OXFORD

Human Molecular Genetics, 2023, Vol. 32, 10, 1647-1659

https://doi.org/10.1093/hmg/ddad004
Advance access publication date 9 January 2023

Original Article

Slc9a6 mutation causes Purkinje cell loss and ataxia in

the shaker rat

Karla P. Figueroa®!, Collin J. Anderson
Stefan M. Pulsth*

1Department of Neurology, University of Utah, Salt Lake City, UT 84132, USA

1,231 Sharan Paul®f, Warunee Dansithong!, Mandi Gandelman?, Daniel R. Scoles! and

2School of Medical Sciences, University of Sydney, Camperdown NSW 2006, Australia
3School of Biomedical Engineering University of Sydney, Darlington NSW 2008, Australia

*To whom correspondence should be addressed at: Department of Neurology, University of Utah, Salt Lake City, UT 84132, USA. Tel: +1 8015857575;

Fax: +1 8015878109; Email: stefan.pulst@hsc.utah.edu

TThese authors contributed equally to this work.

Abstract

The shaker rat carries a naturally occurring mutation leading to progressive ataxia characterized by Purkinje cell (PC) loss. We previously
reported on fine-mapping the shaker locus to the long arm of the rat X chromosome. In this work, we sought to identify the mutated
gene underlying the shaker phenotype and confirm its identity by functional complementation. We fine-mapped the candidate region
and analyzed cerebellar transcriptomes, identifying a XM_217630.9 (Slc9a6):c.[191_195delinsA] variant in the Slc9a6 gene that segregated
with disease. We generated an adeno-associated virus (AAV) targeting Slc9a6 expression to PCs using the mouse L7-6 (L7) promoter. We
administered the AAV prior to the onset of PC degeneration through intracerebroventricular injection and found that it reduced the
shaker motor, molecular and cellular phenotypes. Therefore, Slc9a6 is mutated in shaker and AAV-based gene therapy may be a viable
therapeutic strategy for Christianson syndrome, also caused by Slc9a6 mutation.

Introduction

Degenerative cerebellar ataxias comprise a large and hetero-
geneous group of disorders. Symptoms, age of onset, rate of
progression and prevalence are highly variable. At least in part
because of this heterogeneity, symptoms are difficult to treat,
and most patients never experience more than symptomatic
care. Animal models specific to individual forms of ataxias
may ultimately prove important in generating new therapeutic
strategies. Although there are a number of animal models of
ataxia, particularly for the spinocerebellar ataxias (1-10), there
are no models of most forms of ataxia. Whereas many ataxia
rodent models have been generated by genetic engineering, a
number of natural occurring ataxic mutant mice have been
investigated (11-19), contributing to understanding cerebellar
function and neurodegeneration, as well as to therapeutic
strategies.

We and others have reported on the shaker rat, a spontaneous,
X-linked, recessive model of tremor and ataxia characterized by
Purkinje cell (PC) degeneration (20-25). Early work focused on
characterizing the ataxia (20,26) and PC degeneration (21) present
in the shaker rat, as well as developing an inbred Wistar Furth
(WF) shaker rat strain (27). More recent work has focused on deter-
mining the precise cause of PC loss in shaker rats (24,25,28). We
used the model to carry out preclinical studies of low-frequency
deep brain stimulation of the deep cerebellum to reduce ataxia
and tremor (22), which other groups have recently continued to
develop (29-31). In these studies, we developed robust quantita-
tive approaches for analyzing the shaker rat’s motor phenotype,
some of which have been more recently further validated through

deep neural network-based through markerless motion tracking
approaches (32).

We previously mapped the shaker phenotype to the end of
the long arm of rat chromosome X using F2 hybrid mapping
crossing shaker rats on the WF background with wild-type (wt)
Brown Norwegian (BN) rats. This was complemented by analysis
of cerebellar transcriptomes seeking to identify X-chromosomal
transcripts with reduced expression, as well as coding or mis-
splicing events. These studies confirmed location of the shaker
locus on rat chromosome X using polymorphic genetic markers.
This analysis narrowed the candidate gene region to 26 Mbp
of the telomeric region of the long arm and distal to marker
DXRat21. We identified Atp2b3 encoding PMCA3 as containing a
potentially disease-coding variant. However, functional studies in
yeast complementation assays did not support an effect of the
amino acid substitution on function of the Ca++ pump (23).

Subsequently, we identified genetic recombination events in
symptomatic F2 shaker rats, definitively excluding the Atp2b3
variant as causative. We now report on additional studies combin-
ing viral, genetic, transcriptomic and motor analysis techniques
to identify the shaker mutation, a deletion in Slc9a6 (solute car-
rier family 9, member A6) that encodes NHE6 (sodium-hydrogen
exchanger 6). The deletion is predicted to lead to a truncated
NHES6. Of note, SLCI9A6 is mutated in Christianson syndrome (CS),
a severe epileptic encephalopathy with ataxia and autistic fea-
tures (33). We sought functionally confirmation of the pathogenic-
ity of the Slc9a6 mutation, and we were motivated to perform
functional complementation studies in part on the basis of clini-
cal reports indicating that even the expression of a non-mutated
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SLCY9A6 in 10% of transcripts is sufficient to yield a substantially
attenuated CS phenotype (34). We restored NHE6 expression in
PCs using viral transduction, reducing neurodegeneration and
improving motor behavior, confirming Slc9a6 as causative.

Given that numerous aspects of the shaker phenotype have
been reported on by multiple groups (20-28,32,35-37), we propose
the shaker rat as beneficial for use in therapeutic development for
CS. There exists a wealth of information regarding its degenerative
processes (21,23-25,28,36), motor phenotyping (20,22,35) on the
basis of widely used force plate actometer (38,39), and in this
work, we investigate the molecular phenotype in detail. Coupled
with the viral gene replacement methods explored herein, these
provide excellent targets to evaluate in the future development of
gene therapy for CS.

