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Abstract

T-type calcium channels, in the central nervous system, are involved in the pathogenesis of many
neurodegenerative diseases, including TAF1 intellectual disability syndrome (TAF1 ID syndrome).
Here, we evaluated the efficacy of a novel T-type Ca2* channel enhancer, SAK3 (ethyl 8-
methyl-2’, 4-dioxo-2-(piperidin-1-yl)-2’H-spiro [cyclopentane-1, 3’-imidazo [1, 2-a] pyridine]-2-
ene-3-carboxylate) in an animal model of TAF1 ID syndrome. At post-natal day 3, rat pups were
subjected to intracerebroventricular (ICV) injection of either gRNA-control or gRNA-TAF1
CRISPR/Cas9 viruses. At post-natal day 21 animals were given SAK3 (0.25 mg/kg, p.o.) or
vehicle up to post-natal day 35 (i.e. 14 days). Rats were subjected to behavioral, morphological,
electrophysiological, and molecular studies. Oral administration of SAK3 (0.25 mg/kg, p.o.)
significantly rescued the behavior abnormalities in beam walking test and open field test caused by
TAF1 gene editing. We observed an increase in calbindin-positive Purkinje cells and GFAP-
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positive astrocytes as well as a decrease in IBA1-positive microglia cells in SAK3-treated animals.
In addition, SAK3 protected the Purkinje and granule cells from apoptosis induced by TAF-1 gene
editing. SAK3 also restored the excitatory post synaptic current (SEPSCs) in TAF1 edited Purkinje
cells. Finally, SAK3 normalized the BDNF/AKT signaling axis in TAF1 edited animals.
Altogether, these observations suggest that SAK3 could be a novel therapeutic agent for TAF1 ID
syndrome.
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Introduction

The transcription factor 1l D (TFIID) complex is an assembly of the TATA-box binding
protein (TBP) and of 12-14 TBP-associated factors (TAFs), participating in the preinitiation
complex that initiates transcription of RNA polymerase Il transcription dependent genes
(Bieniossek et al. 2013; Goodrich and Tjian 2010; Warfield et al. 2017). TAFL1 is the largest
TAF unit of the TFIID complex and plays a key role in the preinitiation complex by
facilitating binding to promoter regions (Goodrich and Tjian 2010). The TAF1 gene
(GRCh37/hg19, chrX: 70586114-70685855, NM_004606.4 in humans) includes 39 exons
and yields more than 20 coding and non-coding transcripts expressed in various tissues,
including the central nervous system(Aneichyk et al. 2018). We and others linked variants of
TAFL1 to neurodevelopmental disorders (Hurst 2018a; Gudmundsson et al. 2019; O’Rawe et
al. 2015). TAF1 ID syndrome (also known as mental retardation, X-linked, syndromic-33
disease, MRXS33, OMIM: 300966) occurs mainly in males, leading to abnormalities in
global developmental (motor, cognitive, and speech), hypotonia, gait abnormalities, and
cerebellar hypoplasia (Hurst 2018a; Gudmundsson et al. 2019). Only missense variants have
been reported; the lack of hemi- and homozygous loss-of-function variants in the protein
coding part of the canonical TAF1 isoform in human population databases suggests that a
complete loss of TAF1 may be embryonic-lethal. A non-coding 2.6 kb insertion of a SINE-
VNTR-Alu (SVA)-type retrotransposon in intron 32 of TAF1 causes the neurological
disorder X-linked dystonia-parkinsonism (XDP; OMIM: 313650). XDP is a progressive
neurodegenerative disorder characterized by involuntary movements (dystonia), most often
developing in adult life in combination with Parkinsonism (Makino et al. 2007; Bragg et al.
2017; Herzfeld et al. 2013). Decreased TAF1 levels have also been observed in the striatum
of Huntington’s disease patients and transgenic model mice (Hernandez et al. 2020). Taken
together, these observations suggest that dysregulation of TAF1 function by different
mechanisms can lead to disease in the central nervous system.

Exactly how variants in TAF1 give rise to these neurological deficits remains unclear. TAF1
serves as a scaffold for the assembly of the transcription factor TFIID complex.
Furthermore, how the many functions of the TFIID complex are linked to the development
of TAF1 ID syndrome is unknown. To gain insight into these questions, we created an
animal model of TAF1D syndrome using CRISPR/Cas9 gene editing (Janakiraman et al.
2019). We postulated that deletion of TAF1 by CRISPR/Cas9 editing, into the maturing
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brain during the post-natal days (using a lentiviral vector) might replicate TAF1 ID
symptoms. This allowed for TAF1 gene editing to occur before the last steps of cerebellar
maturation involving purkinje and cerebellar neuron differentiation and gliogenesis (Aldrin-
Kirk et al. 2014). We found that in neonatal rat pups, removal of TAF1 by CRISPR/Cas9
editing, results in defects in neonatal motor functions(Janakiraman et al. 2019). Furthermore,
the motor deficits were associated with loss of Purkinje cells (PC) in the cerebellum; the
remaining Purkinje cells displaying abnormal firing frequencies (Janakiraman et al. 2019).
In addition, the motor defects persisted in TAF1-edited juvenile pups and were associated
with morphological abnormalities within the cerebellum and cerebral cortex (Janakiraman et
al. 2019). We also showed that TAF1 regulates the expression of the CaV3.1 T-type Ca2*
channel in vitroand /n vivo (Hurst 2018a; Janakiraman et al. 2019). In support of this,
transcriptomic analysis of faff zebrafish mutants revealed a loss of the cacnalg gene
(CaVv3.1) orthologue (Gudmundsson et al. 2019). The CaV3.1 T-type channel accounts for
the reduction in spontaneous excitatory post-synaptic currents in TAF1-edited animals
(Janakiraman et al. 2019). Collectively, these observations suggest that impaired Cav3.1 T-
type channel activity plays a functional role in the pathogenesis of TAF1 ID syndrome.

