombinase with
the nestin-promoter. (A) Schematic of KO first gene construct (top) and crossed
with either a cre-deleter strain to generate the Thap1 null allele (bottom left) or
a Flp-deleter strain to generate the Thap1 floxed allele (bottom right). (B) Thap1
expression based on lacZ co-expression in a P50 Thap1/~ mouse brain (scale
bar: 1 mm) and panel below of STR and CB (scale bar: 250 um). (C) Time course
of Thap1 based on lacZ co-expression in Thap1t/~ mouse brains starting at PO
(scale bar: 1 mm). (D) Quantitative RT-PCR of cerebellar, cortical, striatal and liver
(control) tissue for Thapl mRNA in wild-type and Thap1 cKO mice normalized to
Gapdh (n = 4, two-way ANOVA, F(3,20) =5.059; **P < 0.01).
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binds its own promoter and represses its expression (27). The
lack of reduction in Thapl mRNA that we observed differs from
a previously characterized Thapl exon 2 deleted mouse (25).
These discordant findings could be explained by variation in
genetic background (our mice are in a pure C57Bl/6 background,
while the exon 2 deleted mice were in a mixed genetic back-
ground of C57Bl/6 and SV129) (25). The influence of genetic
background on phenotype may also help explain why only a
subset of human carriers of the mutation display the disease
phenotype, where some patients might suffer from the disease
because this autoregulation is lost (mutations in THAP1 are
~60% penetrant) (17).

As of yet, there is no Thap1 antibody suitable for immuno-
histochemical studies (26). We therefore took advantage of the
lacZ cassette that encodes p-galactosidase to perform a detailed
analysis of the spatiotemporal expression pattern of Thapl. We
observed Thapl expression throughout the adult brain (P50),
including the STR and the CB. B-galactosidase expression is seen
as early as PO with the levels of expression stabilizing at P21,
assuming adult levels (Fig. 1B and C). The protein expression is
consistent with mRNA expression data (from in situ hybridiza-
tion deposited at the Allen Brain Atlas) (28). Within the CB the p-
galactosidase staining is particularly prominent in Purkinje cells
(Fig. 1B).

In the absence of a phenotype displayed by the Thaplt/—
mice, we turned to a conditional approach to deplete Thap1l
in a tissue-specific manner. Since we were interested in the
role of Thap1 in the nervous system, we mated gene-trap mice
that have loxP sites to mice expressing cre-recombinase under
a nestin promoter (nestin is expressed in all neuronal and glial
precursor cells by E11) (29). These nestin conditional knockout
mice (cKO) were viable, fertile and display virtually no expression
of Thapl mRNA in the brain. The residual Thapl mRNA (<5%
of wild-type levels in the cortex, CB and STR) presumably is
expressed by non-cre expressing cells, such as microglia and
endothelial cells. Since nestin does not express in the liver there
was no statistically significant reduction in the levels of Thap1 in
the liver (negative control; Fig. 1D).

Thapl cKO mice do not show signs of spontaneous dys-
tonia. This is not entirely surprising since, with a few excep-
tions, mice engineered to recapitulate human dystonias do not
show dystonia (29-34). Nevertheless, we subjected these mice to
behavioral tests to elucidate the role of Thapl—an important
question in itself. We performed detailed locomotor testing to
determine whether Thap1 affects functions sub-served by the
CB and basal ganglia: two brain regions implicated in dystonia.
In the cerebellar motor learning test—the rotarod test—Thap1
cKO mice display a decreased latency to fall compared to wild-
type littermates (mice tested at 3 and 6 months of age; Fig. 2A).
On the other hand, in the open-field test—a broad measure to
determine any signs of bradykinetic or hyperkinetic behavior
that might reflect basal ganglia dysfunction—there were no
major ambulatory deficits displayed by Thapl cKO mice. They
did, however, spend a greater percentage of time in the periphery
of the chamber compared to wild-type littermates (male WT:
729 + 2.1%, male cKO: 84.9 + 0.8%, female WT: 72.0 + 1.9%,
female cKO: 83.0 + 2.7%; P < 0.05); furthermore, Thapl cKO
mice crossed between the inner and outer zones of the chamber
fewer times (male WT: 58 + 4 crossings, male cKO: 31 + 2
crossings, female WT: 55 + 2 crossings, female cKO: 43 + 3
crossings; P < 0.05; Fig. 2B). Increased time spent in the periphery
is indicative of anxiety and is consistent with the finding that
dystonia patients display an increased propensity to be anxious
(30,31). Finally, we also assayed the ability of mice to hold onto
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a grip test apparatus. We found that Thapl cKO mice display
a small but statistically significant decrease in their ability to
grab the apparatus (male WT: 104 + 5 gf, male cKO: 88 + 6 gf,
female WT: 103 + 6 gf, female cKO: 86 + 7gf; P < 0.05; Fig. 2C).
Since there were no visible correlates of muscle weakness—such
as an altered gait or muscle wasting—it is possible that this
inability to grip stems from the aberrant contraction of agonists
and antagonists in the forepaws. In addition to these behavioral
findings, we also observed a reduction in body weight, size and
clasping (described in a recent study using a similar conditional
approach; Supplementary Material, Fig. S2).

