
Original Article
Neuronal-type-specific epigenome editing
to decrease SNCA expression: Implications
for precision medicine in synucleinopathies
Zhiguo Sun,1 Boris Kantor,2 and Ornit Chiba-Falek3,4

1CLAIRIgene, LLC, Durham, NC 27701, USA; 2Viral Vector Core, Department of Neurobiology, Duke University School of Medicine, Durham, NC 27710, USA; 3Division

of Translational Brain Sciences, Department of Neurology, Duke University School of Medicine, Durham, NC 27710, USA; 4Center for Genomic and Computational

Biology, Duke University School of Medicine, Durham, NC 27710, USA
Received 7 March 2023; accepted 22 November 2023;
https://doi.org/10.1016/j.omtn.2023.102084.

Correspondence: Boris Kantor, Viral Vector Core, Department of Neurobiology,
Duke University School of Medicine, Durham, NC 27710, USA.
E-mail: boris.kantor@duke.edu
Correspondence: Ornit Chiba-Falek, Division of Translational Brain Sciences,
Department of Neurology, Duke University School of Medicine, Durham, NC
27710, USA.
E-mail: o.chibafalek@duke.edu
Overexpression of SNCA has been implicated in the pathogen-
esis of synucleinopathies, particularly Parkinson’s disease (PD)
and dementia with Lewy bodies (DLB). While PD and DLB
share some clinical and pathological similarities, each disease
presents distinct characteristics, including the primary affected
brain region and neuronal type. We aimed to develop
neuronal-type-specific SNCA-targeted epigenome therapies
for synucleinopathies. The system is based on an all-in-one len-
tiviral vector comprised of CRISPR-dSaCas9 and guide RNA
(gRNA) targeted at SNCA intron 1 fused with a synthetic
repressor molecule of Krüppel-associated box (KRAB)/ methyl
CpG binding protein 2 (MeCp2) transcription repression
domain (TRD). To achieve neuronal-type specificity for dopa-
minergic and cholinergic neurons, the system was driven by
tyrosine hydroxylase (TH) and choline acetyltransferase
(ChAT) promoters, respectively. Delivering the system into hu-
man induced pluripotent stem cell (hiPSC)-derived dopami-
nergic and cholinergic neurons from a patient with the SNCA
triplication resulted in efficient and neuronal-type-specific
downregulation of SNCA-mRNA and protein. Furthermore,
the reduction in SNCA levels by the gRNA-dSaCas9-repressor
system rescued disease-related cellular phenotypes including
Ser129-phophorylated a-synuclein, neuronal viability, and
mitochondrial dysfunction. We established a novel neuronal-
type-specific SNCA-targeted epigenome therapy and provided
in vitro proof of concept using human-based disease models.
Our results support the therapeutic potential of our system
for PD and DLB and provide the foundation for further pre-
clinical studies in animal models toward investigational new
drug (IND) enablement and clinical trials.

INTRODUCTION
Synucleinopathies are neurodegenerative disorders that share a com-
mon pathological lesion of intracellular protein aggregates largely
composed of the a-synuclein protein,1–5 known as Lewy bodies
(LBs) and Lewy-related neurites. While these spectrum diseases
exhibit neuropathological similarities, each disease presents distinct
characteristics. For example, the cell types and brain regions contain-
ing the LBs differ, particularly in early disease stages, so that, while
Molecular
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LBs in dopaminergic neurons are the primary early disease character-
istic of Parkinson’s disease (PD),6–8 early stages of dementia with
Lewy bodies (DLB) has LBs primarily in the amygdala and cerebral
cortex, as well as basal forebrain cholinergic neurons.9–12