Results
Brief overview

We delineated the genetic region of interest and analyzed cere-
bellar and whole brain transcriptomes. We genotyped rats across
the set of candidate genes and eliminated all candidate genes
except Slc9a6 through recombination events. We administered an
L7-Slc9a6-green fluorescent protein (GFP) adeno-associated virus
(AAV) to shaker rats and found that driving expression of wt NHE6
to PCs in shaker rats reduced cerebellar gait ataxia. We proceeded
to evaluate cerebellar samples and cerebellar histology and found
that administration L7-Slc9a6-GFP AAV yielded improvements in
PC-specific transcripts and proteins and decreased PC loss. Thus,
we functionally demonstrated that loss-of-function mutation of
Slc9a6 was causative of the shaker phenotype.

Shaker mapping

Using an F2 hybrid intercross, we mapped shaker to chromosome
X distal to 133.45 (DxRat21) to qter. Our previous analysis of cere-
bellar transcriptomes revealed an amino substitution in PMCA3,
encoded by Atp2b3, which we evaluated as a potentially disease-
causing variant (23). Although the change occurred in a highly
conserved amino acid, analysis in yeast did not reveal any change
in calcium transporter function. Subsequent to our publication,
we observed several shaker WF rats that did not carry this variant.
Although this clearly excluded Atp2b3 as the causative gene, we
were not able to discern whether shaker mapped proximal or distal
to Atp2b3.

We developed a dual strategy to identify the shaker gene using
genetic mapping of additional recombination events in our F2 WE/
BN hybrids, as well as more effective ribonucleic acid (RNA)-seq
analysis with greater depth and longer read lengths. To improve
genetic mapping, we conducted database searches in Rnor_6.0,
and Medical College of Wisconsin Rat Genome Database, and we
identified six single-nucleotide polymorphisms in the candidate
region. Of these, only rs106120845 was informative between BN
and WF and mapped the shaker gene distal to 144.59 (Fig. 1A).

To generate additional genetic markers and potentially identify
the mutation itself, we used deep RNA-sequencing of cerebellar
and hemispheric tissues of three obligate affected and three wt
filial mates to identify coding variants, and we evaluated all
variants and differentially expressed genes (DEGs). Utilizing the
variant calling tool VarScan v2.3.3 (40), we found 15 changes
predicted to be deleterious (3 high, 12 moderate) in eight genes on
chromosome X. Of these, 4 were frameshift variants and 11 were
missense variants. Once we limited variants to the new candidate
linkage region distal to 144.59, variants in three genes remained:
one missense variant and splice region variant in Flna (filamin A),

one frameshift variant in Llcam (L1 cell adhesion molecule), and
one frameshift variant in Slc9a6.

All variants in the candidate genes were amplified by poly-
merase chain reaction (PCR) and Sanger sequenced utilizing the
WF and F2 WEF/BN progeny cited in our previous publication
(23). In addition, 55 affected and 10 aged (45-week old) asymp-
tomatic rats were screened for the Atp2b3 and Slc9a6 variants.
The respective recombination fractions are shown in Figure 1A,
indicating smaller recombination fractions toward the telomere.
Although variants in Flna and L1cam were found to have multiple
recombination events, the frameshift variant in Slc9a6 showed no
recombination events in 242 shaker rats.

Further confirmation for Slc9a6 as the shaker locus came from
analyzing DEGs in cerebellar transcriptomes. The top DEGs on
chromosome X were Gpr34 (G protein-coupled receptor 34), Tlr13
(toll-like receptor 13) and Slc9a6. Of these top DEGs on chromo-
some X, Gpr34 and TIr13 were well outside the linkage region,
further supporting Slc9a6 as the shaker allele.

Mutation

The Slc9a6 frameshift variant identified in shaker rats occurs
at amino acid 64 and results in a predicted truncated pro-
tein. This frameshift was categorized as deletion-insertion
variant, with base pairs 191-195 deleted, with one base pair
inserted. The nomenclature is as follows: XM_217630.9(Slc9a6)
c.[191_195delinsA], p.Ala64Glufs*23). Slc9a6 is abundantly
expressed in brain (41), especially in PCs. In humans, mutation
of human Slc9a6 causes CS, a recessive X-linked epileptic
encephalopathy with prominent ataxia (42).

NHESG6 loss of function in shaker rats

After identifying Slc9a6 as the likely shaker candidate gene, we
tested whether the predicted NHE6 truncation would result in
loss of NHE6 abundance. We evaluated several commercially
available antibodies, including a rabbit polyclonal antibody that
recognized several protein species at different molecular weights
from 40 to 250 kDa. We sought to confirm the identity of these
proteins, especially the ~250 kDa protein, which we predicted
would correspond to the fully glycosylated, dimeric form of NHE6.
Indeed, as the molecular weight fluctuates with glycosylation,
the fully glycosylated, dimeric form of NHE6 has been reported
as 200-250+ kDa (43,44). We treated HEK293 cells with ascending
doses of SLC9AG6 siRNA (45) and found that only the 250 kDa pro-
tein was reduced in intensity. This confirmed that the ~250 kDa
protein responded to Slc9a6 knockdown and likely represented
glycosylated NHES (Fig. 1B). Of note, the 75 kDa band, which would
correspond to a non-modified NHE6 moiety, did not show any
change in abundance and represents a non-specific protein band,
as do the other bands below 250 kDa.

To examine NHE6 expression in wt and shaker rats, we per-
formed western blotting of cerebellar extracts in age-matched
wt, female heterozygote and male shaker rats (n=3 for each at
5 weeks of age). We found gene-dosage dependent reduction
of the ~250 kDa protein in that band intensity was reduced
in heterozygotes to ~50% and to 0% in shaker rats. This was
consistent with loss of function caused by the frameshift Slc9a6
mutation (Fig. 1C and D). Notably, a lower molecular weight band
representing a truncated NHE6 was not observed. Differences in
the number and size of non-specific western blot bands were
attributed to the use of a commercial antibody not previously
used in NHE6 mutant rodent models, as opposed to in-house
custom antibodies, as well as strain and species differences from
other NHE6 mutant models.