Differential gene expression in Thap1 cKO

Since Thap1is a transcription factor, we next turned to elucidat-
ing the transcriptional targets of Thap1 in the cKO mice. We per-
formed RNA-Seq—the most rigorous method to interrogate gene
expression. We focused on the STR and CB of 6-month-old mice,
comparing cKO to wild-type littermates. We found 230 genes
differentially expressed in the STR (185 downregulated and 45
upregulated) and 1189 genes to be differentially expressed in
the CB (793 downregulated and 396 upregulated; Fig. 3A-C). Of
these, 101 genes were differentially expressed in both CB and
STR (Fig. 3C).

To understand the biological functions of the differentially
expressed genes, we performed gene ontology (GO) analyses.
The top enriched biological processes in the STR revolved around
the regulation of the cytoskeleton, nervous system development,
and gliogenesis (Fig. 4A; for the full list of terms, see Supple-
mentary Material, Table S2; for the list of cytoskeletal genes, see
Supplementary Material, Table S3; for the list of genes involved
in nervous system development, see Supplementary Material,
Table S4; and for the list of genes involved in gliogenesis, see
Supplementary Material, Table S5). We confirmed genes involved
in oligodendroglial function identified in a recent microarray
study performed on Thap1l cKO mice (this study was limited to
approximately 19 000 genes on the array) (32). The overlap in the
two gene sets is shown in Supplementary Material, Table Sé.

We also performed a KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway analysis that expands upon the GO
analysis and allows for a more comprehensive overview of dys-
regulated pathways by including disease terms and druggable
pathways (33). The top KEGG pathway is dopaminergic synaptic
signaling; other terms include amphetamine addiction, cocaine
addiction and cholinergic signaling (Supplementary Material,
Table S7). The list of genes involved in dopamine (DA) signaling
is further expanded in Supplementary Material, Table S8. This
includes Drd2, which is also the gene mutated in another dys-
tonic syndrome DYT11b (34,35), encodes one of two DA receptors
expressed by striatal medium spiny neurons (MSNs) and plays a
critical role in the indirect pathway of the basal ganglia.

In the CB, the top GO pathways were similar to the STR
with a few additional terms, including ‘synaptic transmission’
and ‘ion homeostasis’ (Fig. 4B; for enriched terms, see Supple-
mentary Material, Table S9; for the list of synaptic genes, see
Supplementary Material, Table S10; for the list of genes involved
in ion homeostasis, see Supplementary Material, Table S11).
Intriguingly, the KEGG pathway analysis of this list identified
several pathways involved in neurodegenerative disorders (Sup-
plementary Material, Table S12).

The alterations in gene expression could result from
alterations in bonafide Thapl targets; alternatively, some of
the observed gene expression changes could be secondary or
downstream events. In order to address this issue, we compared


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy433#supplementary-data

1346 | Human Molecular Genetics, 2019, Vol. 28, No. 8

A

3 months 6 months
300+ *% *% Kk 300-
*%
O 250 i A:!—i © 2504
[ [
2 <
= 2004 § ’é é = 200+
= PN 3 ST MR -
- PRy “—
o 1504 é 2 1504
3 3
u=> 1004 g 100+
® 50{ -® MaleWT -® Female WT © 50| @ MaleWT % Female WT
0 ©- Male cKO {3- Female cKO ®- Male cKO {3J- Female cKO
1 2 3 4 1 2 3 4
B Day Day
Distance Time
| WT
0 kO - T
_ 8000+ 100+ o **D cKO
E [ —
5 13 J
% 6000+ 8 80
- [
2 £ oo
T 4000 °
° £ 40
: 2
§ 20001 £ 50
] N
a S
0- 0-
Male Female Male Female
Crossings WT cKO
80- - WT s
*xk O cKO
— *%k%k
g’so_ I
i=
2
<] 404
o
s
3+ 204
04
Male Female
C —_
125- * D* cKO
1004
5
g 754
8
x 504
©
&
254
0-

Male Female

Figure 2. Motor behavior phenotyping of Thap1 cKO mice. (A) Accelerating rotarod at 3 and 6 months of age on 4 consecutive days (n = 12-14, repeated measures two-
way ANOVA, 3 months: F(3 192) = 71.66 and 6 months: F(3 192) = 34.65; *P < 0.05 and **P < 0.01). (B) Metrics of open field assay on 4-month-old mice (n = 10, two-way

ANOVA, total distance traveled: F(; 54y = 0.2418; time in outer zone: F(q g4y = 29.01;

**P < 0.01; number of crossings between zones: F(q 34y = 34.39; ***P < 0.001); and

representative traces, where red square designates boundary between inner and outer zones. (C) Forelimb grip strength of 4-month-old ()vild-type and Thap1 cKO mice