Genetic studies including genome-wide association studies (GWASs)
for themost common synucleinopathies, PD andDLB, have implicated
SNCA gene, which encodes the a-synuclein protein, as a highly signif-
icant genetic risk factor for these diseases.13–24 Although the precise
mechanisms underlying the associations of SNCA with PD and DLB
are yet to be discovered, accumulating evidence suggests that overex-
pression of SNCA may play a crucial role in etiology of these diseases
(reviewed in Tagliafierro and Chiba-Falek25). Notably, elevated levels
of SNCA were described in disease-affected brain tissues compared
to healthy controls.26–30 Moreover, lowering SNCA levels has demon-
strated a beneficial impact.31–33 Changes in the levels of SNCA expres-
sion are regulated by different factors, including epigenetics.34 Specif-
ically, the role of DNA methylation across SNCA intron 1 was
studied in relation to SNCA dysregulation in the context of disease.35–38

Thus, epigenetic editing is an attractive approach for manipulation of
SNCA expression back to normal physiological levels.

Previously, we developed a novel epigenome-editing approach that
utilizes an all-in-one lentiviral vector (LV) harboring deactivated
(d)Cas9-DNAmethyltransferase 3A (DNMT3A) to modulate expres-
sion of SNCA gene mediated by modification of DNA-methylation
within a CpG island at the SNCA intron 1 region.39,40 We showed
that the system resulted in a precise and moderate downregulation
(30%) of SNCA overexpression in human induced pluripotent stem
cell (hiPSC)-derived ventral midbrain (MD) progenitor neurons
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from a PD patient with the triplication of the SNCA locus (SNCA-
Tri).39,40 Notably, the reduction of SNCA expression mediated by
the developed technology was sufficient to ameliorate phenotypic per-
turbations characteristic of the SNCA-Tri cells, including rescuing the
vulnerability to increased production of mitochondrial superoxide
and the cellular viability.39 In this study, we aimed to refine the system
such that it would target specifically dopaminergic and cholinergic
neurons that are afflicted in PD and DLB, respectively. We modified
the all-in-one LV dCas9-repressor vectors to include the tyrosine hy-
droxylase (TH) and choline acetyltransferase (ChAT) promoters,
which are specifically expressed in dopaminergic and cholinergic neu-
rons, respectively. In addition, we introduced an enhanced transcrip-
tion repressor, the synthetic Krüppel-associated box (KRAB)/methyl
CpG binding protein 2 (MeCP2) transcription repression domain
(TRD) molecule,41 to achieve an improved efficacy of the system in
reducing SNCA expression. Finally, we validated the neuronal-type
specificity and efficacy in hiPSC-derived mature neurons, i.e.,
midbrain dopaminergic neurons (mDAs) and basal forebrain cholin-
ergic neurons (BFCNs), to model PD and DLB, respectively, and as-
sessed the impact on disease-related pathological phenotypes.