A X Chromosome

Human Molecular Genetics, 2023, Vol. 32, No. 10 | 1649

| Il

Recombination Frequency and Location 55 0*
150 150
29.3% 5.4% 1.1% 0% 0%
rs106120845 Flna Licam  Atp2b3 Sic9a6
X:144.59 X:156.46 X:156.90 X:157.23 X:158.97
B siSlc9a6 C D 1.5 NHE6
S §3 Wild Type  Carrier  Shaker 2 —
S &S 3
=y % 9
c
! : NHEG  250- oy il i bt =« NHES 2
£ e .
e e s e e e b=
50— 50 ~ = e ko)
ACTB — —— — — —— — — R — ACTB [

Figure 1. Linkage map of shaker and analysis of NHE6. (A) Locations of crucial recombination events in the WF/BN F2 intercross in 92 rats are shown.
Yellow refers to our narrowed region of interest. *Of 150 shaker rats in the WF background, 15 rats were wt for ATP2b3, but none were wt for Slc9a6. (B)
Western blots show that the band corresponding to glycosylated NHE6 is knocked down by siSlc9a6, validating the commercial antibody. (C) and (D)
Less NHEG6 expression is seen in obligate carriers than in wt; this is reduced further in shaker rats. Errors bars represent standard error of the mean; dots

refer to individual animals.

AAV vectors for PC targeting

To functionally test whether Slc9a6 causes shaker, we developed a
viral vector targeting wt rat Slc9a6 expression to PCs and analyzed
motor behavior, mRNA and protein expression and PC morphol-
ogy. We previously reported that shaker rats exhibited PC loss by
7 weeks of age and that PCs appear to be the predominant cell
type affected early in pathogenesis (23). Therefore, we generated
a plasmid expressing a GFP-tagged rat wt Slc9a6 under control
of the PC-specific optimized mouse L7-6 (L7) promoter (46). This
plasmid was packaged in the PHP.eB capsid, ensuring widespread
transduction in the central nervous system when injected into the
lateral ventricle (47).

To test whether intracerebroventricular (ICV) delivery of the L7-
Slc9a6 AAV would indeed result in expression in PCs, we generated
a control vector expressing GFP under the control of the L7-6
promoter. We administered the L7-GFP AAV via ICV injection at
three concentrations (5, 10 and 20 ul at a concentration of 2.26
x 10711 vG/ul), as well as 10 ul of saline in four age-matched, wt
rats. The 10 pl injection resulted in significant transduction of PCs
(Supplementary Material, Fig. S2A), as imaged from 40 pm slices
of cerebellum.

When we injected a comparable dose of Slc9a6-GFP AAV, the
larger Slc9a6-GFP fusion protein did not generate detectable fluo-
rescence, likely caused by relatively low translational efficiency of
the substantially larger construct and, potentially, conformational
changes affecting epitope recognition. Therefore, we performed
western blotting using an anti-GFP antibody. We analyzed cere-
bellar extracts from 4 rats administered L7-S1c9a6-GFP AAV, at 25—
35 weeks of age. Although a number of non-specific bands were
detected, we observed a band that corresponds to the molecular

weight of glycosylated NHE6 fused to GFP with a molecular weight
of 250+ kDa. This band was not observed in uninjected shaker,
carrier or wt rats, but was observed exclusively in shaker rats with
motor improvement (see below). One shaker rat without motor
improvement after injection also lacked a glycosylated NHE6-GFP
band (Supplementary Material, Fig. S2B).

Motor performance is substantially improved in

shaker rats treated with the L7-Slc9a6-GFP AAV

We sought functional evidence to demonstrate that mutation of
Slc9a6 was causative of the shaker phenotype. We tested whether
AAV-based expression of the wt Slc9a6 gene in shaker rats would
prevent or reduce the motor phenotype. We injected animals with
either L7-Slc9a6-GFP AAV or the control L7-GFP-AAV at 5 weeks of
age and analyzed 30-min un-cued motor recordings taken in
each rat at 7, 18 and 25 weeks of age: 7 weeks was chosen given
that it corresponds to the typical onset of PC loss; 18 weeks was
chosen given that it follows the typical completion of PC loss and
represents the first time point after which motor ataxia no longer
significantly worsened in untreated rats, both in this and previous
work; finally, 25 weeks was the final and most statistically
conservative time point of the study (22-24). Figure 2A shows
representative traces of rapid movements from rats with different
genotypes and treatments at 18 weeks of age. We computed
straightness of gait by taking a ratio of total distance traveled
versus displacement. At 8 weeks, there were no significant differ-
ences across groups (Fig. 2B). At 18 weeks, shaker rats administered
the control L7-GFP AAV were severely ataxic, whereas those
administered L7-GFP-Slc9a6 AAV had greatly improved motor
performance (Fig. 2C). These improvements were maintained
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Figure 2. Administration of L7-Slc9a6-GFP AAV at 5 weeks of age reduces ataxic motor phenotype at later time points. (A) Center of mass traces from
representative movements made at 18 weeks of age. Treated animals are grouped on the basis of treatment efficacy. Color scale refers to quantitative
severity of ataxia. Blue refers to WT animals, red refers to untreated shakers (shaker + L7-GFP AAV). Percentage of severity from WT to untreated is
represented by the shade of purple. (B)-(D) Straightness of gait is computed as a measure of motor coordination. Shown is a ratio of total distance
traveled versus displacement, averaged across all rapid movements made in 30 min at each time point. Ratios are shown at (B) 8 weeks, shortly after the
typical onset of PC loss, (C) 18 weeks, shortly after the typical completion of PC loss and (D) 25 weeks, at which point the motor symptom progression
is typically complete. L7-GFP AAV had no impact on gait, but L7-Slc9a6-GFP AAV reduced motor dysfunction. (E) Straightness of gait ratios are shown
for all rapid movements recorded in all rats at 25 weeks. Untreated shakers primarily make uncoordinated movements, whereas treated shakers with a

strong effect primarily make coordinated movements.

through the final time point of motor recordings, 25 weeks of age
(Fig. 2D). At all time points, uninjected wt rats were insignificantly
different in gait compared with wt rats injected with L7-GFP AAV.
Notably, while the shaker rats administered the control AAV made
almost exclusively uncoordinated movements at 18 and 25 weeks,
several L7-Slc9a6-GFP AAV-treated shaker rats exhibited a strong
motor therapeutic effect, being almost indistinguishable from
wt rats, even at 25 weeks of age (Fig. 2E). Representative videos
taken at 18 weeks of age demonstrating the efficacy of the L7-
Slc9a6-GFP AAV in improving the gait of shaker rats are shown in
Supplementary Material, Video S1.