(n = 10, two-way ANOVA, F(l 34) = 6.83; *P < 0.05).

our gene lists to previously performed Thapl ChIP-Seq experi-
ments on human K562 cells and mouse ES cells (GEO: GSM803408
and GSE86911) (36). We identified 77 genes in the STR and 284
genes in the CB that are bound by Thapl and are likely to
be direct targets of Thapl (Supplementary Material, Fig. S3A;

for the full list, see Supplementary Material, Table S13); of these,
62 genes are shared. We performed GO pathway analysis on
this subset of genes (Supplementary Material, Fig. S3B; for
the full list of terms, see Supplementary Material, Table S14).
Intriguingly, the terms relating to the cytoskeleton are enriched
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Figure 3. Differential gene expression in striatal and cerebellar tissue of 6-month-old Thapl cKO mice. (A) Heatmaps of differentially expressed genes by RNA-Seq in
striatal and cerebellar tissues of Thap1 cKO and wild-type mice with yellow indicating increased expression and blue decreased. (B) Breakdown of upregulated and
downregulated genes with 230 for striatal and 1189 total genes in cerebellar tissues. (C) Venn diagrams demonstrating overlap of differentially expressed genes in both

tissues, 101 genes.

in this shared target list. We also confirmed 20 of these genes by
quantitative reverse transcriptase polymerase chain reaction
(RT-PCR; 10 upregulated and 10 downregulated at the earlier time
point of 3 months, which corresponds to our initial behavioral
analysis; Supplementary Material, Fig. S4A and B).

Transcriptomic dysregulation of disease genes

There are 23 hereditary dystonic (DYT) syndromes with known
gene mutations [for a recent review, see (37)]. We asked whether
there is an overlap between our RNA-Seq results and the expres-
sion of genes mutated in these other dystonic syndromes. We
found 13 DYT genes dysregulated in the STR and 12 in the CB
in our list, which we confirmed by quantitative RT-PCR (Table 1).
Intriguingly, we also found alterations in three genes in spon-
taneous mouse models of dystonia (Table 2). These dystonia
genes—both human and mouse—align with the enriched GO
terms (cytoskeleton, synaptic transmission and DA signaling;
Fig. 4). Our results point to convergence at a molecular level of
dystonic syndromes in mice and humans.

Surprisingly, Torla (DYT1) was not one of the differentially
expressed genes even though Torla has been shown to be
repressed by Thapl in cell-based assays (36,38). The absence
of differences in Torla in our cKO mice could suggest potential
redundancy in the regulation of Torla transcription at the
organismal level (alternatively, some of the previous studies
should still be treated with caution). However, we observe

overlap of stress response, nervous system development and cell
morphogenesis between transcriptomic studies of DYT1 (HEK
cells overexpressing mutant Torla), DYT6 (haploinsufficient
Thapl neonates and ES cells) and DYT23 (Ciz1 KO) models,
suggesting there are convergent mechanisms at play (Supple-
mentary Material, Table S15) (36,39-41).

Pathological characterization of Thap1 cKO

There was no obvious neurodegeneration in Thapl cKO mice
as determined by immunostaining with the neuronal marker,
NeuN, and Nissl staining (Fig. 5A and B). However, given our RNA-
Seq results, we performed a detailed histochemical analysis
focusing on both neuronal and glial pathology that might stem
from alterations in genes involved in the cytoskeleton, synapse
formation, DA signaling and gliogenesis.

As might be expected from cytoskeletal and synaptic dys-
function, we found a decrease in cell size, dendritic arborization,
and spine density of neurons as determined by the Golgi-Cox
staining of striatal MSNs shown in Figure 5C-F. Consistent with
our RNA-Seq results, we found a decrease in the expression of
the DA receptor 2 (D2R) by quantitative RT-PCR and western blot
(Table 1, Fig. 6A). There was no change in the protein level of DA
type 1 receptor (D1R; Fig. 6A). Since D2R activity is responsible
for inhibiting basal ganglia output through the indirect pathway,
the specific reduction in the D2R would be expected to cause a
surplus of movement and make mice prone to dystonia (42).
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Table 1. Quantitative RT-qPCR of dystonia genes in the STR and CB of Thap1 cKO mice

Gene (dystonia) Protein (function) STR P-value CB P-value

Torla (DYT1) TorsinA (protein interactions in nuclear 99.8 + 3.1% ns 94.6 + 3.8% ns
envelope and endoplasmic reticulum)

Hpca (DYT2) Hippocalcin 96.2 + 2.0% ns 91.4 + 3.4% ns
(neuron specific calcium binding protein)

Tafl (DYT3) TATA-box binding protein associated factor 1 92.6 + 3.3% ns 914 +4.7% ns
(transcription factor)

Tubb4a* (DYT4)* Tubulin beta 4A 70.7 £ 2.0% 0.0002 752+ 1.9% <0.0001
(nervous system enriched microtubule
subunit)

Gch1” (DYT5a) GTP cyclohydrolase 1 73.2+3.1% 0.0002 121.9+7.9% ns
(biopterin biosynthetic enzyme)

Th” (DYT5b) Th 130.8 + 5.6% 0.0003 85.1+2.3% 0.0005
(catecholamine synthesis)

Spr™ (DYT5c) Sepiapterin reductase 94.1 +4.2% ns 116.5+7.5% ns
(biopterin biosynthetic enzyme)

Thap1l (DYT6)* THAP domain containing protein 1 242 +0.19% <0.0001 3.14 £ 0.15% <0.0001
(zinc finger transcription factor)

Pnkd/Mr1 (DYT8)* Myofibrillogenesis regulator 1 83.9 +3.8% 0.0037 88.8 +£5.8% ns
(synaptic protein?)