RESULTS
Generation and characterization of the neuronal proof-of-

concept models

We generated four hiPSC-derived dopaminergic and cholinergic
neuronal lines carrying all-in-one LV dCas9-repressor vectors driven
by dopaminergic and cholinergic-specific promoters targeted to repress
SNCA expression and their counterpart control lines. Toward this goal,
we constructed two all-in-one LV vectors that contain the guide RNA
(gRNA)/dSaCas9 component fused with the synthetic repressor mole-
cule KRAB-MeCP2(TRD), with one driven by the TH promoter (THp-
gRNA/dSaCas9/KRAB-MeCP2(TRD); hereafter, THp-Repressor) and
the second by the ChAT promoter (ChATp/gRNA/dSaCas9Cas9/
KRAB-MeCP2(TRD); hereafter, ChATp-Repressor) for specific exp-
ression in dopaminergic and cholinergic neurons, respectively (Fig-
ure 1A). For each vector, we constructed a control with no gRNA
and no repressor (THp-CT and ChATp-CT; Figure 1A). Patients
with the triplication of the SNCA locus show a constitutively double
expression of the SNCA-mRNA expression levels and manifest early
onset of PD and DLB.42–44 Therefore, hiPSC lines derived from a pa-
tient with SNCA triplication (hereafter, SNCA-Tri) represent adequate
models to study PD and DLB in the context of the overexpression of
SNCA. These four all-in-one LV vectors (THp-Repressor, THp-CT,
ChATp-Repressor, ChATp-CT) were transduced into SNCA-Tri
hiPSC-derived dopaminergic (MD) and cholinergic (MGE) progenitor
neurons to generate a total of eight lines. Four stable transduced MD
and four MGE lines were selected and differentiated the into dopami-
nergic neurons (mDAs) and BFCNs, which are primarily affected in
PD and DLB, respectively.45 To validate successful differentiation, we
characterized the neuronal type and differentiation stage of the stably
transduced neuronal progenitor cells, MD and MGE, and the fully
differentiated mature neurons, mDAs and BFCNs, by real-time RT-
PCR and immunocytochemistry using specific markers. The analysis
included (1) b-tubulin III (TUBB3), an established marker of prolifer-
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ative and terminally differentiated neurons, highly expressed in central
nervous system;46–48 (2) nestin (NES), a biomarker of neuron progen-
itor cells;49,50 (3) TH, a biomarker for dopaminergic neurons;51 and (4)
ChAT, a marker for cholinergic neurons in the brain as well as the cen-
tral nervous system.52 All lines of the terminally differentiated neurons,
mDAs and BFCNs, showed high mRNA expression of TUBB3, while
the parental MD and MGE lines did not express TUBB3 as expected
(Figures 1B and 1C, left panels). The expression of NES was low in
mDAs compared to their parental MD and was nearly undetectable
in BFCNs (Figures 1B and 1C, middle panels). The analysis of the
neuronal-type-specific markers showed high expression of TH in all
mDA lines compared to the corresponding parental MD lines (Fig-
ure 1B, right panel) and 27% of the cells expressed TH (Figures 1D
and 1E). Similarly, ChAT was strongly expressed in the BFCN lines
compared to the parental MGE lines (Figure 1C, right panel) and
30% of the cells were positive to ChAT (Figures 1F and 1G). These re-
sults are consistent with our previously published validation studies of
the neuronal differentiation protocols showing similar efficiencies of
the fully neuronal maturation.53,54 In addition, we confirmed co-
expression of the all-in-one LV dCas9-repressor vectors in the corre-
sponding matured neuronal lines (Figures 1D and 1F). These findings
indicated that all four stably transduced MD lines were successfully
differentiated into mDAs and the four stably transduced MGE lines
were efficiently differentiated into BFCNs. The evidence of high and
specific expression of TH and ChAT in the mDA and BFCN lines,
respectively, provided support that the TH and ChAT promoters are
effectively active in each specific differentiated neuronal type; thus,
each line is expected to effectively express the transduced LV vectors.
Collectively, these results demonstrated the establishment of the dopa-
minergic and cholinergic neuronal models for in vitro validation
studies of our neuronal-type-specific epigenome-editing system.

Downregulation of SNCA-mRNA and protein levels

Previously, we showed that targeted hypermethylation of SNCA CpG
islands within intron 1 by the catalytic domain of DNMT3A downre-
gulated SNCA expression.39,40 Here, we studied a new synthetic
repressor molecule we recently developed (unpublished data)55

composed of KRAB and the TRD domain of MeCP2 and tested its ef-
fect on reducing the expression level of the endogenous SNCA. We
selected a gRNA designed to target the 50 end of intron 1 CpG island
known to regulate SNCA transcription35–37(Figure 2A).Wemeasured
the levels of SNCA-mRNA and a-synuclein protein in the four mDA
lines and four BFCN lines stably transduced with the THp-Repressor,
THp-CT, ChATp-Repressor, and ChATp-CT vectors. In addition, we
analyzed the parental progenitor DA and MGE lines and found rela-
tively low levels of SNCA-mRNA (Figures 2B and 2C). The mDA line
carrying the THp-Repressor vector showed a significant decrease in
SNCA-mRNA amounting to nearly 50% compared to the mDA con-
trol line with the THp-CT vector (p = 0.0015, Student’s t test; Fig-
ure 2B, left panel). On the other hand, there was no significant change
in SNCA-mRNA levels in BFCNs with THp-Repressor vector
compared to their control BFCNs with THp-CT line (Figure 2B, right
panel), demonstrating the neuronal-type specificity of SNCA reduc-
tion effect to mDAs.