Slc9a6 mRNA and NHE6 are partially restored in
shaker rats treated with the L7-S1c9a6-GFP AAV
Cerebella from half of each control and treatment group were
taken for molecular analyses. Notably, rats chosen from the treat-
ment group for molecular analyses were representative of and
spanned the group. Specifically, animals with the 1st, 3rd, 5th and

8th best motor treatment effect among the eight treated animals
were those analyzed at the molecular level. We performed west-
ern blotting for NHE6, identifying glycosylated NHE6 in shaker rats
treated with L7-Slc9a6-GFP AAV (Fig. 3A and B, Supplementary
Material, Fig. S3). Quantification of NHE6 levels (Fig. 3C) showed
significant NHE6 increases in shaker rats that were administered
L7-Slc9a6-GFP AAV compared with those only administered L7-
GFP AAV. We quantified cerebellar Slc9a6 mRNA levels by quanti-
tative real-time PCR (qRT-PCR) and found that compared with wt
or carrier, Slc9a6 expression was lower in shakers administered the
control L7-GFP AAV, and this expression was partially restored by
treatment with L7-Slc9a6-GFP AAV (Fig. 3D).

PC-specific markers are partially restored in
shaker rats treated with the L7-Slc9a6-GFP AAV
We quantified protein and mRNA expression for several markers
associated with PC quantity and function established in prior
detailed analyses of PC degeneration (3,48-53). First, we analyzed
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Figure 3. Administration of L7-Slc9a6-GFP AAV modestly, but significantly increases glycosylated NHE6 and Slc9a6 mRNA. (A) Western blotting of
cerebellar extracts with Abcam antibody shows that the glycosylated NHE6 band is reduced in carriers, and fully reduced in shakers administered the
control AAV. A faint band is seen in shaker rats treated with L7-Slc9a6-GFP AAV with ICV injection at 5 weeks of age. (B) Repeat of (A) with ThermoFisher
antibody confirms lack of the glycosylated NHE6 band in shakers+L7-GFP AAV and presence in shakers +L7-Slc9a6-GFP AAV. (C) Quantified results
from (A). L7-Slc9a6-GFP AAV significantly restores NHE6 expression in shaker rats compared with those administered the control AAV. (D) Slc9a6 mRNA
expression is evaluated through qRT-PCR. Slc9a6 is reduced in shaker rats compared with wt or carrier rats, whereas administering L7-Slc9a6-GFP AAV

increases expression.

cerebellar protein extracts by quantitative western blotting of
calbindin-1 (CALB1), Regulator of G protein signaling 8 (RGS8) and
Purkinje Cell Protein 2 (PCP2). We found that levels of each PC-
specific protein were reduced in shakers compared with wt and
carriers at 25+ weeks of age. CALB1 and RGS8 levels were partially
restored by L7-Slc9a6-GFP AAV (Fig. 4A and B), whereas PCP2 nor-
malization trended toward significance (P = 0.062). Next, we quan-
tified Calbl, Rgs8 and Pcp2 mRNA levels by gRT-PCR. We found that
all 3 mRNAs were significantly reduced in shaker rats compared
with wt and carriers. Upon transduction with L7-Slc9a6-GFP AAV,
levels were significantly increased in shakers (Fig. 4C).

Finally, we sought to confirm these results by immunocyto-
chemical analysis of PCs. To assess number of PC somata and
extent of dendritic arborization we employed staining with an
antibody to CALB1, a calcium binding protein that is highly

enriched in PCs. We stained parasagittal slices from each animal
sacrificed after completion of the motor experiments at 25 weeks
of age with an anti-Calb1 antibody. We found that PCs in wt rats
show strong CALB1 staining PC, with near total loss outside of a
flocculonodular exclusion zone in shaker rats administered only
the L7-GFP AAV. However, loss in other lobules was consistently
partially prevented by treating shaker rats with the L7-Slc9a6-GFP
AAV, matching mRNA and protein results. We show representative
examples of each group in Figure 5.

Discussion
General

Loss-of-function mutations in endosomal Na*/H* exchanger 6
(NHE6) encoded by SLC9A6 cause the X-linked neurologic disorder
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Figure 5. Representative 20 um full cerebellar sagittal slices stained with Anti-Calb1 (yellow), counterstained with DAPI (blue). The L7-Slc9a6-GFP AAV
prevented PC loss in shaker rats compared with those administered the L7-GFP control AAV. Shown are representative sagittal slices across groups.
Notably, PCs tend to be preserved in the flocculonodular lobule 10. Even a relatively small degree of PC rescue led to substantial motor recovery (Fig. 2).



CS (42). Patients exhibit symptoms associated with both neurode-
velopmental and neurodegenerative abnormalities (54). NHE6 is
mainly expressed in early and recycling endosomes and plays an
important role in regulating endosomal pH (55). Loss of NHE6
function results in overacidification of the endosome (56), with
decreased endosome-lysosome fusion in NHE6-null neurons (57).

We identified a frameshifting mutation in Slc9a6 that is pre-
dicted to result in an early frame shift at amino acid 64 resulting
in a truncated protein of 87 amino acids. This is a spontaneous
mutation that results in a tremor and ataxic phenotype, hence the
designation of this strain as shaker. Pathologically, the phenotype
is characterized by cerebellar volume loss and PC death that
proceeds from anterior to posterior, generally with less severe cell
loss in a flocculonodular part of the cerebellum (23-25) (Fig. 5).
We previously verified abnormal cerebellar and PC pathology in
shaker rats confirming a cerebellar ataxia-like phenotype (23).

