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Parkinson's disease (PD) is the second most prevalent neurodegenerative disease, and different gene therapy strategies have been
used as experimental treatments. As a proof-of-concept for the treatment of PD, we used SAM, a CRISPR gene activation system, to
activate the endogenous tyrosine hydroxylase gene (th) of astrocytes to produce dopamine (DA) in the striatum of 6-OHDA-
lesioned rats. Potential sgRNAs within the rat th promoter region were tested, and the expression of the Th protein was determined
in the C6 glial cell line. Employing pseudo-lentivirus, the SAM complex and the selected sgRNA were transferred into cultures of rat
astrocytes, and gene expression and Th protein synthesis were ascertained; furthermore, DA release into the culture medium was
determined by HPLC. The DA-producing astrocytes were implanted into the striatum of 6-OHDA hemiparkinsonian rats. We
observed motor behavior improvement in the lesioned rats that received DA-astrocytes compared to lesioned rats receiving
astrocytes that did not produce DA. Our data indicate that the SAM-induced expression of the astrocyte’s endogenous th gene can
generate DA-producing astrocytes that effectively reduce the motor asymmetry induced by the lesion.
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INTRODUCTION

Parkinson'’s disease (PD) is the second most prevalent neurode-
generative disease, and its incidence increases with aging [1]. In
idiopathic PD, the vulnerability and dysfunction of the dopami-
nergic neurons that causes their death produce an imbalance
between the direct and the indirect basal ganglia pathways [2-4],
causing motor symptomatology such as tremors, bradykinesia,
rigidity, and postural instability that are characteristics of PD, and
they occur when more than 75% of the dopaminergic neurons die
[1, 5]. The pathophysiology of PD has been described as the death
of the dopaminergic neurons of the substantia nigra pars
compacta (SNpc); which produce the dopamine (DA) necessary
for the correct motor control exerted by the basal ganglia (BG) [5].
Because of this, the gold standard for treating PD is the synthesis
replacement of DA by the administration of its precursor,
Levodopa (L-DOPA) [6, 7]. However, this treatment has a limited
useful time of around five years. Furthermore, the use of L-DOPA
does not stop the progressive death of the dopaminergic neurons
and induces several problems such as dyskinesias (abnormal
involuntary motor movements). The disease is associated with
deficits in neurotransmitters other than DA that can result in non-
motor symptoms, such as cognitive, psychiatric and sensorial
symptoms (dementia, depression, anosmia, etc.) and gastrointest-
inal complications (constipation, drooling, dysphagia, and nausea)
that occur as the disease progresses [8-10]. Current pharmaco-
logical, surgical and alternative PD treatments preserve the use of
L-DOPA [5, 11].

Diverse promising gene and cell therapy strategies have been
tested for PD. These include transplants of neurons derived from
induced pluripotent stem cells (iPSc cells) [12]. Also, the
expression of disease-modifying transgenes like neurotrophic
factors (glial cell-line derived neurotrophic factor (GDNF), neur-
turin (NRTN), artemin (ARTN), and persephin (PSPN) or of non-
disease modifying transgenes, including tyrosine hydroxylase (Th),
and glutamic acid decarboxylase (GAD) have been tried with
interesting results in experimental models, and some in early
clinical protocols [13-16]. However, using viral vectors in some of
these protocols may cause the integration of transgenes into the
host genome, which may induce mutagenesis or activate the host
immune response limiting the effectivity [17, 18].

Astrocytes are essential for the immunological response of the
brain in PD, and their participation in that response has been
observed in both the substantia nigra and the striatum in animal
models and postmortem studies in PD patients [19]. There is an
important reactive astrogliosis in PD, which indicates the relevant
role of astrocytes in the response to the disease [20]. Astrocytes
are resistant to insults and participate in the dopamine (DA)
metabolism because they express both the amino acid transporter
(LAT) and the DA transporter (DAT), allowing the uptake of
L-DOPA and DA observed in the striatum [20, 21]. Moreover,
astrocytes express aromatic L-amino acid decarboxylase (AADC),
an enzyme that converts L-DOPA into DA. In cell culture studies,
the capacity of astrocytes to convert L-DOPA to DA in a
concentration-dependent manner has been demonstrated [22].
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Thus, Th is the only enzyme that astrocytes require to produce DA.
We previously showed that either implanted astrocytes or
endogenous astrocytes expressing transgenic Th produce DA in
the striatum causing behavioral recovery in 6-OHDA-lesioned rats
and in a non-human primate MPTP model [16, 23, 24].

Clustered Regularly Interspaced Short Palindromic Repeats
associated with Cas (CRISPR-Cas) has already changed the gene
therapy field since it represents a highly efficient gene editing tool
[25, 26]. Synergistic Activation Mediator (SAM) is a second-
generation CRISPR system capable of activating gene expression
using an enzymatically inactive Cas9 (dCas9) and co-
transcriptional activators. This CRISPR-based system has demon-
strated be a robust and efficient method to induce gene activation
[27-29].

Therefore, in the present work, we performed a proof-of-
concept experiment to test the use of SAM in gene therapy for the
treatment of PD. This work aims to evaluate the effectiveness of
the endogenous activation of genes to induce the synthesis of DA
in cells of glial origin and the effects of its implantation in a murine
model of PD. We propose that the endogenous expression of th
from rat astrocytes induced by SAM will allow these cells to
produce DA and cause behavioral improvement in the 6-OHDA
hemiparkinsonian rat model. The therapy proposed here will avoid
fluctuations due to dosing, absorption and penetration into the
brain, and simultaneously spare multiple organ systems from
exposure to L-DOPA and its metabolites. In the brain, it will spare
large areas from the resulting conversion to DA, and spare specific
neurons, such as serotoninergic neurons from the competition
with tryptophan, both for transport from plasma and for
decarboxylation. The alternative offered here presents a novel
method to achieve this targeted therapy that will increment the
drug-free period of treatment and can combine with other
therapies in more advanced cases.