Slc2al® (DYT9/18)* GLUT1 79.6 £2.1% <0.0001 90.5+ 3.7% ns
(glucose transporter)

Prrt2% (DYT10)* Proline-rich transmembrane protein 2 1232+ 2.6% 0.0002 1413 +£9.1% 0.0205
(SNARE complex interacting protein)

Sgce* (DYT11a) Epsilon sarcoglycan 785+ 3.4% 0.0017 98.3+6.3% ns
(dystrophin-glycoprotein complex
component, linking ECM and cytoskeleton)

Drd2” (DYT11b)* Dopamine receptor 2 77.5+1.8% <0.0001 79.9 + 2.5% <0.0001
(dopamine neurotransmitter receptor)

Reln* (DYT11c)* Reelin 78.5+7.0% 0.0319 66.3 £5.2% 0.0087
(extracellular matrix protein)

Atpla3® (DYT12) Na*/K+ ATPase alpha 3 77.4 +4.0% 0.0034 122.34+10.5% ns
(ion transporter)

Prkra (DYT16) Protein kinase interferon inducible dsRNA 103.7 £ 6.2% ns 124.8 + 6.5% 0.0185
dependent activator (stress response kinase)

Cizl (DYT23a) CDKN1A-interacting zinc finger protein 1 86.7 +5.5% ns 1321+7.1% 0.0264
(zinc finger DAN binding protein)

Cacnalb® (DYT23b)* Cav2.2 92.1+13.6% ns 64.3 +3.9% 0.0011
(N-type voltage gated calcium channel)

Ano3% (DYT24)* Anoctamin 3 77.1+4.8% 0.0199 1189+ 6.7% 0.0367
(calcium activated chloride channel?)

Gnal” (DYT25)* Guanine-nucleotide binding protein alpha 73.7 £5.2% 0.049 91.9+£6.1% ns
(stimulatory G protein)

Kctd17* (DYT26) Potassium channel tetramerization domain 142.1+14.7% 0.029 118.8 +6.2% 0.441
containing protein 17 (substrate adaptor)

Col6a3* (DYT27) Collagen type VI alpha 3 100.6 +13.0% ns 71.2 £ 7.0% 0.0195
(ECM collagen subunit)

Kmt2b (DYT28) Lysine-specific methyltransferase 2B 89.7 + 10.6% ns 746 £7.1% 0.0290

(histone methyltransferase)

Cytoskeletal and extracellular matrix genes are indicated by #, dopamine signaling genes are indicated by A and synaptic genes are indicated by &; genes with =
indicates also differentially expressed in RNA-Seq. Statistical significance determined using unpaired Student’s t-test with values representing the average percent
change normalized to Gapdh + SEM, n = 8.

We also found a decrease in DA levels using high-performance
liquid chromatography (HPLC; WT: 11.4 + 0.3 ng/mg, cKO:
10.0 + 0.4 ng/mg; P < 0.05; Fig. 6B). This reduction appears
to result from an increase in the activity of synaptic DA
transporter, DAT, which is responsible for the removal of DA
from the synaptic cleft (Fig. 6A). In fact, there is an upregulation
of tyrosine hydroxylase (Th) levels, the rate-limiting enzyme
controlling its synthesis (Fig. 6A). This suggests that the decrease
in DA levels is caused by increased removal rather than a lack
of synthesis.

With regard to glial pathology, we observed a reduction in
oligodendrocyte markers by western blot with myelin basic
protein (MBP) and myelin oligodendrocyte glycoprotein and
immunohistochemistry on tissue with MBP (Supplementary
Material, Fig. S5). These results confirm recent work implicating
Thapl in oligodendrocyte maturation (32). We also observed
increased astrocytic gliosis as evidenced by the upregulation
of astrocytic glial fibrillary acidic protein (Gfap) staining
by immunohistochemistry and confirmed by western blot
(Fig. 7A-D).
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Table 2. Quantitative RT-PCR of mouse dystonia genes

Gene (mouse) Protein (function) STR P-value CB P-value

Itprl (Itprl 18p del) Inositol 1,4,5-triphosphate receptor 1 86.8 +4.3% ns 132.6 + 8.6% 0.0074
(intracellular calcium channel)

Dst* (dystonia Dystonin 87.2 +3.6% ns 72.8 +4.5% 0.0161

musculorum) (cytoskeletal linker protein)

Cacnala® (tottering) Cav2.1 775 +4.1% 0.0069 68.1 + 3.0% 0.0012

(L-type voltage gated calcium channel)

Genes denoted with # are cytoskeletal/ECM and & are synaptic genes. Statistical significance determined using unpaired Student’s t-test with values representing the

average percent change normalized to Gapdh + SEM, n = 8.