The study objective was to identify the gene responsible for the
shaker phenotype by linkage analysis combined with candidate
gene analysis. In a previous study, we investigated Atp2b3, which
mapped to the shaker candidate region. This was a promising
candidate as Atp2b3 mutations are associated with congenital
cerebellar ataxia in humans (58). However, we observed no differ-
ence in channel function by comparing wt Atp2b3 with Atp2b3R3¢
(23). Additionally, recombination events observed subsequent to
our publication excluded Atp2b3. This also refined the region to
2.7 Mb, extending from 157.2 to 159.9 (Xq37-qter). Although the
Slc9a6 variant did not emerge as a candidate in previous work,
this current study employed both longer reads and greater depth
of coverage. In addition, Slc9a6 mapped more proximal in the
X chromosome in rat genomes prior to Rnor_6.0. Ultimately, on
the basis of both linkage analysis and functional evidence, we
concluded that a protein-truncating mutation found in the Slc9a6
gene is causative of the shaker phenotype.

The shaker rat as a model of Christianson
syndrome

At least 54 different genes on the X chromosome are linked to
mental retardation (59). One of these is SLC9A6, and mutations in
SLCY9A6 truncating the NHE6 protein cause CS (33,42,60), resulting
in an Angelman-like, recessive, X-linked, progressive, neurode-
velopmental syndrome. Symptom onset occurs in infancy, with
patients exhibiting intellectual disability, autism, ataxia, lack of
speech and seizures, among other symptoms (42,54).

Our work led to the discovery of a novel protein truncating
variant (PTV) (p.A64Efs*23) in Slc9a6 in the shaker rat, making this
the first rat model of CS. Other groups have worked with Slc9a6
knockout mice as well as Slc9a6 mutant mice (43,61,62) to demon-
strate that Slc9a6 loss of function causes the relevant defects,
including disrupted endosomal-lysosomal function, neurodevel-
opmental and neurodegenerative pathology, impaired plasticity
and impoverished neuronal arborization (43,56,61,63-66). Further,
Slc9a6 heterozygous knockout mice develop PC, motor and visu-
ospatial abnormalities (67). Other Slc9a6 rodent models are not
reported as recapitulating all components of the human disease,
such as seizures, cognitive deficits or autistic behavior. Given
that rats have a complex social repertoire, the shaker rat may
be well suited for detailed dissection of the behavioral/cognitive
components of CS.

NHEG6 function in the context of the shaker rat

NHE6 is a membrane-bound protein functioning as a Na*t/H*
exchanger, providing a leak pathway for protons and limiting
endosomal acidification (68). NHE6 expression is high in PCs and
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coincides with PC loss in NHE6-null mice (65). NHE6 mutation
leads to neuronal degeneration through apoptosis (43), which is
the mechanism for PCs death in the shaker rat (24,25). However,
NHES6 expression is substantially more widespread than just PCs,
and loss of function could potentially impact the entire nervous
system (64). Thus, future work in the shaker rat should include an
evaluation of NHEG6 deficits in cerebrum and spinal cord.

Functional evidence suggesting that Slc9a6
mutation underlies the shaker phenotype

In this work, we generated an AAV vector targeting expression of
Slc9a6 to PCs using the L7 (Pcp2) promoter. AAV administration
after P1-P2 in rodents can result in relatively low neuronal yield
(69). Indeed, our ICV injection at 5 weeks of age provided relatively
low levels of glycosylated NHE6 compared with levels in wt rats,
~10% of wt cerebellar NHE6 (Fig. 3). However, despite relatively
low cerebellar NHE6, PC-specific proteins and mRNA levels, mark-
ers of PC health, improved substantially toward normalization
(Fig. 4). Itis interesting that key mRNAs and proteins decreased in
SCA2 mouse models—CALB1, PCP2 and RGS8—are also decreased
in shaker. Although it is known that these changes occur prior
to PC cell loss or significant rarification of PC dendrites in SCA2
mouse models (48), future studies will be needed to examine
transcriptomic changes across different time points.

Behavioral analyses that we performed used a previously
described force plate paradigm that allows analysis of tremor
and gait ataxia at a spatial and temporal resolution exceeding
that of video-based analysis (22). Ataxic phenotypes significantly
improved, with a subset of rats approaching near-normal motor
function (Fig. 2). These functional data strongly support Slc9a6 as
the gene responsible for the shaker phenotype.

The prospect of gene therapy for CS

Viral gene therapy is an attractive strategy for treating CS, sup-
ported by this study. However, therapeutic optimization of the
viral construct will be required. First, a therapeutic construct
would lack a GFP tag; given the large size of our construct with
the GFP tag, it is likely that translational efficiency would be
substantially better in this proposed construct, which would likely
yield greater therapeutic benefit. Further, using a promoter driv-
ing expression beyond just PCs is almost certainly necessary to
treat a number of other CS symptoms. With this in mind, using a
pan-neuronal promoter such as CAG may be ideal (70). However,
NHES6 gain of function has been reported as over-alkalizing endo-
somes, yielding neuronal atrophy (71). Further, off target effects
may occur, particularly with improper dosing. Therefore, precise
dose response studies will be of high importance for therapeutic
development.

Notably, relatively minimal NHE6 expression may be necessary
for substantial benefit. Our results indicate that ~10% cerebellar
NHE6 expression may be sufficient to prevent the generation
of ataxia in many cases. This is consistent with literature on
human patients; whereas total loss of function universally cre-
ates a severe phenotype, even just the presence of 10% normal
transcripts has been reported as yielding a substantially atten-
uated phenotype consisting of mild intellectual deficit, atten-
tion deficit disorder, speech difficulties, microcephaly and mild
asymptomatic cerebellar atrophy (34).