MATERIALS AND METHODS

Sequence and cloning

The lentiSAMv2 and lentiMPH v2 plasmids (a gift from Feng Zhang
Addgene #75112 and #89308) were used for CRISPR-Cas9 activation. We
analyzed the promoter region of the rat th gene, 1000-1200 bp upstream
of the transcription start site, searching for PAM regions. We obtained ~20
nucleotides sequences that were evaluated using BLAST analysis to check
for mismatched sites on the rat (Rattus Norvegicus) genome. In addition,
the th promoter region was also assessed with E-CRISP, CRISPRESSO?2,
CHOPCHOP, and Benchling software to select the candidate sequences by
specificity score, annotation score, efficiency score, mismatched score, and
the number of hits. Finally, we chose 13 sgRNA candidates that were
evaluated for mismatches using the BLAST tool (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The single-guide RNA (sgRNA) sequences
used in this study are listed in Supplementary Table 1, and were cloned in
the lentiSAM v2 vector, employing the Golden Gate protocol using BsmBI
(Thermo Fisher Scientific cat. no. IVGNO136) for plasmid restriction, t4 PNK
(NEB, cat.no. M0201) for oligo annealing and t7 ligase (NEB, cat.no. M0318)
for cloning [27]. The cloning sgRNA region was amplified by PCR using
specific primers. The amplified PCR products were purified using the Sap-
Exo kit. (Jena Bioscience, Cat. No. PP-218L, Germany) following the
manufacturer’s instructions. The purified products were sequenced
(forward and reverse) by automatic sequencing on an ABI PRISM 3100
with the Kit of BigDye Terminator v3.1 cycle sequencing (Applied Cat No.
4337458, Biosystems, USA). We show in Supplementary Fig. 1B the
sequence of the chosen th sgRNA.

Cell culture

HEK293T/17 cells (ATCC CRL-11268) were maintained in DMEM High
Glucose (Gibco, cat. no. 12800-017) and pyruvate supplemented with 10%
fetal bovine serum (FBS) (Gibco, cat. no. 16000-044) and 1% penicillin/
streptomycin (Thermo Fisher Scientific cat. no. 15140122). Cells were
incubated at 37 °C, 5% CO, and 95% humidity. Cells were passaged every
other day at a ratio of 1:6 or 1:5 using Trypsin 1x (Sigma, cat. no. 59428C).
The C6 rat glioblastoma cell line (ATCC CCL-107) was maintained in F12

SPRINGER NATURE

DMEM (Gibco, cat. no. 12500-062) with L-glutamine and pyruvate
supplemented with 10% fetal bovine serum (Gibco, cat. no. 16000-044)
and 1% penicillin/streptomycin  (Thermo Fisher Scientific, cat. no.
15140122), incubated at 37 °C, 5% of CO,, and 95% humidity, passaged
every other day at a ratio of 1:6 or 1:5 using Trypsin 1x (Sigma, cat. no.
59428C). CTX-TNA2 cells, a primary astrocyte non-tumorigenic line
obtained from rat cerebral cortex (ATCC CRL-2006), was maintained in
high-glucose DMEM (Gibco, cat. no. 12800-017) with pyruvate supple-
mented with 10% fetal bovine serum (Gibco, cat. no. 16000-044) and 1%
penicillin/streptomycin (Thermo Fisher Scientific, cat. no. 15140122). Cells
were incubated at 37°C, 5% of CO, and 95% humidity, passaged every
other day at a ratio of 1:6 or 1:5 using Trypsin 1x (Sigma, cat. no. 59428C).

Transfection of C6 cells

C6 cells were transfected with Lipofectamine 3000 (Thermo Fisher
Scientific, cat.no. L3000-15). The SAM system with each sgRNA was tested
in C6 cells seeded in 60 mm Petri dishes; for each sequence cells were
seeded at ~40% confluence (~1.2 x10° cells) the day before and 0.5
pgrams of plasmid DNA was transfected overnight with 1.5 ml of medium
without serum and medium changed the following day with fresh medium
with 10% FBS.

Lentivirus production and cell infection

One day before transfection, HEK293T cells were seeded at ~50%
confluency (~4.4 x10° cells) in 100 mm Petri dishes. Cells were transfected
the next day at ~70-80% confluence (~6.6 x10° cells). For each petri dish,
3ug of each of the following plasmids were transfected using 24 uL of
Lipofectamine 3000 (Thermo Fisher Scientific, cat.no. L3000-15) and 24 pL
of P3000 Enhancer (Therm Fisher Scientific, cat.no. L3000-15): pMD2.G
(Addgene 12259); pMDLg/pRRE (Addgene 12251) and pRSV-Rev (Addgene
12253). Cells were transfected with 8 mL of high-glucose DMEM (Gibco
12800-017) without fetal bovine serum, and 12 h after the transfection, the
medium was changed for complete maintenance medium. The virus
supernatant was harvested 48 h post-transfection and centrifuged at
1200 rpm to eliminate debris and dead cells. The virus supernatant was
then aliquoted and stored at —80 °C. Different cell lines were infected with
a 0.3 viral titer on 1.5 ml of pseudolentivirus with the SAM system, and each
sgRNA and incubated overnight; then, the medium was removed, and fresh
medium was applied; after 48 h, cells were processed for RNA and protein
extraction. Resistance curves for blasticidin S HCl (10 pg/ml, Thermo Fisher
Scientific, cat.no. A1113903) and hygromycin B (300 pg/ml, Sigma cat.no.
H3274) were constructed, and cells were selected by their resistance to
antibiotics. After 24 h of infection, fresh media containing the antibiotics
were applied, and cells were maintained under antibiotic selection.