T-type calcium channels are low voltage-activated calcium channels that transiently open to
evoke tiny Ca?* currents (reviewed in (Perez-Reyes 2003)). T-type calcium channels play a
crucial role in regulating intracellular calcium homeostasis and maintaining cellular function
(Assandri et al. 1999; Chemin et al. 2000; Cazade et al. 2017). Cav3.1 T-type channels are
abundant at the cerebellar synapse between parallel fibers and Purkinje cells where they
contribute to pre-synaptic depolarization (Ly et al. 2013). Recently, a spirodazopyridine
derivative, SAK3, was synthesized and demonstrated to be a potent T-Type channel enhancer
(abuki et al. 2017). SAK3 has been shown to be effective in improving cognition and
promoting neurogenesis in animal models of neurodegenerative disease via activation of
CaMKII (Wang et al. 2018; Xu et al. 2018). In this context, we investigated the effects of
SAKS3 on the behavioral and pathophysiological defects associated with TAF-1 gene editing
in our rat model of TAF1 ID syndrome. We also evaluated the molecular mechanism
underlying SAK3 effects. Our results provide compelling evidence that T-type Ca?* channel
stimulation can have disease modifying effects in TAF-1 edited animal models.

Materials and Methods

Animals

Pathogen-free, normal E18 pregnant Sprague—Dawley rats (Envigo Laboratories) were
housed 1 per cage in temperature- (23 + 3 °C) and light (12-h light/12-h dark cycle; lights on
07:00-19:00)-controlled rooms with standard rodent chow and water available ad libitum.
The neonates are designated as post-natal day 0 (PDO0) on the day of birth, the litter size
range included in current study was 11-14 pups.

After weaning the rat pups were separated from the dams and maintained 4 per cage.
Animals were divided into six groups. SAK3 (Catalog No: SML-2039-5MG, Sigma
Aldrich) was dissolved in distilled water and orally administered (0.25 mg/kg, p.o) to the
animals from PD21 to PD35 (Figure 1A). We chose this dose of SAK3 because it has been
shown to be effective in restoring cognitive function in a mouse model of Alzheimer’s
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disease (Wang et al. 2018). Rats were sacrificed at PD35. Animals were behaviorally
assessed before being euthanized for histological and protein expression analysis. All
biochemical, electrophysiology and behavior experiments were performed in a blinded
fashion. Animal protocols were approved by the Institutional Animal Care and Use
Committee of the College of Medicine at the University of Arizona and conducted in
accordance with the Guide for Care and Use of Laboratory Animals published by the
National Institutes of Health.

CRISPR/Cas9-mediated targeting of TAF1 gene

Our strategy to truncate TAF1 focused on targeting exon 1 of the TAF1 gene using a guide
RNA (gRNA) has been described previously (Moutal et al. 2017; Moutal, Cai, et al. 2018;
Moutal, Sun, et al. 2018; Sandweiss et al. 2018). We targeted this exon to ensure total
removal of the TAF1 protein. Using this approach, we expect minimal to none off-target
activity of the Cas9 enzyme as we and others verified before (Moutal et al. 2017; Ma et al.
2017). The gRNA sequence (GTGTCTGACATGACGGCGGA, quality score 94) was
inserted into the restriction site of the pL-CRISPR.EFS.tRFP lentiplasmid (Cat#57819,
Addgene, Cambridge, MA) (Heckl et al. 2014) a plasmid that allows for simultaneous
expression of (i) the Cas9 enzyme; (ii) the gude RNA (gRNA); and (iii) a red fluorescent
protein (tRFP) — to control for transduction efficiency. All plasmids were verified by Sanger
sequencing (Eurofins, Louisville, KY). Lenti-viral plasmids were packaged in lentiviruses
by Viracore (USCF, CA) at titers routinely above 107 infectious particles per ml.

Intracerebroventricular injections

Bilateral intracerebroventricular (ICV) injections were performed as previously described in
Sprague-Dawley (SD) rat pups on postnatal day 3 (Delenclos et al. 2017; Pang, Cai, and
Rhodes 2003). Briefly, newborn SD rat puts were anesthetized by isoflurane. A 10 pl syringe
(Hamilton Gastight Syringe, #1701) was used to pierce the skull (coordinates from bregma:
—0.6 mm posterior, £ 1.75 mm lateral/medial, and —2.5 mm ventral), and 2.5 pl of CRISPR
lentivirus (QRNA-control or gRNA-TAF1) was injected into each cerebral ventricle without
opening the scalp. Neonatal rat pups were kept with the dam until weaned.