Figure 1. The generation of the hiPSC-derived

neuronal proof-of-concept models

(A) Schematic describing the structure of lentivirus THp-

Repressor, THp-CT, ChATp-Repressor, and ChATp-CT

vectors. (B) Four stably transduced MD cells were

differentiated into final dopaminergic neurons (mDAs). (C)

Four stably transduced MGE cells were differentiated into

cholinergic neurons (BFCNs). Markers for validation of

successful differentiation were evaluated using real-time

qRT-PCR for TUBB3 (B and C, left); NES (B and C,

middle), TH (B, right), and ChAT (C, right). The levels of

mRNAs were measured by TaqMan expression assays

and calculated relative to the geometric mean of GAPDH-

mRNA and PPIA-mRNA reference controls using the

2�DDCT method. Each column in the data represents the

mean value derived from four biological replicates, each

of which comprises two technical replicates. The error

bars represent the SEM. (D) Representative fluorescence

images of the mDA cell lines transduced with THp-

Repressor (upper) and -CT (lower) vectors. TH (left), FLAG

M2 (middle left), DAPI (middle right), and merge (right).

TH, marker of dopaminergic neurons; FLAG M2, tags the

all-in-one lentiviral CRISPR-dSaCas9 vectors. (E) Pie

charts indicate the percentage of TH+ cells (green) out of

all cells (DAPI+, blue). (F) Representative fluorescence

images of the BFCN cell lines transduced with ChAT-

Repressor (upper) and -CT (lower) vectors. ChAT (left),

FLAG M2 (middle left), DAPI (middle right), and merge

(right). ChAT, marker of cholinergic neurons; FLAG M2,

tags the all-in-one lentiviral CRISPR-dSaCas9 vectors. (G)

Pie charts indicate the percentage of ChAT+ cells (green)

out of all cells (blue, DAPI+).
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Next, we evaluated the efficacy of the reduction in the protein levels by
immunofluorescence assay using double staining for a-synuclein and
M2 FLAG and western blotting. The FLAG marker allowed us to
quantify a-synuclein signal intensities directly only in cells in which
the THp-Repressor and control vectors were successfully expressed.
Quantification analysis of a-synuclein protein was conducted on a
subset of mDA cells co-expressing the FLAG at day 21 of the differ-
entiation. The results showed a significant �30% decrease in a-syn-
uclein protein in the mDAs stably transduced with THp-Repressor
vector compared to mDAs with the control THp-CT vector
(p = 0.0002, Student’s t test; Figures 2D and 2E). Western blotting
analysis validated the significant reduction in a-synuclein protein
(�40%, p < 0.001, Student’s t test; Figures 3A and 3B).

Similar SNCA expression analyses were carried out for the ChATp
lines.We observed�30% lower levels of SNCA-mRNA in BFCNs car-
Molecula
rying the ChATp-Repressor compared to
ChATp-CT vectors (p = 0.0174, Student’s t test;
Figure 2C, left panel), while there was no effect
on SNCA-mRNA levels in the mDAs with the
ChATp-Repressor vector vs. the control mDAs
(Figure 2C, right panel). Thus, the SNCA repres-
sion effect of ChATp-Repressor was specific to
BFCNs. Next, we analyzed the effect on a-synuclein protein level.
Immunofluorescent analysis of the FLAG-co-expressing BFCNs cells
at day 21 of the differentiation validated a significant reduction in the
endogenous a-synuclein levels by approximately 20% in the BFCNs
with the ChATp-Repressor vector vs. the control ChATp-CT vector
(p = 0.004, Student’s t test; Figures 2F and 2G).Western blotting anal-
ysis confirmed the significant repression effect on a-synuclein protein
level (�44%, p = 0.0419, Student’s t test; Figures 3E and 3F).