RT-PCR

Cells were seeded in 60 mm plates and grown to 90% confluency (~2.8
x10° cells) before RT-PCR. Total RNA was extracted using the Trizol reagent
(Invitrogen, cat. no. 15596026). RNA quantification and purity were
assessed by spectrophotometric analysis using the Nanodrop instrument
(Thermo Fisher Scientific, cat. no. 13-400-525). DNAse | (Sigma, cat.no.
AMPD1) was used to degrade DNA; cDNA was synthesized using M-MLV
(Invitrogen, cat. no. 28025-013), dNTPs 100 mM (Invitrogen, cat. no. 10297-
018), and oligo dT (T4 Oligo Oligo dT 18-mer).

RT-PCR was performed using Taq Polymerase Kappa (Sigma, cat.no.
BK1004), dNTPs (Invitrogen, cat. no. 10297-018), UltraPure™ DNase/RNase
Free Distilled Water (Invitrogen, cat. no. 10977015) and the following
primers were used: for th (FW ‘GGAGAGCTCCTGCACTCC' REV ‘GGCA-
TAGTTCCTGAGCTTG)), for B-actin (FW TCACGCACGATTTCCCTCTCAG' REV
TGGCACCACACCTTCTACA)), for dCas9 (FW ‘GCACATACCACGATCTGCTG'
REV ‘CGCTTCAGCTGCTTCATCAC) and for ms2 (FW ‘GGGATGTGACA
GTGGCTCC' REV ‘GGACCTCCACCTTGATGGTATAC). (Sigma-Aldrich). We
used the following temperatures for the PCR assays: 94° for denaturation,
57 °C for annealing, and 72° for the extension step using a T100 Bio-Rad
thermal cycler.

Western blot

Protein extraction from cells or tissue was performed using a lysis buffer
that contained a protease inhibitor cocktail (Complete, Roche Diagnostics,
cat. no. 04574834001). Total protein (25 pg) was loaded for each sample for
separation by SDS-polyacrylamide gel electrophoresis (8%) and trans-
ferred onto nitrocellulose membranes (BioRad; cat. no. 1620115).
Membranes were blocked with 5% non-fat milk diluted in Tris-buffered
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saline containing 0.1% Tween-20 (TBST) for one h and incubated in the
presence of anti-Th (Abcam ab112 monoclonal anti-rabbit 1:1000), or anti-
Th F-11 (sc-25269 monoclonal anti-mouse, 1:1000), or anti-Th Millipore
ab152 (monoclonal anti-rabbit 1:1000), anti-Glial Fibrillary Acidic Protein
(DAKO Z0334 polyclonal anti-rabbit 1:2000), anti-Beta-actin-peroxidase
(Sigma A3854 monoclonal anti-mouse 1:25000). Proteins were revealed
using secondary peroxidase-coupled anti-rabbit and anti-mouse antibo-
dies (Jackson ImmunoResearch), using the Western Lightning Plus-ECL Kit
(PerkinElmer; Waltham, MA). Images were digitally captured using the
FUSION SOLO S instrument (Vilbert Smart imagining). Autoradiograms
were analyzed by densitometry using the Image J° software (NIH).

Immunofluorescence

C6 and astrocytes were seeded on coverslips (~80% of confluence in a
60 mm petri dish, ~2.5 x10° cells), fixed with 4% paraformaldehyde and/or
cold methanol, washed twice with PBS, and incubated using 0.2% Triton X-
100/PBS/1% BSA for 30 min at room temperature. Cells were incubated
using a primary mouse monoclonal antibody against anti-Th (Abcam
ab112 monoclonal anti-rabbit) in C6 cells and anti-Glial Fibrillary Acidic
Protein (DAKO Z0334 polyclonal anti-rabbit) and anti-Th F-11 (sc-25269
monoclonal anti-mouse) in astrocytes for 12 h. Coverslips were washed
with 0.2% Triton X-100/PBS and incubated using the appropriate
secondary antibodies, Alexa Fluor 594 donkey anti-mouse IgG (H+L)
(Invitrogen A21203), and Alexa Fluor 488 donkey anti-rabbit 1gG (H + L)
(Invitrogen A21206.) Nuclei were counterstained using DAPI with
Vectashield (Vector Laboratories).

Experimental subjects

Male Wistar rats weighing ~200 g at the start of the experiment were used.
Rats were housed on a 12-h light/dark cycle with free access to food and
water at ~25 °C, with a relative humidity of 40-60%. All animal studies were
performed according to the Guide for the Care and Use of Laboratory
Animals [30], as adopted by the US National Institutes of Health and the
Mexican Regulation of Animal Care and Maintenance (NOM-062-ZOO-
1999). Rats were maintained and handled according to the guidelines of
the CINVESTAV Animal Care Committee, making all efforts to minimize
suffering and the number of animals used. The principles of the 3Rs
(Replacement, Reduction, and Refinement) were followed to guarantee a
humane endpoint.

Brain tissue immunofluorescence

Rats were euthanized ten weeks after the transplant of astrocytes or the
sham treatment with an overdose of sodium pentobarbital (200 mg/kg i.p.)
and transcardially perfused with saline followed by 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS). Brains were dissected and post-
fixed in PFA at 4 °C for 24 h and then cryoprotected in 10% sucrose/PBS for
24 h, 20% sucrose/PBS for 24 h, and 30% sucrose/PBS for an additional 24 h
at 4°C. Frozen coronal 35-um-thick sections were cut in a sliding
microtome (Leica Microsystems), collected in 2% PFA/PBS, and stored at
4°C until processing.

Brain sections chosen for the analysis of the striatum were incubated in
free-floating conditions in 0.2% Triton X-100/PBS for 30 min and blocked
for 30 min in 1% BSA/0.2% Triton X-100/PBS at room temperature. Then,
sections were incubated overnight with the primary rabbit antibody
against the glial fibrillary acidic protein (Dako Z0334 polyclonal antirabbit
GFAP, 1:500) and anti-Th (Sigma T1299 monoclonal anti-mouse, 1:200)
diluted in 0.02% Triton X-100/0.1% BSA/PBS. For primary antibody
detection, sections were rinsed with 0.02% Triton X-100/PBS and incubated
for 1 h at room temperature with the secondary antibody Alexa Fluor 594
donkey anti-mouse IgG (H + L) A21203 and Alexa Fluor 488 donkey anti-
rabbit 1gG (H+L) A21206 diluted in the same solution as the primary
antibody. Nuclei were counterstained using 4/,6-diamino-2-phenyldole
(DAPI) with Vectashield (Vector Laboratories).