Cerebellar Slice Preparation

Rat pups were sacrificed between postnatal day10 to 14 for electrophysiological analyses.
The animals were decapitated after being deeply anesthetized with isoflurane, and their
cerebellums were rapidly removed and placed in an ice-cold dissection ACSF containing (in
mM) 220 sucrose, 2.5 KClI, 1.25 Na2HPO4, 3.5 MgClI2, 0.5 CaCl2, 25 NaHCO3, and 20 D-
glucose (with pH at 7.4 and osmolarity at 310 mOsm), bubbled with 95% O2 and 5% CO2.
Parasagittal slices (320 um thick) were cut using a VT 1200S vibratome (Leica, Germany).
Slices were then incubated for at least 1 hour at 34°C in an oxygenated recording solution
containing (in millimolar): 125 NacCl, 2.5 KClI, 2 CaClI2, 1 MgCl2, 1.25 NaH2PO4, 26
NaHCO3, 25 D-glucose, with pH at 7.4 and osmolarity at 320 mOsm. The slices were then
positioned in a recording chamber and continuously perfused with oxygenated recording
solution at a rate of 2 to 3 mL/min before electrophysiological recordings at RT.
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Whole Cell Patch-clamp Recording

Recordings were made from PCs in lobules IV-VI, which were visually identified based on
their location using infrared differential interference contrast video microscopy on an
upright microscope (FN1; Nikon, Tokyo, Japan) equipped with a 3 40/0.80 water-immersion
objective and a charge-coupled device camera. The pipettes were prepared by pulling glass
capillaries on a model p-97 microelectrode puller (Sutter Instrument, Novato, USA). Patch
pipettes had resistances of 3-5 MQ. The internal solution was a K-based solution containing
(in mM): 120 potassium gluconate, 20 KCI, 2 MgCl 2, 2 Na 2 -ATP, 0.5 Na-GTP, 20
HEPES, 0.5 EGTA, with pH at 7.28 (with potassium hydroxide [KOH]) and osmolarity at
310 mOsm.

The whole-cell configuration was obtained in voltage-clamp mode. The membrane potential
was held at =70 mV using PATCHMASTER software in combination with a patch clamp
amplifier (EPC10; HEKA Elektronik, Lambrecht, Germany). To record spontaneous
excitatory postsynaptic currents (SEPSCs), bicuculline methiodide (10 pM) was added to the
recording solution to block -y-aminobutyric acid-activated currents. SAK3 (0.1 nM) was also
added to the perfusion system. Hyperpolarizing step pulses (5 mV in intensity, 50
milliseconds in duration) were periodically delivered to monitor the access resistance (15-25
MQ), and recordings were discontinued if the access resistance changed by more than 20%.
For each PC, sEPSCs were recorded for a total duration of 2 minutes. Currents were filtered
at 3 kHz and digitized at 5 kHz. Data were further analyzed by the Mini-Analysis
(Synatosoft Inc, NJ) and Clampfit 10.7 Program. The amplitude and frequency of SEPSCs
was compared between neurons from three groups.

Open Field Test

The apparatus is 120-cm diameter circular arena, bordered by a 50-cm-high wall made of
wood. The floor of this chamber was divided into central and peripheral zone. The rat pups
were placed into the peripheral zone of an open field chamber and their behavior was
observed for 5 min. Number of grooming; i.e. consisting of licking the fur, washing face or
scratching behaviors were noted.

Beam Walking Test

Animals were allowed to walk on a narrow flat stationary wooden beam (L100 cmxW2 cm)
placed at a height of 100 cm from the floor to reach an enclosed escape platform. The time
taken to cross the beam from one end to the other and the number of foot slip errors were
observed as described previously (Rajasankar, Manivasagam, and Surendran 2009).

Hematoxylin & Eosin Staining

After dehydration of the tissue with 30% sucrose, 20 pm sections were cut, stained with
hematoxylin and eosin (H&E) dye (Hematoxylin, Catalog No: HHS16-500ML; Eosin,
Catalog No: HT110316-500ML, Sigma), and mounted with Richard-Allan scientific
mounting medium (Catalog No: 4112, Thermo Scientific) for microscopy.
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Nissl Staining

After dehydration of the tissue with 30% sucrose, 20 pm sections were cut, stained with
cresyl violet dye (Catalog No: C5042-10G, Sigma), and mounted with Richard-Allan
scientific mounting medium (Catalog No: 4112, Thermo Scientific) for microscopy.

Immunohistochemistry

The antibodies used in this study are listed in Table 1. Rats (n = 4 animals per experimental
condition) were perfused with saline and 4% formaldehyde in Phosphate buffer saline (PBS)
at PD 35, and the brains were extracted and post-fixed in 4% paraformaldehyde for 8 h at
4°C. Cerebellar sections were cut sagittally at 20 pm using a cryostat (Microm HM 505 E).
After rinsing the sections in PBS for 5 min, the sections were incubated with a 0.1% H,0,
solution in PBS for 5 min, rinsed in PBS for 5 times for 5 min, and incubated for 30 min
with 0.4% Triton X-100, rinsed in PBS and blocked with 8% goat serum, and 1% Triton
X-100 in PBS. After blocking, the sections were incubated at 4°C for overnight with the
indicated antibodies diluted in 4% goat serum in PBS. The sections were washed in 1% goat
serum in PBS, incubated with secondary antibody anti-rabbit Alexa fluor 488 (Life
Technologies) or anti-mouse Alexa fluor 488 (Life Technologies), as needed, in 4% goat
serum for 2 h, washed with PBS 3 times for 5 mins, and incubated with DAPI (Catalogue
No: D1306, Thermofisher Scientific) at concentration of 50 ng/ml for 2 mins. Sections were
then washed and further air dried, and cover slipped with glycerol. All procedures were
performed at room temperature. stained slides were observed under a fluorescence
microscope (LSM510, Carl Zeiss) using a 20x objective and apotome 2.