Our first-generation ectopic-expressed system driven by a constitutive
promoter demonstrated a minimal off-target effect.39 Here we exam-
ined the target specificity of the novel neuronal-type-specific system
harboring our engineered transcription-repressor molecule by a
comprehensive gene expression analysis using TaqMan array. Since
the effector molecule directly represses transcription, we analyzed the
expression of 32 random genes by qRT-PCR. Our results showed
r Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Neuronal-type-specific downregulation of

SNCA-mRNA and protein levels

(A) A schematic diagram adapted from the UCSC Genome

Browser. Left panel, viewer of SNCA gene, (chr:

chr4:89724099-89836240 [Dec.2013(GRCh38/hg38)]),

with the annotated set of SNCA NCBI RefSeq. The cyan

custom tack denotes the position of the intron 1 CpG

island, and the red custom track denotes the position of

the gRNA targeting site. Right panel, zooming into CpG

island viewer showing the gRNA targeting sequence within

the CpG island. The sequence of gRNA is labeled at the

top of the gRNA track. (B and C) Levels of SNCA-mRNA

were assessed using qRT-PCR. The SNCA-mRNA levels

in the different lines were measured by TaqMan-based

gene expression assay and calculated relative to the

geometric mean of GAPDH-mRNA and PPIA-mRNA

reference controls using the 2�DDCt method. Each column

in the data represents the mean value derived from four

biological replicates, each of which comprises two

technical replicates. The error bars represent the SEM. (B)

THp-Repressor vector led to neuronal-type-specific

downregulation of SNCA-mRNA expression in mDAs

differentiated from MD cell line. No effect was observed in

the BFCNs differentiated from MGE. (C) ChATp-Repressor

vector led to neuronal-type-specific downregulation of

SNCA-mRNA expression in BFCNs differentiated from

MGE cell lines. No effect was observed in the mDAs

differentiated from MD cell line. (D) Representative

immunofluorescence images for the a-synuclein (left),

FLAG M2 (middle left), DAPI (middle right), and merge

(right) signals in mDA cell lines transduced with THp-

Repressor (upper) and -CT (lower) vectors. (E)

Quantification of the a-synuclein protein signals in mDAs

expressing the THp-Repressor compared to the control

THp-CT as identified by FLAG co-expression. The

quantification analysis was performed three times

independently, and each time 50 co-expressed cells per

mDA line were analyzed. (F) Representative

immunofluorescence images for the a-synuclein (left),

FLAG M2 (middle left), DAPI (middle right), and merge

(right) signals in BFCN cell lines transduced with ChATp-

Repressor (upper) and -CT (lower) vectors. (G)

Quantification of the a-synuclein protein signals in BFCNs

expressing the ChATp-Repressor compared to the control

ChATp-CT as identified by FLAG co-expression. The quantification analysis was performed three times independently, and each time 50 co-expressed cells per BFCN

line were analyzed. *p < 0.02, **p < 0.005, or ***p < 0.0002; Student’s t test.
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similar gene expression profiles for most tested genes in all transduced
(repressor and control vectors) and naive mDAs and BFCN cell lines
(Figure S1). Notably, the expression of CDKN1A and PES1 genes was
significantly reduced in the BFCN line transduced with the no-
gRNA/no-repressor vector compared to the cells with the vector
harboring the gRNA repressor (Figure S1). These results further sup-
ported the specificity and accuracy of the effect of the vectors contain-
ing the gRNA-repressor component on SNCA-mRNA expression.

Collectively, the effects of the all-in-one LV THp-Repressor and
ChATp-Repressor vectors were consistent on the mRNA and protein
levels in the mDAs and BFCNs, respectively. Overall, these data
demonstrated consistently the efficacy and specificity of the THp-
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
Repressor and the ChATp-Repressor vectors on repressing SNCA
expression in dopaminergic and cholinergic neurons, respectively.