Brain tissue immunohistochemistry

Immunohistochemistry was performed using a rabbit monoclonal anti-
tyrosine hydroxylase Th antibody (1:400, Abcam ab112), a rabbit antibody
against the glial fibrillary acidic protein (Dako Z0334 polyclonal antirabbit
GFAP, 1:500) and a biotinylated anti-rabbit 1gG (H+L) (1:100; Vector
Laboratories, Burlingame, CA, USA). The immunohistochemical staining
was developed using the avidin-biotin-peroxidase complex (1:10; ABC Kit;
Vector Laboratories) and DAB (Sigma). Immunohistochemical labeling was
observed with an Olympus BX53 microscope and images were digitized.
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Confocal microscopy

Triple-labeled images were obtained using a confocal laser-scanning
microscope (Leica TCS-SP8) in the XYZ (Z-stacks) mode using a 63X (oil
immersion) objective. The following excitation lasers/emission filters
settings were used for the various chromophores: an argon laser was
used for the Alexa Fluor 488, with a peak excitation at 490 nm and
emission in the 505-530 nm range; a He-Ne laser was used for the Alexa
Fluor 594 with a peak excitation at 543nm and emission in the
568-615 nm range; and a UV laser was used to reveal DAPI with a peak
excitation at 456 nm and emission in the 410-480 nm range, using the
sequential acquisition of separate wavelength channels to reduce
interference between channels. The Z-stacks (3-4 optical slices) were then
converted into a three-dimensional projection image using the Leica LAS
AF lite software.

High-performance liquid chromatography (HPLC)

Brain slices, 100 um thick, were cut using a Leica microtome (RM2125 RTS)
in ice-cold Krebs-Henseleit solution. Immediately, left and right striata
sections were dissected and collected in an amber 1.5 ml Eppendorf tube
with sterile PBS solution at 4 °C (100 pl) and 50 pl of perchloric acid 0.1 N,
the tissue was manually homogenized, sonicated and ultracentrifuged, the
supernatant was filtered through a 0.22 um filter (Millipore GSWP04700) to
assay for DA and DOPAC [31, 32]. The medium culture samples were
collected in an amber 1.5 ml Eppendorf tube with 50 ul of perchloric acid
0.1 N per 950 ul of medium, samples were shaken with a vortex for a
minute and ultracentrifuged, the supernatant was filtered through a
0.22 um filter (Millipore GSWP04700) to assay for DA and DOPAC. Briefly,
dopamine levels were determined using an HPLC method with electro-
chemical detection as previously described [33, 34]. The separation of
Dopamine and DOPAC was performed using a dC-18 microbore column
(Atlantis, 2.1 X150 mm, Waters Co.). The mobile phase was: buffer 97%,
NaCl 135 mg/I; citric acid 10.5 mg/l; EDTA 20 mg/I; OSA 20 mg/l; methanol
3%, pH 2.9 adjusted with NaOH. The flow rate was 0.3 ml/min at 30 °C. The
electrochemical detection system was an Intro; Waters Co. coupled to a
glassy carbon electrode (VT-03, Antec Leyden). The oxidation potential was
p380 mV vs. silver/silver chloride reference electrode (ISSAC).

6-OHDA stereotaxic lesion surgery

Rats were anesthetized with Ketamine 75 mg/kg and Xylazine 5 mg/kg i.p;
placed on a David Kopf stereotaxic frame and injected unilaterally with
6-hydroxydopamine (6-OHDA by Sigma, cat. no. H4381); 16 pg/ul of saline
containing 0.1% ascorbic acid) in the medial forebrain bundle at
coordinates (AP —1.8; ML 2.4; DV —7 mm) relative to Bregma according
to the rat brain atlas of Paxinos and Watson [35], and 5ul were
administered at a rate of 1pl per minute. To prevent noradrenergic
neuron damage, rats were pre-treated with desipramine (10 mg/kg i.p.)
40 min before the surgery. Twelve days after the 6-OHDA lesion, only rats
showing ten or more ipsilateral turns/min 30 min after amphetamine
injection were included in the study [36]. A group of sham-lesioned rats
with the surgical procedure but no stereotaxic lesion or administration of
6-OHDA was used as a control. We call lesioned side the right side
receiving 6-OHDA and as the intact side the left side that did not receive
stereotaxic lesion and 6-OHDA administration.

Implantation of astrocytes

Hemi-parkinsonian rats (~300 g) were anesthetized with Ketamine/Xylazine
(75/5mg/kg ip.) and placed on a David Kopf stereotaxic frame and
received 20,000 astrocytes in each of the two sites in the lesioned striatum:
anterior (AP 1.9; ML 2.2; DV —5) and posterior (AP 0.9; ML 3.0; DV —4)
relative to Bregma according to the brain atlas of Paxinos and Watson [35].
Astrocytes (AST) and astrocytes expressing Th (AST-TH) were trypsinized
from 90% confluent 60 mm Petri dishes, counted, and 20,000 cells were
immediately concentrated in 3-4 pl of culture medium without serum to
be used for the implant procedure [37]. Sham-lesioned rats did not receive
implants.

Behavioral tests

Rats were trained for two weeks before the 6-OHDA lesion. Two weeks
after the 6-OHDA lesion, astrocytes and AST-TH were implanted in the
striata of experimental subjects. Implanted rats were evaluated for the
following nine weeks. Experimental and control rats were sacrificed ten
weeks after the lesion to obtain striatal tissue for HPLC, immunofluores-
cence, and western blot assays.
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Amphetamine-induced rotations test

Rats were challenged with amphetamine (8 mg/kg i.p. Sigma, cat. no.
NMID420D) and tested for ipsilateral circling behavior; the number of turns
per minute was measured and recorded for 30 min, 15 min after the
peritoneal administration of amphetamine [38].