Discussion

DYT6 is caused by a loss of function of THAP1, a protein involved
in transcriptional regulation, and its haploinsufficiency in
humans leads to dystonia. We generated mice lacking Thap1l
with the aim of understanding the gene networks Thapl
controls and to further elucidate the role of Thap1 in the nervous
system. Thapl haploinsufficient mice cannot be studied as a
model of the human disease because of autoregulation and a
lack of reduction of Thapl mRNA levels. We therefore generated
mice that lack Thap1 in the nervous system.

While Thap1l conditional null mice do not display sponta-
neous dystonia, they demonstrate robust behavioral and patho-
logical phenotypes. These alterations are accompanied by gene
expression changes that revolve around broad classes of genes
in neurons and glia. In neurons, the genes misregulated encode
proteins that regulate neuronal growth and synaptic transmis-
sion, particularly implicating the dopaminergic network. In glia,
the genes encode proteins involved in regulating gliosis, cytokine
signaling and myelination. These gene expression changes are
associated with important pathological changes: a reduction in
dendritic arborization, gliosis and a decrease in myelination.
Overall, our results demonstrate that Thapl is an important
transcription factor in the nervous system.

Intriguingly, many of the genes that are mutated in other
dystonic syndromes are also misregulated in Thapl conditional
null mice. There are also similarities in pathology between our
mouse model and other models of human DYT syndromes. Both
of these findings suggest points of convergence of pathological
pathways in dystonia. For instance, decreased spine density is
seen in mouse models of DYT1 (heterozygous mutant Torla
knock-in), DYT11 (Reln haploinsufficiency) and DYT25 (Gnal hap-
loinsufficiency) (43-47); defects in neuronal morphology are seen
in mouse models of DYT1 (heterozygous mutant Torla knock-
in), DYT4 (Tubb4a mutant), DYT11 (Reln haploinsufficiency) and
DYT27 (Col6a3 deletion) (43-45,48-50); defects in myelination
are seen in mouse models of DYT4 (Tubb4a mutant) and DYT6
(Thap1 KO) (32,51); and gliosis is seen in mouse models of DYT1
(conditional Torla KO, inducible Torla KO), DYT9/18 (Slc2al hap-
loinsufficiency) and DYT23 (Ciz1 KO) (52-55). In addition to these
changes, there are derangements in DA signaling, for which
there is considerable evidence of involvement in other dopamin-
ergic syndromes. For instance, we see a reduction in DA levels
that is most severe in mouse models of the DA responsive dys-
tonias DYT5a/b (Gchl deficient and Th mutant mice) but is also
observed in mouse models of DYT1 (mutant transgenic and het-
erozygous mutant Torla knock-in), DYT8 (mutant Pnkd), DYT23
(Cacnalb KO) and DYT25 (Gnal haploinsufficiency) (47,56-61).
Lastly, we also see a reduction in the level of D2R, a key recep-
tor in the indirect pathway, which is also decreased in other
dystonia mouse models (DYT1, 8, 11a) and mutated in DYT11b
(34,60,62,63).

It is still unclear which of these pathological consequences
of Thap1 loss in mice are most relevant to the human syndrome.
Clearly, one impediment to addressing this issue is that Thap1l
conditional null mice, while displaying a behavioral phenotype,
do not display dystonia per se. It might be possible to more
closely mirror the human disease by stressing these mice
with pharmacological agents, particularly with DA-receptor
blocking agents or cholinergic agonists, as has been done
with other dystonia mouse models of DYT1, 5, 8, 12 and 25
(47,57,59,60,64,65). Another method to improve our model might
be to deplete Thapl acutely in adult mice using a temporally
inducible cre-recombinase approach. This approach is proving
useful in mouse models of other dystonias (DYT1 and 12), where
compensatory developmental pathways are thought to prevent
the later expression of dystonic posturing (53,66). Regardless,
it is intriguing that our pathological findings—the reduction
in D2R receptor levels (by raclopride binding), gliosis and the
oligodendrocytic hypomyelination—are all observed in autopsy
studies from human patients (67-70).

In sum, our comprehensive and unbiased transcriptomic
studies have led us to discover that Thap1 plays a critical role
in the regulation of gene expression in the nervous system. The
cellular pathways for the cytoskeleton, nervous system devel-
opment, synaptic transmission and gliogenesis are dysregulated
by loss of Thapl and many of these pathways are also found
to be affected in other dystonia models. Our results suggest
that Thapl is acting as a unifying factor amongst the vari-
ous dystonias, providing greater insight into the shared patho-
genesis. Continued investigation of the cellular pathways and
neuronal circuits involved in DYT6 is pivotal for the systemic
understanding of dystonia pathogenesis and the development of
therapeutic platforms for these ineffectively treated disorders.