The effect of the neuronal-type-specific SNCA transcriptional

repressor on disease-related cellular phenotypes

The predominant post-translational modification of a-synuclein in
LBs is phosphorylation at serine (Ser)129, a marker of the pathological
a-synuclein aggregates, which is a hallmark of synucleinopathies.56,57

Thus, to determine the effect of the reduction in a-synuclein levels
mediated by our system on ameliorating disease-related neuropatho-
logical characteristics, we analyzed the reactivity to Ser129 phosphor-
ylation of a-synuclein (pS129-a-synuclein) in the stably transduced
mDA and BFCN lines by western blotting. Fully differentiated (day



Figure 3. The effects of the neuronal-type-specific repression of SNCA overexpression on a-synuclein aggregates, cell viability, andmitochondria function

(A) Representative western blot of a-synuclein and pS129-a-synuclein in mDAs stably transduced with THp-Repressor compared to THp-CT. (B–D) Quantitative analyses of

total a-synuclein protein (B) and pS129-a-synuclein protein (C) normalized to B-actin, and of pS129-a-synuclein normalized to total a-synuclein expression (D) in mDA cells.

(E) Representative western blot of a-synuclein and pS129-a-synuclein in BFCNs stably transduced with ChATp-Repressor compared to ChATp-CT. (F–H) Quantitative

analyses of total a-synuclein protein (F) and pS129-a-synuclein protein (G) normalized to B-actin, and of pS129-a-synuclein normalized to total a-synuclein expression (H) in

BFCN cells. *p < 0.05, **p < 0.01, or ***p < 0.001; Student’s t test. (I and J) Cell viability assay using the Incucyte S3 live-cell analysis system. Plots were generated using the

built-in software. (I) The effect of the THp-Repressor vector (red) compared to the respective control vector (THp-CT, blue) on cell viability in mDAs during the differentiation

(legend continued on next page)
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21) mDAs carrying the THp-Repressor vector showed significantly
lower levels of pS129-a-synuclein compared to the control mDA
line (�60%, p = 0.0041, Student’s t test; Figures 3A and 3C). In order
to control for the effect of the overall decrease in of a-synuclein level
(Figures 3A and 3B), we determined the ratios of pS129-a-synuclein/
total a-synuclein. The ratio found for the mDAs with the THp-
Repressor vector was significantly lower in comparison to the control
(�40%, p = 0.0305, Student’s t test; Figures 3A and 3D). Thus, the
decreased level of pS129-a-synuclein was greater than the overall
reduction in a-synuclein, suggesting that our epigenome therapy sys-
tem rescued the pathological surrogate marker of a-synuclein aggre-
gates. Similarly, the levels of pS129-a-synuclein in the mature
BFCNs carrying the ChATp-Repressor vector were significantly
decreased compared to the control BFCNs (�70%, p = 0.0425, Stu-
dent’s t test; Figures 3E and 3G). Upon normalization to total a-syn-
uclein, the reduction remained substantial, showing a significantly
lower pS129-a-synuclein/total a-synuclein ratio in the BFCNs with
the ChATp-Repressor vector vs. the control line (�50%, p = 0.0462,
Student’s t test; Figures 3E and 3H), indicating the rescue of the surro-
gate marker of a-synuclein aggregates.

The neurotoxicity effects of elevated levels of a-synuclein have been
well established and numerous reports demonstrated the relationship
between SNCA overexpression and neuronal cell death.25 To under-
stand the effect of the decrease in a-synuclein levels mediated by
our system on neuronal cell loss, we performed a cell viability assay
over a period of 21 days using the IncuCyte S3 system. This technol-
ogy allows for real-time, continuous monitoring of cell growth and
health by utilizing an imaging platform to quantify the number of
live cells in a culture.