Cylinder test

The test was performed as follows: Rats were placed individually inside an
acrylic cylinder (diameter, 22 cm; height, 26 cm) with a mirror behind it at a
45° angle to allow 360° vision. Rats were video recorded for 5 min after
they first touched the cylinder walls with either the impaired or
unimpaired forelimb or both simultaneously. Scores were calculated by
the asymmetry ratio: right-left/ (right + left + both). Scores on the forelimb
asymmetry ratio range from —1 to 1 [39, 40].

Inclined beam balance test

Animals were trained for three days to walk along 2 m long beams from
the starting platform to a cage on the upper part; animals were presented
with a negative stimulus in the base of the beam as a yellow light lamp
and a sugar cookie reward in the dark cage. The beams were inclined at
15°% two different beams with 24- and 18-mm widths were used. The
animals were tested for the basal measure four days after the start of the
training before the 6-OHDA lesion. The test recorded the time it took the
animals to walk from the base of the beam to the cage at the end of the
shaft. Only animals that completed the test in less than 120 s during the
basal determination were included in the experiment [41].

Distribution of implanted astrocytes

Three 6-OHDA-lesioned Wistar rats were transplanted with AST-TH and ten
weeks after implantation were euthanized, and striatal coronal sections
obtained (~30 pm) from AP +1.60 mm to —0.92 mm. Sections were stained
for GFAP, Th and counterstained with DAPI to reveal the nuclei. The
estimated coordinates were established using the Paxinos and Watson rat
brain atlas [42]. We determined the number of GFAP/TH" cells of three
independent fields of each striatal slice from three rats.

Statistical analysis

Results are expressed as mean * SD (n = 4). The sample size was calculated
with G*Power software (Faul, Erdfelder, Lang and Buchner, 2007); a large
effect size was used. We used the GraphPad Software version 8.0 to
analyze the data. We evaluated data distribution with the Shapiro-Wilk
test. Dopamine HPLC determination was analyzed with Brown-Forsythe
ANOVA and Welch’s ANOVA test with a two-stage linear step-up procedure
of Benjamini, Krieger, and Yekutieli test as post hoc. DOPAC/DA ratio and
Th densitometry comparison were analyzed by One-Way ANOVA and
Tukey’s multiple comparations test as post hoc. P <0.05 was considered
statistically significant.

For the behavioral tests we used four animals per group, after applied
inclusion criteria based on the results of the test training, animals were
randomized place in each group. The study was blinded during the data
analysis. Amphetamine-induced rotation test data were analyzed with a
two-way ANOVA with Sidak’s multiple comparisons post hoc test. Forelimb
placement asymmetry, and the inclined beam motor balance test (24 and
18 mm) data were analyzed with Repeated Measures ANOVA and Tukey’s
multiple comparison post-hoc test. P<0.05 was considered statistically
significant, variance between the compared groups was estimated, and it
was similar.

RESULTS

CRISPR activation screening for Th expression

We analyzed the promoter region of the rat genome using the
DNA sequence from the Gene library of NIH (Gene ID: 25085,
Norway rat chromosome 1) to determine potential th sgRNAs, as
described in the methodology. We chose sequences with the
highest specificity score, annotation score, efficiency score, and a
high number of hits but non-genome mismatches (other genome
sites where the oligo can align differently to the specific region).
These sgRNAs were analyzed with the BLAST tool to check for
mismatches in other rat genome regions (Rattus Norvegicus) and
sgRNAs that did not align with other areas of the rat genome were
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selected (Fig. 1A). Thirteen sgRNAs were chosen to activate the rat
th gene (Supplementary Table 1) and were individually cloned in
The SAM v2 vector (Addgene #75112) using The Golden Gate
protocol [27]. To test the selected sequences, C6 cells were
transfected with the SAM system with each Th sgRNA, protein
expression induced by each sgRNA transfected, are shown in
Supplementary Fig. 1A.

The 13 th sgRNA sequences were tested, but we only show the
results from TH4 sgRNA since this sequence achieved the highest
levels of Th protein expression. The selected th sgRNA was
sequenced to verify its sequence (Supplementary Fig. 1B).

RT-PCR was used to evaluate the levels of the th mRNA in C6
cells transfected with the selected th sgRNAs and, as a positive
control, the rat striatum was employed. We did not find th mRNA
expression in C6 control cells or those transfected with SAM system
without th sgRNA (Fig. 1B, lane 3), th expression was only observed
in C6 cells transfected with the complete SAM and the th sgRNA
(Fig. 1B, lane 4). Moreover, we also determined the expression of
the Th protein in the C6 transfected cells using two monoclonal
antibodies (Abcam 112 and Santa Cruz Technologies F-11). In
Fig. 1C, we show the blot of C6 cells transfected with the SAM
system together with TH4 sgRNA, and it can be observed that only
these cells express Th (Fig. 1C, lanes 2 to 4), in contrast we found
no expression of Th in control (lane 1) or C6 cells transfected
without th sgRNA (lane 5). As a positive control for the expression
of Th, we used rat striatum (lane 6). In C6 transfected cells selected
with blasticidin and hygromycin, DA production was detected. The
stable C6 Th-expressing cell line released dopamine (DA) to the
culture medium but DA could not be detected in the medium from
control C6 cells (Fig. 1D). The double antibiotic selection was
applied to ensure that all elements of the SAM system and the
selected th sgRNA were stably expressed.

Then we showed the expression of Th by immunofluorescence
in C6 cells with the SAM system transfected with or without the th
sgRNA (Fig. 1E, F). As can be seen in cells that express th mRNA, a
positive stain for Th was observed, in contrast to C6 cells that do
not express the messenger. These data demonstrate that the SAM-
TH system can activate the expression of the endogenous th gene
in cells of glial origin and induce the synthesis of an active protein
that can produce and release DA to the extracellular medium.