Materials and Methods
Mice

Mice were housed in a specific pathogen-free facility, and all
experiments were performed in compliance with the National
Institutes of Health’s Guide for the Care and Use of Laboratory
Animals, and Northwestern University’s Institutional Animal
Care and Use Committee. Mice were euthanized by isoflurane
inhalation unless otherwise noted.

Thap1 null mice were generated using an insertional muta-
genesis gene-trap approach [Knock-Out Mouse Project; ES clone
#126393; C57B1/6 background] (24). The gene-trap cassette was
inserted after exon 1 of Thap1 [the gene-trap cassette contains a
splice acceptor site with the enzymatic reporter p-galactosidase
(En2SA-IRES-lacZ), a neomycin cassette for antibiotic selectivity
driven by the human beta actin promoter (hpactP-neo-pA) and
loxP and FRT sites for DNA recombination (Fig. 1A)]. Mice gener-
ated from these ES cells (called the KO first mice) were mated
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Figure 5. Decreased dendritic arborization and spine density in striatal MSNs in Thap1 cKO mice. (A) NeuN immunostaining in STR and CB of wild-type and Thap1 cKO
mice (scale bar: 50 pum). (B) Nissl staining of STR and CB of wild-type and Thap1 cKO mice (scale bar: 200 um). (C) Representative images of Golgi-Cox stain of striatal
MSNSs, red arrow pointing to soma (scale bar: 20 pm). (D) Quantification of cell size. Cells were sampled from 10 independent sections per mouse (n = 3 pairs of mice,
error bars SEM, unpaired t-test; **P < 0.001). (E) Representative images of spine morphology (scale bar 5: pm) and (F) quantification of spine density, average with error
bars representing SEM, 10 cells per section with 10 sections per mouse were quantified from 3 mice of each genotype (n = 3, unpaired t-test; ***P < 0.0001).

to the Ella-cre deleter mice (The Jackson Laboratory, 003724;
C57Bl/6 background) (71), causing a germline deletion of the DNA
cassette between the loxP sites, and subsequently resulting in
mice referred to as Thap1 null mice. Thapl null mice generate
an mRNA in which exon 1 (that only encodes the first 24 amino
acids of Thap1) is spliced to the engrailed 2 splice acceptor site
(En2SA) upstream of an internal ribosomal entry site and lacZ
sequence (encoding for the enzymatic reporter p-galactosidase)
with a polyadenylated 3’ tail (pA).

KO first mice were also mated with CAG-FLPe Deleter mice
(RIKEN, RBRC01834, C57Bl/6 background) (72)) permitting a rever-
sion to a functional wild-type allele while maintaining loxP sites
flanking exons 2 and 3 for later conditional deletion (Thapl
floxed mice) through the removal of the DNA cassette between
the FRT sites. Conditional Thap1 KO mice (Thap1 cKO) were gen-
erated by mating Thap1 floxed mice with a nestin-cre expressing
mouse line (Jackson Laboratory, 003771, C57Bl/6 background)
(29).
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Figure 6. Changes in dopaminergic proteins in striatal tissue of Thap1 cKO mice. (A) Western blot analysis of striatal tissue lysates from 4-month-old Thap1 cKO and
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Mice were genotyped by PCR using tail-extracted DNA (taken
at P10-P14). PCR sequence for genotyping were as follows:
Thapl WT-F: 5-TAAAGATAAGCCCTAACACGAAGGTTGGCTAG-3';
Thapl WT-R: 5'-AGATTAGTTCTGGTTACCAATCTCCCTCAGG-3';
FRT/loxP-F: 5-CTCTAGAAAGTATAGGAACTTCGTCGAGATAACT
TCG-3;

LacZ-F: 5'-GTCGCTACCATTACCAGTTGGTCTGGTGTC-3';

Thapl 3 UTR-R: 5’-CCAGGTCCCAACTTTTCTTTCTTTAGAAGG
TTG-3;

Cre-F: 5'-ACACCAAAATTTGCCTGCATTACCGGTCG-3';

Cre-R: 5'-CTAGAGCCTGTTTTGCACGTTCACCG-3'.

Behavioral assays

Behavioral and pathological assays were performed by researchers
blinded to the experimental genotype.

Rotarod testing. Accelerating Rota-Rod (Ugo Basile) was per-
formed at 3 and 6 months of age. Mice were placed on the
rotarod accelerating from a speed of 440 rpm over a 5 min
period, and the latency to fall was recorded (73,74). Mice were
tested four times per day over four consecutive days. The average
performances for each day were plotted.

Open field testing. The 4-month-old mice were placed in the
center of a 56 x 56 cm arena in a noise reduced, dark chamber

for 10 min. The location of the mouse in the arena and distance
traveled were analyzed (using LimeLight Software; Actimetrics).
Statistical significance was determined using two-way ANOVA
to assess the impact of genotype on total distance traveled,
percentage of time in the outer zone and number of crossings
between inner and outer zones.