The MD cells stably transduced with THp-Repressor and THp-CT
and the MGE cells stably transduced with ChATp-Repressor and
ChATp-CT were placed in the IncuCyte S3 system, and images
were taken at every 24 h for 21–22 days, during which the differenti-
ation protocols were applied. The images were analyzed using the
IncuCyte software, which automatically quantifies the number of
live cells based on their morphological features. The results showed
a higher cell viability in the MD line carrying the THp-Repressor vec-
tor compared to MD with the control vector from day 7 and
throughout the differentiation process to mature mDA neurons (Fig-
ure 3I), reaching statistical significance in days 11–15 (Table S4). On
day 15 of the differentiation, more than 40% of the dopaminergic neu-
rons with the THp-Repressor vectors were viable, while the viability of
the control neurons was significantly lower (p = 0.013052, Student’s t
process fromMD cell lines. (J) The effect of the ChATp-Repressor vector (red) compared

differentiation process from MGE cell lines. The assay was performed three times for

Mitochondrial membrane potential (MMP) analysis using the Incucyte Sx5 live-cell analys

into mDAs (K) and BFCNs (L). Plots were generated using the built-in software. (K) Quan

THp-Repressor vector (green), the respective control vector (THp-CT, red), and the nai

THp-CT and naive neuronal lines. (L) Quantification of the orange fluorescence intens

respective control vector (ChATp-CT, red), and the naive cells (blue). The ChATp-Repres

The assay was performed three times for each line.
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test; Table S4). At the end of the experimental period (day 22),�30%
of the THp-Repressor stable transduced dopaminergic neurons re-
mained viable (Figure 3I). Similar results were found with the cholin-
ergic lines, demonstrating a higher level of viable cells for the MGE
carrying the ChATp-Repressor vector compared to the corresponding
control cells along the differentiation process to mature BFCNs (Fig-
ure 3J), showing significant differences on days 4–7 (Table S5). At day
6, the control cholinergic neurons already exhibited the lowest cell
viability value compared to�50% viability at day 6 for the cholinergic
neurons with the ChATp-Repressor (p = 0.001, Student’s t test;
Figures 3J and Table S5). Noteworthy, only at day 16 did the
ChATp-Repressor cholinergic neurons show a comparable low level
of viable cells to that observed for the control ChATp-CT cholinergic
neuronal line at day 6 (Figure 3J). These findings are consistent with
the significant differences in viable cells between these lines. Together,
these results suggested that downregulation of SNCAmediated by our
epigenome-editing system enhanced dopaminergic and cholinergic
neuronal survival during the differentiation process.

Mitochondrial dysfunction has been implicated in driving the pathol-
ogy of several neurodegenerative diseases, including PD and DLB,
and the association between overexpression of a-synuclein and
dysfunctional mitochondria has been established.58 To explore the
beneficial effect of a-synuclein downregulation mediated by our
system on mitochondrial function, we conducted the Incucyte mito-
chondrial membrane potential (MMP) assay at day 10 of the differen-
tiation process. A drop in MMP indicates a disruption in mitochon-
drial function and integrity. The MMP assay utilizes the Incucyte
MMP Orange Reagent, which accumulated in active mitochondria
in proportion to the MMP and by that enables real-time detection
of transient and long-term changes in MMP in live cells. The control
THp-CT dopaminergic and ChATp-CT cholinergic neuronal lines
demonstrated a robust decrease in the orange fluorescence intensity
compared to their counterpart neuronal lines stably transduced
with the THp-Repressor and the ChATp-Repressor, respectively
(Figures 3K and 3L). The results showed similar decline trends in
the orange fluorescence intensities for the control and the naive cells
of each neuronal type over a period of 28 h (Figures 3K and 3L). Thus,
the MMP remained more stable in the THp-Repressor dopaminergic
and the ChATp-Repressor cholinergic neurons relative to the drops
observed in monitoring the respective naive and control neuronal
lines (Figures 3K and 3L). These results indicated that our epigenome
therapy system ameliorated mitochondrial dysfunction and per-
turbed integrity in dopaminergic and cholinergic disease model
neurons.
to the respective control vector (ChATp-CT, blue) on cell viability in BFCNs during the

each line. *p < 0.05, **p <0.01, or ***p <0.001; multiple Student’s t test. (K and L)