Expression of Tyrosine hydroxylase in cultures of rat
astrocytes

A cortical astrocyte cell line was infected with the p-Lenti SAM TH
and the MPHv2 complex, cells selected with blasticidin and
hygromycin for 14 days and RNA and proteins were extracted
from the cells. Figure 2A shows the expression of the th gene and
of dCas9, and ms2 mRNA in infected astrocytes as assessed by RT-
PCR. We did not detect th, dCas9 or ms2 mRNAs in astrocytes cells
(Fig. 2A, lane 2), but they were expressed in astrocytes infected
with the complete system (Fig. 2A, lane 3); from now on we will
refer this cell line as AST-TH. We also determined the expression of
the Th protein in infected astrocytes using a monoclonal antibody
against Th (Abcam 112). In Fig. 2B, we show the blot of the Th
protein of AST-TH cells, and it can be observed that these cells
express Th (Fig. 2B, lane 2). As expected, no signal for Th was
detected in control astrocytes (lane 1). As a positive control, we
used the same amount of protein from the rat striatum (25 pg,
lane 3). Moreover, in cultures of infected astrocytes, we
determined the production of DA, and observed that the stable
AST-TH-expressing cell line released DA to the culture medium
(Fig. 2Q), yet no detectable DA was observed in the medium of the
culture of cortical control astrocytes. We then showed the
expression of Th by immunofluorescence in AST-TH cells and in
astrocytes (Fig. 2D, E). It can be seen that AST-TH cells stain for Th;
in contrast, control astrocytes do not express the protein. The viral
titer used to infect astrocytes was 3.0 with an infection efficiency
of 26.8+3% (n=3).
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Transplanted Th-producing astrocytes (AST-TH) induce motor
recovery in unilaterally 6-OHDA-lesioned rats

We tested whether AST-TH could induce motor control improve-
ment in hemiparkinsonian rats. We used the amphetamine-
induced circling, cylinder, and inclined balance beam tests to

Gene Therapy (2024) 31:31-44

evaluate motor recovery. Figure 3A shows the timeline of the
training and behavioral tests applied to the three experimental
groups, which were followed for 13 weeks. A sham group was
included in the experimental design to compare the magnitude of
recovery. Lesioned rats were separated into two transplanted
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Images in D and E were obtained with confocal microscopy. Bars represent 30 um.

groups; one received AST-TH cells, and the other only primary
astrocytes. Astrocytes were implanted in two different sites in the
lesioned striatum. Nine weeks after cell implantation, the rotation
test in response to amphetamine was repeated; results are shown
in Fig. 3B. We found a significant increment in the circling
behavior of rats receiving unmodified astrocytes compared with
those receiving AST-TH cells. Sham-lesioned rats showed negli-
gible turning behavior, and it did not change in the course of the
experiment (Fig. 3B).

The cylinder test was applied to the three groups before the
lesion to determine the basal asymmetry index. We observed that
before the lesion or simulated surgery (sham), the rats did not
show significant differences in forelimb placement asymmetry
(FPA, Fig. 3C); in fact, values in the three groups were lower than
0.5, indicating low or no asymmetry in forelimb use. Then, we
repeated the test 4 and 8 weeks after transplants, as previously
reported [39, 40]. Four weeks after the transplants, rats treated
with control astrocytes showed an increment of FPA over the
values of the sham and AST-TH transplanted rats. This value
increases significantly over 0.5 by the eighth week, whereas it
remains under 0.5 in the other two groups, indicating that the
AST-TH cell transplant prevents increments in FPA (Fig. 3C).

The training for the inclined beam balance started ten days
before the 6-OHDA lesion; after it, a basal line was established for
the three groups. Figure 3D, E show the results of the tests
performed every week after transplantation (week 1-8). In Fig. 3D,
the AST-TH transplanted group shows similar time climbing the
beam compared with the sham group. In contrast, the primary
astrocytes transplanted group increased the time needed to climb.
Then, we used an 18 mm thick beam allowed us to measure fine
motor control and balance. We observed no differences in the
time it took the rats to climb the beam for the sham and the AST-
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TH group. However, the rats that received only astrocytes
increased time scores and were statistically different from the
other two groups (Fig. 3E). These data indicate that the implant of
AST-TH cells decreases the motor imbalance and asymmetry of 6-
OHDA-lesioned rats.

Dopamine metabolism determined in implanted rats

We evaluated DA content and the DOPAC/DA turnover ratio in the
different experimental groups, both in the lesioned and the intact
striatum. Figure 4A shows that there were no DA content
differences in the intact side of any of the groups; however, in
the lesioned side (Fig. 4B), we found that DA cannot be detected in
the lesioned-side of rats that received just astrocytes, whereas there
is a clearly detectable level of DA in the striatum implanted with
AST-TH. Then, we evaluated the turnover of DA in the striatum. In
the left, control striatum, turnover values were similar in all groups.
In contrast, no turnover can be determined in the control astrocytes
transplanted group on the lesioned side. However, the turnover in
the AST-TH group shows values that are not different from the
sham group or intact striatum, suggesting an accelerated DA
metabolism in the AST-TH implanted striatum.

Besides, we evaluated whether AST-TH cells still expressed Th
protein in the transplanted striatum. Figure 4E shows the
expression of Th as determined by western blot analysis from
the homogenates used to determine DA content in the three
groups of animals. It can be observed that homogenates from the
striata of all the rats express the Th protein in the intact (left) side
and that only in the sham and AST-TH groups, Th was detected in
the lesioned (right) side. Densitometric analysis of Th expression
using ab152 antibody indicates that in the intact side of control
astrocytes and AST-TH groups, an increment of Th expression
occurs (Fig. 4F); also, in the lesioned side of the AST-TH group,
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there is a recovery of Th expression comparable to the sham
group. We can observe in the intact side of the transplanted
groups a significant increase of Th expression in comparison with
the Sham group; this effect has been attributed to a cross
hemispheric nigrostriatal branching that occurs in the unilateral
6-OHDA lesion on the MFB, so dopaminergic fibers migrate to the
contralateral striatum [43, 44].