Forelimb grip strength. The 4-month-old mice were trained to
grab a horizontal waffle grid attached to a recording device (Grip-
Strength Meter; Ugo Basile); they were then slowly pulled by the
tail until they released their grip. The average grip strength over
three trials was plotted.

Transcriptomic assays

RNA isolation. Striatal and cerebellar brain regions were iso-
lated using microdissection. RNA was isolated from tissues using
the RNeasy Plus Universal Mini Kit (cat# 73404, Qiagen). The tis-
sues were homogenized in QIAzol Lysis Reagent and then treated
with gDNA Eliminator Solution and chloroform for subsequent
phase separation. After centrifugation, the aqueous phase was
removed and loaded onto a spin column for washing and elution
of RNA.

Quantitative RT-PCR. Single-strand cDNA was reverse tran-
scribed from the purified mRNA using SuperScript III First Strand



Synthesis System (cat# 18080-051, Invitrogen). The quantitative
PCR (qPCR) was carried out using iTaq Universal SYBR Green
Supermix (cat#172-5122, Bio-Rad). The gPCR cycling parameters
for amplification and quantification were 95°C for 5 s then 60°C
for 30s repeated 40 times with a melt curve protocol (65-95°C
with a heating rate of 0.5°C per second). gPCR (normalized to
Gapdh) levels was carried out in a CFX Connect Real-Time PCR
Detection System (Bio-Rad) and analyzed using CFX Manager
Software (Bio-Rad). The primers used for qPCR are listed in
Supplementary Material, Table S1.

RNA-Seq. mRNA-Seq was conducted in the Northwestern Uni-
versity NUSeq Core Facility. The quality of the RNA was checked
using Agilent Bioanalyzer 2100 (all samples had RNA integrity
numbers of <9.5). The Illumina TruSeq Stranded mRNA Library
Preparation Kit was used to prepare sequencing libraries from
800 ng of total RNA (the RNA quantity was determined with
Qubit fluorometer). This procedure includes mRNA purification
and fragmentation, cDNA synthesis, 3’ end adenylation, Illumina
adapter ligation, library PCR amplification and validation. Illu-
mina NextSeq 500 Sequencer was used to sequence the libraries
with the production of single-end, 75 bp reads. The quality
of DNA reads was evaluated using FastQC and reads of poor
quality or those aligning to rRNA sequences were filtered. The
cleaned reads were aligned to the Mus musculus genome (mm?10;
obtained from UCSC (University of California Santa Cruz; http://
genome.ucsc.edu)) using STAR (Spliced Transcripts Alignment
to a Reference) (75). Read counts for each gene were calculated
using HTSeqg-count (76). Normalization and differential expres-
sion were determined using DESeq2 (77). The statistical cutoff
for determining differentially expressed genes was an false dis-
covery rate-adjusted P-value less than 0.05. GO pathway analy-
sis was performed on both gene lists using MetaScape (http://
metascape.org) (78) to identify pathways that are enriched with
genes that are upregulated and downregulated. Enriched GO
pathways were visualized using Cytoscape (79). KEGG pathway
analyses were performed using DAVID (Database for Annota-
tion, Visualization and Integrated Discovery, National Institute
of Allergy and Infectious Disease, NIH) (80,81).

High-performance liquid chromatography

Mice were euthanized by CO, inhalation and striatal tissue was
obtained by microdissection. The tissue was placed on dry ice
and processed for HPLC as previously described (82). Briefly,
dissected brain regions were placed in a buffer containing 0.2 M
perchloric acid, 0.05% Na,EDTA, 0.1% Na,S,0s and isoproterenol
(internal standard) to extract monoamine neurotransmitters.
Monoamine lysates were placed in a refrigerated automatic sam-
pler (model WPS-3000TSL) until being separated by a reversed-
phase C18 column with a flow rate of 0.6 ml/min using a Dionex
Ultimate 3000 HPLC system (pump ISO-3100SD, Thermo Scien-
tific, Bannockburn, IL). Electrochemical detection was achieved
using a CoulArray model 5600A coupled with an analytical cell
(microdialysis cell 5014B) and a guard cell (model 5020). Data
acquisition and analysis were performed using Chromeleon 7
and ESA CoulArray 3.10 HPLC Software; all results were normal-
ized to the wet-weight of the analyzed tissue.