TUNEL assay

Cerebellum tissue sections of 20 um were cut and 5-7 sections chosen according to
systematic random sampling scheme from each sample were processed with In Situ Cell
Death Detection Kit, Fluorescin (Catalog No: 11684795910) (Roche, Millipore Sigma,
USA) according to the manufacturers protocol for tissues. Then the slides were observed
under a fluorescence microscope (LSM510, Carl Zeiss) using a 20x objective and apotome
2.

Morphometric analysis

We quantified the number of calbindin+, GFAP+, Ibala+, and TUNEL+ cells with the
granular layer from 12 fields from 4 different animals per experimental condition as
previously described(Janakiraman et al. 2019). The immunflourescence for BDNF and
pS473-AKT was quantitated in 12 different fields of cerebellar tissue from 4 different
animals per experimental a similar fashion.

Western blotting analysis

After decapitation of animals, brain tissue from the cerebellum was dissected, snap frozen in
liquid nitrogen prior to storage at —80°C until analysis. Western blot analyses were
performed as described(Janakiraman et al. 2019). In brief, frozen samples were
homogenized with RIPA buffer and centrifuged at 4°C, 20,000xg for 20 min. Supernatant
protein concentrations were determined using BCA method (Catalog No: #23227, Thermo
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Scientific), and samples were then boiled 5 min in Laemmli’s sample buffer (Catalog No:
NP00O08, Life Technologies). Equal amounts of protein were loaded onto and run on SDS-
polyacrylamide gels (Catalog No: #4568084, Bio-Rad) and then transferred to
polyvinylidene difluoride membrane (Catalog No: #1620177, Bio-Rad). After transfer,
membranes were blocked with TBST solution (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, and
0.1% Tween 20) containing 5% non-fat dry milk at 4°C for 1 hour. After blocking
membranes were incubated overnight at 4 °C with anti-CaMKII (pan) (1:500; Cell
Signaling), anti-phospho-CaMKII (Thr-286) (1:1000; Cell Signaling), anti-cleaved
caspase-3 (Aspl175) (1:1000; Cell Signaling), anti-Bax (1:1000; Cell Signaling) and p-
Tubulin (1:1000; Promega) in 3% BSA. After washing, membranes were incubated with
secondary antibody diluted in 3% BSA. Blots were developed using an ECL detection
system (Catalog No: 20-300B, Prometheus Protein Biology Products, USA) and signals
were quantified using Image Studio Digits software version 5.2 (Li-Cor).

All experiments were performed at least twice and in a blinded fashion. All data was first
tested for a Gaussian distribution using a D’ Agostino-Pearson test (Graphpad Prism 8
Software). The statistical significance of differences between means was determined by a
parametric ANOVA followed by Tukey’s post hoc or a non-parametric Kruskal Wallis test
followed by Dunn’s post-hoc test depending on whether datasets achieved normality.
Differences were considered significant if p< 0.05. Error bars in the graphs represent mean +
SEM. All data were plotted in GraphPad Prism 8.

SAK3 improves TAFL1 ID-like motor deficits

Motor dysfunction is characteristic of TAF ID syndrome (O’Rawe et al. 2015; Hurst 2018b;
Janakiraman et al. 2019). In our previous study, we found concomitant CaV3.1 loss with
motor deficits and abnormal grooming behaviors in TAF1-edited animals (Janakiraman et al.
2019). Therefore, we asked whether the T-type CaZ* channel enhancer, SAK3, could
mitigate these behavioral abnormalities in TAF1-edited animals (Fig. 1A). Consistent with
our previous findings (Janakiraman et al. 2019), the beam crossing time (Fig. 1B) and
number of foot slips errors were higher in the TAF1-edited animals compared to all other
experimental groups (Fig. 1C). However, in TAF1-edited animals treated with SAK3, we
observed a rescue of the beam crossing time and foot slip errors compared to TAF1-edited
animals. TAF1-edited animals displayed an increased grooming frequency which was
blunted by SAK3 treatment (Fig. 1D). TAF1-edited animals treated with SAK3 showed
similar behavioral patterns as the naive group. Thus, enhancing T-type Ca2* channels using
SAKS3, rescued the behavioral defects associated with TAF1 editing.

SAK3 attenuates the cerebellar abnormalities made by TAF1 deletion

We previously documented that TAF1-editing cause morphological abnormalities in the cells
of the cerebellum and cerebral cortex (Janakiraman et al. 2019). Thus, we first evaluated the
morphology of the Purkinje cells and cerebral cortex neurons by Hematoxylin and eosin
(H&E) and Nissl staining (Supplementary Fig. 1). Our histopathology analysis showed that
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the architecture of the Purkinje cell layer was abnormal in TAF1-edited animals as we
previously described (Supplementary Fig. 1Aii). In addition, the histopathology showed
Purkinje cells were markedly hypoplastic in TAF1 treated animals relative to controls
(Supplementary Fig. 1B). SAK3 administration improved Purkinje cells morphology and
arrangement of the Purkinje cell layer in TAF1 edited animals (Supplementary Fig. 1Avi).
No difference of Purkinje cell morphology was found in the Naive and gRNA-control group
independently of the SAKS3 treatment.