Expression of Th and GFAP in the lesioned striata

These series of experiments were designed to show the
expression of both Th and GFAP in the implanted astrocytes.

Gene Therapy (2024) 31:31-44

Figure 5 shows the expression of Th and GFAP in the intact (row A)
and in the lesioned striata (row B) of rats receiving control
astrocytes. Astrocytes can be observed in A and B, however, the
TH signal can only be seen in the intact side, but not overlapping
with the GFAP stain (see merge). Rows C and D show the same
markers in rats implanted with AST-TH in the striatum. Astrocytes
were observed on both sides. However, unlike the control
astrocytes treated group (row D), Th stain in the lesioned side
co-localizes with GFAP. In contrast, in the left control side, staining
is like in the control astrocytes-treated group (compared to row A).
Row E shows the Z-reconstruction of an astrocyte expressing both
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Fig. 5 Expression of Th and GFAP in the striata, as shown by confocal immunofluorescence. Panels on row A show 6-OHDA + AST left side
striatum (intact side), row B shows 6-OHDA + AST right side striatum (lesioned side), row € shows 6-OHDA + AST-TH left side striatum (intact
side), and row D shows 6-OHDA + AST-TH right striatum (lesioned side). Th is revealed with a red fluorescent signal, and GFAP with a green
fluorescent signal, DAPI (nuclei) in blue. Cells expressing both Th and GFAP show a yellow signal. E 3D reconstruction of Z-slices of an AST-TH
implanted in the lesioned striatum. Bars represent 30 um.
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GFAP and Th from D row, indicating that the co-localization of Th
and GFAP occurs in astrocytes. We also show DAB immunohis-
tochemistry images of Th and GFAP to show the overall Th and
GFAP staining on the striatum (Supplementary Figs. 2, 3).
Supplementary Fig. 3A, B show a magnification of immunohis-
tochemistry (IH) Th images of right and left striata, respectively.

Distribution of AST-TH in the implanted striatum

Finally, we analyzed the distribution of AST-TH cells within the
striatum. To accomplish this goal, we obtained coronal serial
sections of the striatum from AP + 1.60 mm to —0.92 mm, stained
for Th, and counterstained with DAPI to reveal the nuclei.
Figure 6A shows a series of progressive anteroposterior drawings
of coronal sections of the left striatum level in which color squares
indicate the approximate site of AST-TH cell injection. Mean of Th
positive cells from the three subjects, along the stereotaxic
coordinates, is shown in Fig. 6B. In Fig. 6C, it can be observed that
all Th-positive cells in the lesioned and implanted striatum have an
astrocyte-like morphology (Supplementary Fig. 5) and that they
can be found widely distributed within the striatum, although with
a higher concentration closer to sites of implantation (Fig. 6B, C).
Moreover, to compare astrogliosis between the intact side and the
lesioned side that received AST-TH, immunofluorescence against
Th and GFAP was performed in different sections (Supplementary
Fig. 6). And we can observe strong astrogliosis in the lesioned side
(as well in Supplementary Fig. 4A, we can also observe an increase
of the number of astrocytes on the lesioned striatum on DAB H
images at 4x, 10x and 20x), and AST-TH astrocytes expressing Th,
but there are also GFAP positive cells, not expressing Th,
indicating they are endogenous astrocytes. Finally, no Th positive
astrocytes were observed on the intact side, although TH positive
terminals are detected in the intact side.

DISCUSSION

This work is a proof-of-concept experiment using a CRISPR-Cas9
system to treat a neurodegenerative disease. The strategy of this
experiment is based on the fact that the expression of Th induces
the synthesis of DA in astrocytes since it is the only enzyme absent
in astrocytes to complete the biosynthetic pathway to produce DA
[23, 24]. We had previously demonstrated that the transfer of the
th gene into astrocytes causes the expression of the enzyme, and
motor recovery in both rats and in a non-human primate model of
PD [16, 23, 24], thus demonstrating that astrocytes expressing Th
can induce behavioral recovery in different animal models of PD.
In the present work, we used a new and different approach:
activating the endogenous astrocyte th gene. SAM induces higher
transcriptional levels than other transgene transfer systems
(retroviral and lentiviral methods), and even when compared to
other CRISPR activation systems; it is highly specific; it does not
disrupt the genome or cause double-strand breaks (DSBs), and the
epigenomic modification is reversible [28, 29].

Moreover, third-generation pseudo-lentivirus (p-lenti) are an
efficient and safe gene delivery system to obtain stable cell lines
expressing SAM. Furthermore, the lentiviral system allows the
delivery of multiple sgRNAs potentially obtaining the regulation of
several genes within the same cell. Finally, these viruses are self-
inactivating and less immunogenic than previous methods of viral
gene transfer, and thus it is a safer method to be used in gene
therapy protocols [45, 46].

Employing the SAM co-transcriptional complex, we activated
the expression of the endogenous th gene in cells of glial origin,
C6 glioma cells and rat astrocytes, which synthesized the protein,
produced, and released DA into the medium. Furthermore, when
the DA-producing SAM-engineered primary astrocytes were
implanted in a rat PD model, they could reverse motor behaviors
induced by the 6-OHDA lesion (Fig. 3). The motor improvement is
attributable to the DA produced by astrocytes expressing their
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endogenous th gene, since no behavioral motor improvement
was observed when astrocytes that did not activate the gene were
implanted.

We also demonstrated the expression of the th gene in
astrocytes by double labeling with the glial marker GFAP and
Th. Furthermore, tyrosine hydroxylase protein was only detected
in the lesioned striatum of rats implanted with Th-producing
astrocytes, which also contained significant amounts of dopamine,
that was absent in lesioned rats that received control astrocytes
and did not express the th gene. All these data demonstrate that it
is possible to induce the expression of the endogenous th gene of
astrocytes with a CRISPR activation system and induce behavioral
improvement in an PD animal model.