Phenotypic variation across the shaker rat,
NHE6-null rodents and humans with CS

Several engineered NHE6 null and mutant rodent models have
contributed substantially to the study of CS and
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neurodegeneration. To date, mouse models have primarily been
used (56,57,61,63,64,66,67,72-74), whereas an NHE6-null rat was
recently reported (75). Reports of NHE6-null mice indicate a slower
progression of PC degeneration, perhaps with less severe PC loss
(65,66). Among the possible underlying mechanisms, one involves
differential activity of NHE6 paralogs such as NHE9, which is also
localized in recycling endosomes.

Rat models of NHE6 dysfunction may ultimately prove more
useful than mouse models for the study of associated amy-
loid beta and tau deposition (75), whereas a diversity of models
across species with loss of function created through mutation or
knockout will be highly useful for therapeutic development for
CS. Compared with the recently reported NHE6-null rat in the
Sprague Dawley background (75), the WF shaker rat appears to
have a later onset of PC loss and motor dysfunction. However, it
should be noted that the NHE6-null rat’s motor phenotype was
evaluated via digigait and rotorod, whereas we evaluated ataxia
directly through actometry. Thus, direct comparisons of motor
progression or severity are difficult to make. Further, it is notable
that shaker first arose in Sprague Dawley rats before being crossed
into the WF background (20,21,26,27), with similar phenotypic
onset timing to the NHE6 null rat when still in a Sprague Daw-
ley background. This indicates that strain differences are likely
a major contributor to differences in phenotypic progression.
Indeed, there exists a complex interplay between vesicular ATP-
dependent proton pumps and the NHEs, and it is possible that
any number of modifiers may yield important differences in
endosomal pH and PC health. Taken together, the shaker rat, NHE6
null rat and NHE6 mouse create a powerful and diverse set of
models from which to test future gene therapeutic strategies for
CS. The substantial previous phenotyping work in the shaker rat
(20-24, 26, 27, 32, 35-39) combined with the methods contained
herein will enable the shaker rat to play an important role in the
development of a gene therapy.

Potential caveats

NHEG6 protein levels in treated shaker rats significantly increased
but remained relatively low. We interpret this as being related to
restored NHEG6 expression only in PCs, but not astrocytes. Perhaps
the use of a ubiquitous promoter would restore NHE6 closer to
wt levels. Despite this, it is apparent that even some degree of
restoration of NHE6 expression targeted to a specific neuronal
type is sufficient for substantial protection of motor function.
Successful expression of the L7-Slc9a6-GFP AAV was deter-
mined through western blotting rather than histology. Although
the L7-GFP AAV yielded strong histological signal (Supplemen-
tary Material, Fig. S2A), GFP expressed by the L7-Slc9a6-GFP AAV
was not clearly detectable over background autofluorescence by
fluorescent microscopy. This may have been caused by either
low expression or misfolding of the fused GFP. Importantly, how-
ever, a specific band corresponding to the Slc9a6-GFP fusion
protein was detected upon western blotting the cerebella of L7-
Slc9a6-GFP AAV-treated shaker rats (Supplementary Material, Fig.
S2B) and was exclusive to rats with therapeutic benefit. Further,
expression was also validated through Slc9a6 mRNA and NHE6
protein expression, both of which were increased significantly in
cerebellum. This yielded significant changes in numerous key PC
proteins associated with very substantial improvement in motor
performance and indicating that the L7-6 targeting remained
intact in L7-Slc9a6-GFP. As we were approaching AAV packag-
ing limits with our construct, this likely substantially impacted
translational efficiency (76). Future work using the L7 promoter
would benefit from a dual virus injection consisting of primarily

L7-Slc9ab AAV and a small amount of L7-GFP AAV to validate
viral presence in cerebellum. This approach would enable both
visualization of transduction and greater translational efficiency.

Conclusions

The cerebellar dysfunction and motor symptoms exhibited by the
shaker rat are caused by loss-of-function mutation in the Slc9a6
gene. Thus, the shaker rat is a spontaneous model of CS. Given the
shaker rat’s strong motor phenotype, it should be considered as a
model for mechanistic study and therapeutic development for CS.

Materials and Methods

All animal work was done under an approved Institutional Animal
Care and Use Committee protocol at the University of Utah. Rats
were housed 2-5 per cage under a 12:12 h light cycle with food
and water provided ad libitum. We maintain the shaker colony in
the WF inbred background (Envigo RMS LLC).

Genetic mapping

The shaker rat used in these studies is a spontaneous X-linked
recessive mutant that we have previously described (23). Once
the previously identified candidate gene Atp2b3 was excluded,
we refined to 2.7 Mb, extending from 157.2 to 159.9 (Xq37-qter)
through an F2, WE/BN intercross. The F1 offspring were generated
by breeding affected WF males and commercial wt BN female rats,
and the F2 generation was obtained by breeding affected F1 males
with obligate carrier females. An assumption was made that the
WEF alleles would segregate in close proximity to the causative
shaker gene. An additional 55 WF affected males and ten 45-week
old asymptomatic (non Slc9a6 variant positive) N6FO WF were
added to our previously reported cohort for a total 242 affected
male rats: 150 WF and 92 F2 WF/BN.

RNA-Seq

We conducted deep RNA-seq using total RNA on whole cerebella
and brain hemispheres of three wt and three obligate affected
5-week old WF males. We extracted total RNA with miRNAeasy
minikit (Qiagen Inc., Valencia, CA), obtaining RNA quality using
the Agilent RNA ScreenTape Assay (Agilent; Santa Clara, CA).
Library preparation took place utilizing Illumina TruSeq Stranded
RNA Kit with Ribo-Zero Gold (rat). We generated paired-end 125-
bp reads on a Hiseq 2000 machine at the University of Utah
Microarray and Genomic Analysis Shared Resource using Illumina
HiSeq 125 cycle paired-end sequencing v4.

We used SAMTools Mpileup on the alignment files and VarScan
v2.3.3 (40) for variant calling. Per our exclusion of Atp2b3 as a
causative disease gene, we focused on variants found on ChrX:
157239000 to qter. In order to estimate variance-mean depen-
dence and test for differential expression, we utilized DESeq2 (77).