We next assessed whether SAK3 could prevent the loss of Purkinje cells observed after
TAF1 editing (Fig. 2A, B). We stained rat cerebella with the Purkinje cells marker Calbindin
and quantified the number of Purkinje cells per linear mm. As before, TAF1 editing reduced
the number of Purkinje cells compared to Naive or gRNA-control rats. SAK3 administration
increased the number of calbindin-positive Purkinje cells compared to TAF1-edited animals
(Fig. 2B). Treatment with SAK3 had no effect on the Naive and gRNA-control group
compared to the vehicle (water) (Fig. 2B).

Glial cells, including astrocytes, oligodendrocytes, and microglia are by far the most
abundant cells in the nervous system including in the granular layer of the cerebellum
(Domingues et al. 2016). We previously reported a decrease in GFAP-positive astrocytes and
increase in Ibal-positive microglia within the granular layer of the cerebellum in TAF1-
edited animals (Janakiraman et al. 2019). In the present study, we confirmed these findings
(Fig. 2C). We found that SAK3 treatment increased the number of GFAP-positive cells (Fig.
2D) and decreased the number of Ibal-positive cells compared to the TAF1 edited group
(Fig. 2E, F). Thus, enhancing T-type Ca2* channel activity with SAK3 can reverse all
morphological alterations induced by TAF1 editing.

SAK3rescued the decreased frequency of spontaneous excitatory post synaptic current
(sEPSCs) in TAF1 edited Purkinje cells

Abnormal motor symptoms in TAF1-edited rats are associated with irregular cerebellar
output caused by changes in the intrinsic activity of the Purkinje cells due to loss of pre-
synaptic Cav3.1 (Janakiraman et al. 2019). Therefore, we investigated if SAK3 could
directly mitigate the defects in presynaptic currents we have noted in TAF1-edited animals.
We recorded spontaneous excitatory post synaptic currents (SEPSCs) from gRNA-control
and gRNA-TAF1 edited Purkinje cells within cerebellar slices (Fig. 3A) using whole-cell
patch clamp electrophysiology (Fig. 3B). As before(Janakiraman et al. 2019), TAF1 editing
decreased the frequency of SEPSC compared to gRNA-control (1.27 £ 0.17 Hz vs 2.23 +
0.26 Hz, *p<0.05). Applying SAK3 (0.1 nM) rescued SEPSC frequency to the level of
gRNA control (2.13 £ 0.29 Hz, &p<0.05) (Fig. 3C). We did not observe any changes in the
amplitudes of SEPSC for any treatment groups (Fig. 3D). These results show that SAK3
treatment can restore functional neurotransmission in gRNA-TAF1 edited Purkinje cells.

SAK3 reduces TAF1 induced neuronal apoptosis

Regulation of apoptosis is critical for cerebellar development (Lossi, Castagna, and Merighi
2018). One of TAF1’s functions is to negatively regulate apoptosis (Curran et al. 2018;
Kimura et al. 2008; Wang and Tjian 1994). Because we observed a loss of Purkinje cells in
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TAF1 edited animals which was rescued by SAK3, we investigated if apoptosis could be
enhanced in TAF1 edited animals. We observed an increase in terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) positive cells in TAF1 edited animals (Fig. 4A
and Supplementary Fig. 2). SAK3 treatment reduced the number of TUNEL positive cells to
control levels in TAF1 edited animals (Fig. 4B). The protective effects of SAK3 against
apoptosis was confirmed by SAK3 suppression of activated caspase 3 (Fig. 5A, C) and pro-
apoptotic BAX (Fig. 5B, D). We did not observe any changes in Bcl2 levels (data not
shown).

SAK3 rescues BDNF/AKT signaling in the cerebellum of TAF1 edited animals

It has been reported that calcium influx via the T-type channel invokes a dynamic interaction
between calmodulin and CaV3.1 channels to trigger a signaling cascade that leads to Ca2*/
calmodulin-dependent protein kinase 1l (CaMKII) activation(Asmara et al. 2017).
Furthermore, SAK3 has been reported to increase CaMKI|I activation(Wang et al. 2018; Xu
et al. 2018). Therefore, to gain insight into the mechanism by which SAK3 might exert its
disease modifying effects in TAF1 edited animals, we investigated the effects of SAK3 on
CaMKII activation. TAF1 editing resulted in a reduction of CaMKI|I activation (measured by
phosphorylation at T286) in the cerebellum (Supplementary Fig. 3). However, we did not
observe a restoration of CaMKI| activation in the cerebellum of SAK3 treated animals
(Supplementary Fig. 3). These results imply that SAK3 might exert its neuroprotection in
TAF1 edited animals independent of CaMKII signaling.