Western blots

Striatal and cerebellar brain regions were isolated using
microdissection and then the tissues were homogenized using a
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dounce homogenizer in RIPA lysis buffer (150 mm NacCl, 0.1% SDS,
50 mm Tris pH 7.6, 1 mm EDTA, 0.5% sodium deoxycholate, 1%
NP-40) with protease inhibitors (Sigma). Samples were sonicated
for 10 s on ice and centrifuged at 12,0009 for 15 min at 4°C,
heated at 95°C for 10 min with Laemmli’s Sample Buffer (Bio-
Rad). A total of 20 ng of lysate was loaded per well in a 10%
SDS-PAGE gel. The blots were probed with primary antibodies:
1:2000 anti-mouse Gapdh (#14C10, Cell Signaling); 1:1000 anti-
rabbit Th (#AB152, Millipore); 1:500 anti-rabbit D2R (#AB5084P,
Millipore); 1:1000 anti-rabbit DIR (#ab20066, Abcam); 1:1000
anti-rabbit DAT (#AB1591P, Millipore); 1:1000 anti-rabbit Gfap
(#ab7260, Abcam); 1:1000 anti-mouse Mbp (#ab62631, Abcam);
1:1000 anti-rabbit Mog (#ab32760, Abcam) in 5% milk in TBST
(0.1% Triton X-100). Secondary antibodies conjugated to horse
radish peroxidase (goat anti-rabbit #1706515, goat anti-mouse
#1706516; Bio-Rad) were applied at a concentration of 1:5000-
1:10 000 in 5% milk in TBST. Blots were imaged using SuperSignal
West Pic Chemiluminescence Detection kit (ThermoScientific)
and signals were detected using a ChemiDoc XRS System
equipped with Quantity One software (Bio-Rad). To visualize
individual lanes, we performed staining with Ponceau S (Sigma-
Aldrich). This allowed us to attribute each chemiluminescent
image to its specific lane. Average intensity was determined
by normalizing to Gapdh levels (quantified with ImageJ-based
software; National Institutes of Health).

X-gal staining for B-galactosidase activity

X-gal staining was performed as described (74). Briefly, brains
were isolated then fixed 4°C overnight with 0.2% paraformalde-
hyde (PFA) in PIPES buffer (0.1 M PIPES, pH 6.9, 2 mm MgCl, and
5 mmM EGTA). The following day, the brains were equilibrated in
30% sucrose in phosphate buffered saline (PBS) supplemented
with 2 mMm MgCl, and embedded in optimal cutting temperature
(OCT) medium (Fisher). Para-sagittal sections of 60 pm were cut
using a cryostat (Microm M505, ThermoScientific) and post-fixed
with 2% paraformaldehyde in PIPES buffer on ice for 10 min. The
sections were then incubated with rinse buffer (100 mm sodium
phosphate, pH 7.4, 2 mm MgCl, 0.1% sodium deoxycholate and
0.2% NP-40) on ice for 10 min and stained with staining solution
(rinse buffer containing 5 mM potassium ferricyanide, 5 mm
potassium ferrocyanide, 1 mg/mL X-gal) at 37°C for 48 h. The
stained slices were then rinsed in PBS supplemented with 2 mm
MgCl, and mounted onto glass slides using Vectashield (Vector
Laboratories). Sections were imaged on TissueGnostics micro-
scope and imaging software.

Immunostaining

Mice were anesthetized using isoflurane and perfused with
4% PFA in PBS, after which the brains were removed and fixed
overnight in 4% PFA. The brains were then placed in 30% sucrose
in PBS prior to being embedded in OCT. Sagittal sections of 40 pm
were cut using a cryostat (Microm M505, ThermoScientific) and
immunostained as described (73,74). Briefly, brain sections were
washed in PBS, permeabilized with PBS plus 0.5% Triton X-
100 (PBST) and blocked with 5% normal goat serum in PBST.
Sections were incubated with primary antibodies overnight
at 4°C in blocking solution, 1:500 anti-rabbit NeuN (#ab177487,
Abcam), 1:1000 anti-rabbit Gfap (#Z0334, Dako) and 1:500 anti-
mouse Mbp (#ab62631, Abcam). They were washed in PBST and
incubated with fluorophore-conjugated secondary antibodies,
1:1000 Alexa488 goat anti-rabbit, Alexa488 goat anti-mouse and
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Alexa594 goat anti-rabbit (Invitrogen), in blocking solution for
1 h at room temperature. Sections were washed and mounted
on slides using Prolong Diamond Antifade Mountant with DAPI
(Invitrogen). Images were captured using a CTR6500 confocal
microscope (Leica) equipped with Leica LAS AF software.

Golgi-Cox staining

Golgi-Cox staining was performed using the FD Rapid GolgiS-
tain Kit (Cat# PK401, FD NeuroTechnologies). The brains were
removed, rinsed in double-distilled water and placed in equal-
part solutions A and B. The solution was removed and replaced
after 24 h, after which the brains were incubated in the staining
solution (for 2 weeks at room temperature in the dark). The
brains were then transferred to solution C for 3 days and flash
frozen in isopentane. They were sectioned into 200 pm para-
sagittal sections using a cryostat (Microm M505, ThermoScien-
tific) and mounted on gelatin coated slides. The sections were
then processed following the manufacturer’s protocol. Sections
were imaged on a Nikon Ti2 Widefield microscope and image
analysis was done using FIJI (National Institutes of Health).

Availability of data and materials

All materials will be made available upon request, and RNA
sequencing data have been deposited in GEO under accession
GSE123880.

Supplementary Material

Supplementary Material is available at HMG online.
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