We examined the relative expression of X chromosome
genes to look for differential expression and logarithmic fold
changes. We first sorted our data by Max DESeq2 AdjP values
and then by Log2 Ratio. The Max DESeq2 AdjP values were then
defined as the maximum observed -10Logl0(AdjP) between any
pairwise DESeq2 comparisons. All P-values and AdjP were phred
transformed where the value is —10*Logl10(AdjP or pval); thus,
—10*Log10(0.05) =13. Therefore, significant cutoffs are those of
values equal to or greater than 13. The Log2 ratio is defined as
log, (T/R), where T is the gene expression level in affected rats and
Ris the gene expression level in the wt samples.
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Mutation description

To generate standardized nomenclature for this PTV, we uti-
lized the freely available Mutalyzer-Description extractor soft-
ware to generate the Human Genome Variation Society vari-
ant description. Although the National Center for Biotechnol-
ogy Information (NCBI) Reference sequence XM_217630.9 is more
reflective of the Slc9a6 human transcript, the most recent Rat
Genome release Rnor_6.0 has a transcript different at the %
end of the observed mutation adding an additional 20 amino
acids (ENSRNOT00000066809.3) (Supplementary Material, Fig. S1).
Because Mutalyzer-Description extractor software is only compat-
ible with NCBI sequences, we used NCBI to generate the variant
description and Rnor_6.0 to anchor the markers used for genetic

mapping.

Genotyping methods

We isolated genomic deoxyribonucleic acid (DNA) from rat tail
tips using Qiagen genomic DNA extraction kit (Qiagen Inc,
USA). We performed genotyping via PCR; a 363 bp fragment
was produced with the following primers: forward of 5'-
AAGACATGGCTGTGGCTCGG-3' and reverse of 5-AGCTAGGGGA
CAGGGGTCCG-3'. Because of the minimal difference in fragment
sizes (4 bp), we confirmed genotype via Sanger sequencing with
the same forward primer.

AAV production

We derived rat cDNA sequences for Slc9a6 (XM_001053956) from
the NCBI DNA database, which we used to design primers
to PCR-amplify the coding sequences from a cDNA library
made from wt rat cerebellar RNA. The primer set was as
follows: Slc9a6-F: 5-TTTATGGCTGTG GCTCGGCGCGGCTGG-
3’ and Slc9a6-R: 5'-TTTCGGCTGGACTGTGTCTTGTGTCATC-3'.
We cloned the amplified PCR product into topoisomerase I
(TOPO) vector (TOPO™ TA Cloning™ Kit, ThermoFisher, Cat#
K457502) and verified by sequencing. The adeno-associated virus,
PAAV/L7-6-GFP-WPRE (woodchuck hepatitis post transcriptional
regulatory element)-SV40, was a gift from Dr Hirokazu Hirai (46),
and the pUCmini-iCAP-PHP.eB was designed by the Gradinaru
group (Addgene, plasmid #103005) (47). For the PHPeB AAV
expression plasmid, the Slc9a6 cDNA was re-PCR amplified
from TOPO cloning vector using Agel restriction sites and
subsequently cloned into pAAV/L7-6-GFP-WPRE plasmid at Agel
site, designated as pAAV/L7-6-Slc9a6-GFP. All constructs were
verified by sequencing. We generated recombinant AAV particles
in the Drug Discovery Core Facility, University of Utah. Briefly,
HEK-293 T cells were co-transfected with the following plasmids:
PAAV/L7-6-SIc9A6-GFP or pAAV/L7-6-GFP (control) with pHelper
(Stratagene, LaJolla, CA, USA), and pUCmini-iCAP-PHP.eB followed
by viral particles purification, concentration and genomic titer
determination.

Surgical procedures

In total, 18 age-matched rats were administered either the L7-GFP
control AAV or the L7-Slc9a6-GFP AAV, including three male wt
rats, two female carriers, six males hemizygous and seven females
homozygous for the candidate allele. We administered the L7-
Slc9a6-GFP AAV to eight shakers, and the control L7-GFP AAV to
five shakers and five wt or carriers. An additional four rats—two
male wt and two female carriers—served as uninjected controls.
Littermate effect was avoided by group randomization. The wt
rats were all male given that our focus was on treatment of shaker
rats and the fact that it is not possible to generate wt and shaker
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females in the same litter. Notably, we previously analyzed the
gait of wt males and females and found no significant differences
in straightness of gait between wt animals of both sexes (22). We
anesthetized rats with 2% isoflurane at 35 +/— 2 days of age.
We shaved and disinfected the surgical site and placed rats on
an electronically controlled heating pad set to body temperature
in a stereotactic frame. We administered 0.1 ml bupivacaine to
the incision site and opened to the scalp and dried. We marked
the craniotomy site for the injection of AAV to the right lateral
ventricle with respect to bregma and used a burr to drill a hole in
the marked location. We inserted a needle attached to a syringe
(Hamilton Co., Reno, NV) into the lateral ventricle, waited for
3 min, then injected 10 wul of virus at <2.0 ul/min. Five minutes
after injection, the needle was withdrawn at a rate not exceeding
1.0 mm/min. We sutured the incision and provided 0.1 mg/kg
carprofen subcutaneously daily for 3 days. Rats were then given a
12- to 16-day recovery period.

Motor analyses

We made 30-min force plate-based motor recordings in the afore-
mentioned rats at 7, 18 and 25 weeks of age using previously
described methods (22,38), collecting data through in-house soft-
ware and a force plate actometer device, a widely used and
described tool for motor and behavioral data collection (39). These
timepoints chosen were on the basis of typical start of PC degen-
eration, after the end of the typical PC degeneration, and when
motor symptom progression is complete (22). We tracked center
of mass at 1000 Hz and analyzed straightness of gait during rapid
movements as a measure of ataxia of gait. We computed a ratio
of distance traveled to displacement during rapid movements,
in which we previously showed that wt rats average 1.5-1.7 and
severely ataxic rats average ~3.0 (22). Notably, we previously
found that carrier rats have insignificantly different motor ataxia
from wt rats. Itis impossible to breed both affected females and wt
females in the same litter. Thus, in the interest of litter matching
across groups, motor results labeled as wt are a combination of
wt and carrier.