Brain-derived neurotrophic factor (BDNF) plays a crucial role in promoting survival and
differentiation of neurons (Binder 2004). Activation of the PI3K/AKT pathway through
BDNF/TrkB interactions can inhibit apoptosis in the developing cerebellum (Schwartz et al.
1997; Yoo et al. 2017). Consequently, we tested if SAK3 could be neuroprotective through
this pathway. We found that BDNF levels were markedly lower in TAF1 edited animals
compared to Naive and gRNA-control groups (Fig. 6A, B). However, SAK3 administration
restored BDNF expression to the levels in Naive and gRNA-control groups (Fig. 6A, B).
AKT phosphorylation at S473 is associated with its activation (Szymonowicz et al. 2018).
We next found that activated AKT (phosphorylated S473) in Purkinje cells was decreased in
TAF1 edited animals (Fig. 6C, D) which was prevented by SAKS3 treatment (Fig. 6C, D).
Taken together, our observations suggest that SAK3 exerts neuroprotective effects by
suppressing TAF1-induced neuronal apoptosis (Fig. 4 and 5) and by activating the BDNF-
TrkB-PI3K/Akt signaling pathway (Fig. 6).

Discussion

In the present study, we demonstrated that SAK3 can efficiently reverse behavioral,
morphological and biochemical defects induced by TAF1 editing in neonatal rats. We made
the following salient observations: (a) SAK3 improves behavioral defects associated with
TAF1 gene editing; (b) SAK3 restores the number of Purkinje, astrocytes and microglial
cells in the developing cerebellum that were lost following TAF1 editing; (c) SAK3 protects
the neurons of the cerebellum from the deleterious effects of TAF1 editing; (d) SAK3
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restores excitatory post synaptic current (SEPSCs) in TAF1 edited Purkinje cells; and (e)
SAKS increases BDNF/AKT activation in TAF1 edited animals.

In our previous study, we reported that TAF1 editing produced motor imbalance in beam
walking test and increased self-grooming behavior (Janakiraman et al. 2019). These
behavioral defects were associated with the loss of Purkinje cells and decrease in Cav3.1 T-
type channel expression and function. Deletion of T-type Ca2* channels impairs motor
behaviors, such as walking on a thin elevated beam, which also involves a cerebellar
component (Schonewille et al. 2011; De Zeeuw et al. 1998). In the present studies, SAK3
administration improved beam crossing time and decreased foot slip errors while reducing
self-grooming. Previous studies reported that, chronic administration of SAK3 to olfactory
bulbectomized mice improved depressive-like behavior (Xu et al. 2018) and enhanced
cognitive behavior (Yabuki et al. 2017). Collectively, these findings suggest that SAK3 can
have beneficial effects on both cognitive and motor deficits in TAF1ID syndromes.

We found that SAK3 administration to the TAF1 edited animals increased the number of
GFAP-positive cells and decreased the number of Ibal-positive cells compared to the TAF1
edited group. Microglia are resident immune cells in the brain that continuously monitor the
brain microenvironment (Nimmerjahn, Kirchhoff, and Helmchen 2005). They have a very
low threshold of activation and rapidly respond within 20-40 min of injury (Davalos et al.
2005). Astrocytes regulate the osmolarity, ionic composition, and pH of the extracellular
microenvironment (Kintner et al. 2004; Xu et al. 2001; Sokoloff et al. 1996; Aschner,
Mutkus, and Allen 2001). These cells can also clear neurotransmitters from synaptic clefts
and provide growth factors and nutrients for neurons (Kintner et al. 2004; Xu et al. 2001,
Sokoloff et al. 1996; Aschner, Mutkus, and Allen 2001). Moreover, astrocytes also play a
role in regulation of neuronal functions by affecting the strength and number of synapses
(Abbott 2002; Rosenberg et al. 2001; Li et al. 2019). Under pathological conditions in the
CNS, these two types of glial cells, microglia and astrocytes, become reactive. In the present
study, microglial activation appears to occur before reactive astrogliosis which is in an
agreement with other brain disorder studies (Li et al. 2019). Our data indicate that the
response of these two glial populations to SAK3 ultimately benefit neurons (i.e. Purkinje
cells).

Consistent with our earlier studies, we observed that the number of calbindin positive
Purkinje cells were decreased in the TAF1 edited animals. To gain insight into the
mechanisms underlying the loss of Purkinje cells, we investigated apoptosis as an underlying
mechanism for this loss. The mitochondria are central to apoptosis in the central nervous
system (Atif, Yousuf, and Agrawal 2009; Lu 2009). A number of genes and proteins can
influence or instigate the progression of apoptosis along the mitochondrial pathway (Wang
et al. 2013). Key amongst these genes associated with apoptosis are proteins of the Bcl
family and caspases (Adams and Cory 2002; Slee, Adrain, and Martin 2001). Bcl-2/Bax
family members are key regulatory factors in the mitochondrial apoptotic pathway (Burlacu
2003; Szabho et al. 2011). They are divided into two groups, anti-apoptotic (Bcl-2, Bcl-xL)
and pro-apoptotic (Bax, Bad) proteins. Upon stimulation with pro-apoptotic factors, Bax
translocates from the cytoplasm to the mitochondrial membrane, which alters the
permeability of the mitochondrial membrane and promotes the release of cytochrome ¢ (Cyt
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¢) from the mitochondria into the cytoplasm (Adams and Cory 2002). It has been proven that
the activity of the Bcl-2 protein may be regulated through caspase cleavage under various
circumstances. The apoptotic cascade is subsequently initiated, eventually leading to
apoptosis (Clem et al. 1998). The data from our studies suggests that TAF1 induced
apoptosis may be due dysregulation of mitochondrial function in neurons. SAK3 has been
shown to attenuate scopolamine-induced apoptosis in SH-SY5Y cells (Suthprasertporn et al.
2020). Our data supports a neuroprotective role for SAK3 against TAF1 induced neuronal
apoptosis /n vivo.