The levels of DA in the lesioned striata of rats receiving AST-TH
were lower than those of control non-lesioned animals. There is a
wide variation in the literature regarding the amount of DA
necessary to induce behavioral recovery after striatal lesions,
which can be 11% of those of normal rats [47, 48]. Thus, the levels
shown in this paper (14.42%) are within the range previously
reported to induce behavioral recovery. The effect induced by
lower DA concentrations is probably due to the increased
extracellular lifetime of DA likely caused by poorer DA reuptake
caused by a reduction of DA transporters on the lesioned side, and
by the hypersensitivity of DA receptors [49-51]. We consider that
DA production could be increased by implanting more DA-
producing astrocytes in the lesioned rats. We chose the first week
after the 6-OHDA lesion to select the animals based on their
turning behavior, since one week after the lesion the dopaminer-
gic degeneration is sufficient to induce motor impairment, yet, the
complete damage is observed between the third- and fourth-
weeks post-lesion [52-54].

Several arguments support the use of astrocytes as a platform
for producing dopamine and other molecules that may impact the
development and treatment of PD, such as BDNF and GDNF, that
can help preserve the few dopaminergic neurons remaining and
improve the dopamine metabolism in the striatum [55, 56].
Previous studies demonstrated that astrogliosis is present in the
site of the lesion in the 6-OHDA hemiparkinsonian model, and
other animal models and postmortem PD studies have found
inflammation on the affected striatum, specifically astrogliosis
[20, 57]. In Fig. 5, on the lesioned sites of both groups, we can
observe astrogliosis in the striatum but not in the intact side, this
indicates that the implant of astrocytes in both the lesioned and
transplanted groups have the same glial response. Astrogliosis
and increases of GFAP expression have been reported in previous
works after both and short and long periods after the lesion
[58, 59].

Astrocytes can synthesize DA from L-DOPA and release it into
the medium. Thus, the expression of Th in astrocytes is sufficient
for the production and release DA from activated cells [22, 60].
Moreover, astrocytes possess DA reuptake mechanisms to
regulate the levels of extracellular DA, express DAT (which
recycles the dopamine back to the cell), and COMT/MAO (which
metabolizes dopamine) [21]. For all these reasons, astrocytes are
an excellent option to express Th and regulate DA levels in the
basal ganglia. We chose the CTX-TNA2 rat astrocyte line because
the double antibiotic selection necessary to create a stable cell line
that expresses the SAM complex requires several cell passages.
This astrocyte line is non-tumorigenic, and thus it is not rejected
by the host. We observed (Fig. 6) the distribution of cells in the
lesioned striatum nine weeks after implantation. Cells appeared
healthy and with an extensive distribution in the tissue, which
seems to follow a gradient from the injection sites.

The 6-OHDA hemiparkinsonian model is a late-stage PD, since it
causes the unilateral death of the dopaminergic neurons, thus one
hemisphere is depleted of DA. The lesioned rats present
imbalance and motor asymmetry, as the lack of DA induces a
loss of motor control from the lesioned side [61]. In our study, we
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wanted to determine whether DA released from AST-TH cells
could correct the imbalance and asymmetry induced by the
6-OHDA lesion. To determine the motor alterations induced by the
implant, we used a pharmacological test, the amphetamine-
induced rotation sensitive to the release of dopamine from the
nigrostriatal terminals and the sensitivity of the postsynaptic DA
receptors. The amphetamine test allows us to evaluate the motor
asymmetry improvement induced by the transplant, as previously
shown [62-64].

To evaluate other aspects of motor behavior that the
transplants can improve, we decided to perform a spontaneous
test (cylinder test) and a test that requires training (inclined beam
test). The cylinder test evaluates the asymmetry and the sensory-
motor function that present the lesioned rats, and the beam test is
a balance, sensory-motor, and motor performance evaluation. Rats
that received AST-TH showed improvement in all tests, thus
showing that the SAM-modified astrocytes, capable of expressing
their endogenous th gene, are functional in an in vivo
model of PD.

We chose the SAM system as a first approach of a proof-of-
concept experiment because it is robust, stable and has a high
capacity to activate endogenous genes in mammalian cells [65],
multiple gene transcriptional activation [27], and the generation of
iPSC from human fibroblast [66]. Moreover, cells modified using
SAM have been used in a mouse model of metabolic syndrome
with good results [67]. This indicates that SAM can be used to
reprogram other mammalian cells, besides astrocytes, and perhaps
also directly transfer the SAM system into the endogenous brain
astrocytes, thus without the need of implanting foreign cells.

Double-stranded DNA breaks (DSB) occur when using CRISPR,
causing mutations that could transform the cells and alter gene
expression [25, 68-71]. However, the SAM system does not cause
DSB and thus does not present this kind of problem. Host immune
response to Cas proteins can be a concern [72], but as other
studies have shown, the improvement of less immunogenic,
higher fidelity CRISPR-Cas systems, together with new, more
specific and safer delivery systems may overcome the aforemen-
tioned problems associated with the use of CRISPR-Cas for therapy
[73-75].

The therapeutic approach used can be improved by activating
the expression of neurotrophic factors such as BDNF and GDNF
that can increase DA metabolism in the striatum [56, 76, 77], or the
use pharmacological inhibitors of COMT and MAO-B to increase
the levels of DA in the extracellular space.

In summary, we showed a proof-of-concept experiment that
demonstrates the functional capacity of astrocytes expressing
their endogenous th gene to produce DA and induce behavioral
motor improvement in an experimental rat model of PD. This
same approach can be improved by achieving the expression of
other proteins that can protect the DA neurons and using different
cell types like stem cells or induced pluripotent stem cells to
better integrate the cells within the basal ganglia neuronal circuits.

DATA AVAILABILITY
Data analyzed in this study are available from the corresponding author upon
reasonable request.
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