Extraction of tissues for cellular and molecular
analyses

Following experiments, we deeply anesthetized rats and extracted
all cerebella. In 21 of 22 rats used in AAV experiments, we retained
one of half of each brains for histological analyses, whereas one
brain was not evaluated because of damage on removal. We
took the other half of the 11 of the 22 cerebella—as well as two
more uninjected, age-matched wt and carrier rats—for a total
of 15 samples and flash froze at —80°C. These samples were
homogenized, with half of each sample used for mRNA analyses
and the other half used for protein analyses.

Preparation of protein lysates and western
blotting

We prepared cellular extracts by a single-step lysis method
(78). We suspended harvested cells in sodium dodecyl sulfate
- polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
[Laemmli sample buffer (Bio-Rad, Cat# 161-0737)] before boiling
for 5 min. We used equal amounts of the extracts for western
blot analyses. We prepared rat cerebellar protein extracts by
homogenization of tissues in extraction buffer [25 mM Tris-HCl
pH 7.6,300 mM Nacl, 0.5% Nonidet P-40, 2 mM EDTA, 2 mM MgCl,,
0.5 M urea, and protease inhibitors (Sigma-Aldrich, P-8340)],
followed by centrifugation at 4°C for 20 min at 14 000 rotations per
minute (RPM), only using supernatants for western blotting. We
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resolved protein extracts by SDS-PAGE and transferred to Hybond
P membranes (Amersham Bioscience) before processing for
western blotting according to our previously published protocol
(78). We used the Immobilon Western Chemiluminescent HRP
Substrate (EMD Millipore, Cat# WBKLSO500) to visualize the
signals and detected on the ChemiDoc MP imager (Bio-Rad). For
some blots, we used a film developing system and quantified
band intensities using Image] software after inversion of the
images. Relative protein abundances were expressed as ratios to
beta-actin (ACTB) or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

We used the following antibodies and dilutions for western
blotting: Anti-NHE6/Slc9a6 antibody [(1: 5000), Abcam, Cat#
ab137185], Anti-NHE6/SIc9a6 antibody [(1:3000), ThermoFisher,
Cat# PA5-36997], GFP antibody (B-2) [(1:2000), Santa Cruz, sc-
9996], GAPDH (14C10) rabbit mAb [(1:5000), Cell Signaling, Cat#
2118], monoclonal anti-g-Actin—peroxidase antibody (clone AC-
15) [(1:30000), Sigma-Aldrich, A3854], monoclonal Anti-Calbindin-
D-28 K antibody [(1:5000), Sigma-Aldrich, C9848], RGS8 antibody
[(1:5000) (Novus Biologicals, NBP2-20153)], PCP-2 antibody (F-
3) [(1:3000), Santa Cruz, sc-137064], and GFP rabbit polyclonal
antibody (FL) [(1:1000), Santa Cruz, sc-8334]. The secondary
antibodies were peroxidase-conjugated AffiniPure goat anti-
rabbit IgG (H+L) antibody [(1:5000), Jackson ImmunoResearch
Laboratories, Cat# 111-035-144] and Peroxidase-conjugated horse
anti-mouse IgG (H+ L) antibody [(1:5000) (Vector laboratories, PI-
2000)]. Initial western blots were carried out using three wt rats
of both genders, three carrier females and three shaker rats of
both genders, whereas later western blots were made from the
rats described below, as well as two additional uninjected, age-
matched wt rats, one male and one female, and two additional
carrier females.

siRNAs and reagents

For siRNA experiments, we used the following siRNAs: All
Star Negative Control siRNA (Qiagen, Cat# 1027280), human
SISLCO9A6: 5'-GGA ACA GCA AUU UCU UGU UUC GUUA-3" (45).
siRNA oligonucleotides were synthesized by Invitrogen, USA.
The oligonucleotides were deprotected and the complementary
strands were annealed.

RNA analyses

Total RNA from flash frozen cerebellums was extracted using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. The extracted RNA was then used to synthesize cDNA
using ProtoScript® First Strand cDNA Synthesis Kit (New England
Biolabs). Quantitative real-time PCR (qRT-PCR) was performed
in an Applied Biosystems™ QuantStudio™ 12 K Flex Real-time
PCR system using TagMan™ Gene Expression Assays (FAM) (Ther-
moFisher, actin Rn00667869_m1, slc9a6 Rn01402034_m1, Calbl
Rn00583140_m1, fam107b Rn0165005_m1, pcp2 Rn01403231_g1,
rgs8 Rn00571066_m1, gfap Rn01253033_m1) and TagMan™ Fast
Advanced Master Mix (ThermoFisher). PCR cycling parameters
were set according to the manufacturer’s protocol for TagMan™
Fast Advanced Master Mix and TagMan™ Gene Expression Assays.
The gPCR data was analyzed by the AACt method, using AACt
values calculated by the QuantStudio™ 12 K Flex software.

Histological analyses

We incubated half of each cerebellum in 4% PFA for 24 h followed
by 24 h at each of 10%, 20% and 30% sucrose. Tissue were cryopro-
tected in optimal cutting temperature blocks, flash frozen and
then cut into 20 um coronal slices with a Leica 5100S cryostat

(Wetzlar, Germany), retaining one slice every 200 um. In all 21
animals, we stained at least three slices with a mouse monoclonal
anti-calbindin-D-28K (1:500) and a counterstain for DAPI.

Statistical analyses

Comparisons were made via two-sample Student’s t-tests with
n=the number of animals unless otherwise noted. P-values are
reported via significance bars for all mentioned comparisons as
follows: ns refers to P> 0.05, whereas * refers to P < 0.05, ** refers
to P <0.01 and *** refers to P < 0.001.

Supplementary Material

Supplementary Material is available at HMG online.
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