Stimulation of the BDNF/AKT pathway is well known to inhibit apoptosis (Schwartz et al.
1997; Kim et al. 2017). We also show that SAK3 increased BDNF/AKT activation in TAF1
edited animals. This observation is consistent with previous studies with SAK3 in other
animal models of neurologic disease or brain injury (Xu et al. 2018; Izumi et al. 2018;
Husain et al. 2018; Yabuki et al. 2017). However, contrary to other studies we did not find
activation of CaMKI|I. This suggests that the mechanism of SAK3 stimulation of the
BDNF/AKT pathway in the cerebellum may be different than previous reports. This may
include additional targets (besides the Cav3.1 T-type channel) may be involved in its
neuroprotective effects. Additional studies directly linking the Cav3.1 T-type channel to the
neuroprotective effects of SAK3 in TAF1 edited animals warrant further investigation.
Along the same vein, substrates downstream in the BDNF/AKT signaling pathway impacted
by SAK3 will require further study. Nevertheless, in the cerebellum, the neuroprotective
effects against apoptosis caused by SAK3 appears to involve activation of BDNF/AKT
signaling pathway.

In the present study, we focused on investigating the neuroprotective effects of SAK3 against
the deleterious effects of TAF1 disruption within the cerebellum. This is because in our
previous studies we identified a variant in TAF1 associated with the interference of post-
natal cerebellar development (Hurst 2018a) and our neonatal rat pup model replicated these
features (Janakiraman et al. 2019). However, the broader set of TAF1 disease variants (i.e.
SVA insertion mutation) have been linked to CNS disturbances beyond the cerebellum (Goto
et al. 2005; Goto et al. 2013). In our neonatal rat pup model TAF1 deletion, we did not
observe any obvious morphologic differences between control and gRNA TAF1 edited
animal in other brain regions (i.e. frontal cortex, striatum, hippocampus, substantia nigra,
and pons) with the exception of the cerebral cortex (Janakiraman et al. 2019). We are
currently evaluating whether SAK3 has any beneficial effects within the cerebral cortex in
TAF-1 edited animals

In conclusion, the present study indicates that a novel T-type calcium channel enhancer has
disease-modifying effects in animal models of TAF1 editing. Moreover, we provide insights
into the molecular mechanism by which SAK3 exerts in pharmacologic effects.
Furthermore, our findings imply that the T-VGCCs are novel molecular targets to develop
therapeutics to treat TAF1 ID syndrome and that SAK3 is an attractive drug candidate to
treat TAF1 associated neurologic disorders.
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Highlights
. SAKS3 improves behavioral defects associated with TAF1 gene editing;
. SAKaS reestablishes the number of Purkinje cells and astrocytes within the
developing cerebellum that were lost following TAF1 editing
. SAKS protects the neurons of the cerebellum from the deleterious effects of

TAF1 editing

. SAKS3 restores excitatory post synaptic currents (SEPSCs) in TAF1 edited
Purkinje cells

. SAKaS stimulates the BDNF/AKT pathway in TAF1 edited animals.
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Figure 1. Experimental design for these studies and behavioral assessment of motor functions.
(A) Experimental design for electrophysiology, behavioral, histopathological and molecular

studies. The TAF1-edited animals showed behavior deficits compared to naive and gRNA-
control group animals. The TAF1-edited showed increased beam crossing time (B) and
increased foot slips errors (C) in the beam walking test. In addition, grooming was increased
in the TAF1-edited rats compared to the other groups (D). SAK3 administration to the TAF1
edited animals showed improved the TAF1 edited behavioral abnormalities. Data are shown
as mean + S.E.M., n=24 per experimental condition. *p < 0.05 versus; naive, #p < 0.05
versus gRNA-control (ANOVA followed by Tukey’s test). The experiments were conducted
in an investigator blinded manner.
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Figure 2. SAK3 prevents the loss of Purkinje cell caused by TAF1 gene editing.
(A) Expression of calbindin was decreased in TAF1-edited animals (Av) as compared to

naive and CRISPR-control groups (A i-iv). SAK3 administration to the TAF1 edited animals

shows increased the number of Calbindin positive Purkinje cells (Avi). (C) Expression of

GFAP was decreased in TAF1-edited animals (Cv) as compared to naive and CRISPR-
control groups (C i-iv). SAK3 administration to the TAF1 edited animals shows increased
the number of GFAP positive cells (Cvi). (E) Expression of IBA-1 (microglia marker) was
increased in TAF1-edited animals (Ev) as compared to all other experimental groups (Ei-iv).
SAKS3 administration to the TAF1 edited animals showed a decrease in the number of IBA-1
-positive cells as compared to TAF1 edited group (Evi & V). (B) Summary of the number of
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Purkinje cells per linear density, (D) number of GFAP positive cells, and (F) the number of
IBA-1 positive cells in each of the experimental conditions. Data are shown as mean +
S.E.M., n=12 fields per animal, 4 animals per experimental condition. *p < 0.05 versus;
naive, #p < 0.05 versus gRNA-control (ANOVA followed by Tukey’s test). Scale bars: 200
um. The experiments were conducted in a blinded fashion.
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Figure 3.

SAKS3 rescued the decreased frequency of spontaneous excitatory post synaptic current

(SEPSCs) in TAF1 edited Purkinje cells.
(A) Photomicrograph of cerebellar slice preparation with a progressive zoom with the

rightmost panel showing positioning of the recording electrode to this region. (B)
Representative recording traces of cells from the indicated groups. The cumulative
probability of amplitude (C) and inter-event interval (E). Summary of amplitudes (D) and
frequencies (F) of SEPSCs for the indicated groups are shown. Data are shown as mean +
S.E.M., n=12 Purkinje cells from at least 2 animals per experimental condition. *p < 0.05
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versus; gRNA-control, &p < 0.05 versus gRNA-TAF1 (ANOVA followed by Tukey’s test).
The experiments were conducted in an investigator-blinded manner.
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Figure 4. The effects of SAK3 on TAF1 induced apoptosis in the cerebellum.
Apoptosis was assessed in cerebellum samples using TUNEL assay. (A) Shown are

photomicrographs from gRNA-TAF1 edited animals and gRNA-TAF1 edited animals treated
with SAK3. The data from the control groups can be found in the Supplementary data. Note
SAKS3 reduced the number of TUNEL positive cells in gRNA-TAF1 edited animals. (B)
Summary of the number of TUNEL positive cells in each of the experimental conditions.
Data are shown as mean + S.E.M., n=12 fields per animal, 4 animals per experimental
condition. *p < 0.05 versus; naive and gRNA-TAF1 =SAK3 group (ANOVA followed by
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Tukey’s test). Scale bars: 200 um. The experiments were conducted in an investigator-
blinded manner.
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Figure 5. The effects of SAK3 on mediators of apoptosis.
(A) Representative Western analysis is shown from cerebellum samples from animals from

each of the experimental conditions. Note increased cleaved caspase 3 in gRNA-TAF1
edited animals and diminished cleaved caspase 3 levels in gRNA-TAF1. Note increased
BAX levels in gRNA-TAF1 edited animals, whereas SAK3 reduced BAX levels to control
levels (B). (C&D) Quantification of Western analysis form two independent experiments.
Data shown are mean + SEM, n = 6 animals per each experimental condition. *p < 0.05
versus gRNA-control water and RNA-control SAK3 group; # p< 0.05 versus gRNA-TAF1
water group (ANOVA followed by Tukey’s test).
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Figure 6. The effects of SAK3 on BDNF and Akt phosphorylation expression in the cerebellum of
TAF1 edited animals.

(A) Expression of BDNF was decreased in TAF1-edited animals (Av) as compared to all
other experimental groups (Ai-iv). SAK3 administration to the TAF1 edited animals shows
increased number of BDNF-positive cells as compared to TAF1 edited group (Avi & v). (C)
Expression of p-AKT was decreased in TAF1-edited animals (Cv) as compared to all other
experimental groups (Ci-iv). SAK3 administration to the TAF1 edited animals shows
increased expression of p-AKT as compared to TAF1 edited group (Cvi & v). Summary of
BDNF expression (B) and expression of p-AKT (D) in each of the experimental conditions.
Data are shown as mean + S.E.M., n=12 fields per animal, 4 animals per experimental
condition. *p < 0.05 versus; naive, #p < 0.05 versus gRNA-control (ANOVA followed by
Tukey’s test). Scale bars: 200 pm. The experiments were conducted in an investigator-
blinded manner.
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Table 1

List of primary and secondary antibodies used in the study.
Primary antibodies
Anti- Abbreviation  Host Company Catalog number  Application  Dilution?
Bcl-2-associated X protein Bax Rabbit Cell Signaling  14796S WwB 1:1000
Brain-derived neurotrophic factor BDNF Mouse Abcam ab203573 IHC 1:500
Calbindin-D28k Calbindin Rabbit Sigma Aldrich  C2724 IHC 1:500
Cleaved Caspase 3 C-Cas-3 Rabbit Cell Signaling  9661S WwB 1:1000
Calcium/Calmodulin-dependent CaMKII Rabbit Cell Signaling  3362S WB 1:500
Protein Kinase I
Phospho-Calcium/Calmodulin- p-CaMKIlI Rabbit Cell Signaling  12716S WB 1:1000
dependent Protein Kinase 11
Glial fibrillary acidic protein GFAP Rabbit Dako 270334 IHC 1:500
lonizing calcium-binding adaptor Ibal Rabbit Wako Labs 019-19,741 IHC 1:500
molecule 1
phospho-Protein kinase B p-AKT Rabbit Cell Signaling  9271S IHC 1:500
Tublin Tublin Mouse Promega G7121 WB 1:1000
Secondary antibodies
Anti- Host Label Dilution Company
Rabbit 1gG Goat HRP-linked  7074S WB 1:3000 Cell Signaling
Mouse 1gG Horse HRP-linked  7076S WB 1:3000 Cell Signaling
Rabbit 1gG Goat Alexa 488 A11034 IHC 1:500 Life technologies
Mouse 1gG Rabbit Alexa 488 A21204 IHC 1.500 Life technologies

WB = Western blot; IHC = Immunohistochemistry.
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