is system. Cells were monitored along a period of 48 h at day 10 of the differentiation

tification of the orange fluorescence intensities the mDA lines stably transduced with

ve cells (blue). The THp-Repressor vector rescued the loss of MMP observed in the

ities the BFCN lines stably transduced with ChATp-Repressor vector (green), the

sor vector rescued the loss of MMPobserved in the THp-CT and naive neuronal lines.
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Collectively, the results demonstrated that the epigenome-editing-
mediated neuronal-type-specific reduction in SNCA-expression levels
reversed the phenotypic perturbations of the SNCA-Tri hiPSC-
derived dopaminergic and cholinergic neurons.

DISCUSSION
In this study, we developed the first cell-type-specific SNCA-targeted
epigenome-editing tool applicable as a gene therapy approach for
synucleinopathy spectrum disorders. Specifically, we developed a
novel all-in-one LV vector harboring gRNA, dCas9, and the fused
KRAB-MeCP2(TRD) repressor molecule driven by TH and ChAT
promoters to precisely target a regulatory element within SNCA
intron 1 region with specificity to dopaminergic and cholinergic neu-
rons, respectively. Validation of the neuronal-specific epigenome-ed-
iting system, using mDA and BFCN mature neurons derived from a
patient with SNCA triplication, resulted in neuronal-type-specific
downregulation of SNCA-mRNA and protein expression. Moreover,
as a consequence, the neuronal-type-specific SNCA reduction rescued
disease-related pathological hallmarks, in particular neuronal sur-
vival, mitochondrial dysfunction, and the levels of Ser129-phophory-
lated a-synuclein, the predominant modification of a-synuclein in
the pathological aggregates.56

In previous studies, we developed the first generation of the technol-
ogy.39,40 Here, we aimed to refine the system for therapeutics appli-
cations specific for each synucleinopathy (i.e., PD and DLB). To-
ward this goal, we developed a new improved system and
perfected the platform several ways. Foremost, the prior viral vector
was expressed from a constitutive promoter (EF1alpha core pro-
moter [EFS-NC]). To achieve efficient and specific expression of
the system in the vulnerable neuronal types for each disease, we
modified the promoter to TH and ChAT, specific markers of dopa-
minergic and cholinergic neurons, respectively. This modification
also circumvents undesirable manipulation of SNCA expression in
other cell types. Thus, it facilitates the assessment of route of admin-
istration (ROA) that are not directed into the affected brain region,
such as intracerebroventricular (ICV) and the non-invasive intra-
nasal drug delivery routes to the brain. In addition, we engineered
a novel synthetic repressor protein based on the fusion of KRAB
and the TRD of MeCP2, which demonstrated a stronger efficacy
to reduce expression (our unpublished data).55 Another improve-
ment of the engineered KRAB-MeCP2(TRD)is the smaller size rela-
tive to DNMT3A. Finally, we replaced the deactivated nuclease to
the compact Staphylococcus aureus (Sa)Cas959. Overall, the new
all-in-one vector that includes dSaCas9/KRAB-MeCP2(TRD) can
be packaged in the payload-limited adeno-associated viral (AAV)
vector that is commonly used for in vivo gene editing59 (our unpub-
lished data). Collectively, the new system brings crucial advance-
ments and strengthens the translational potential for precision med-
icine in synucleinopathies.

In this proof-of-concept study, we validated the new all-in-one dSa-
Cas9/KRAB-MeCP2(TRD) using hiPSC-derived mDA and BFCN
lines obtained from a patient carrying the triplication of the SNCA
locus (SNCA-Tri hiPSC). Patients with the SNCA triplication man-
ifest early-onset PD and DLB;42 therefore, hiPSC lines obtained
from these patients represent an adequate model for PD and DLB
drug discovery and preclinical studies.39,40,53 Application of
hiPSC-derived systems as disease models for drug discovery has
become increasingly common,60,61 specifically in early preclinical
phase to explore the cellular disease pathophysiology and validate
drug targets and as screening and optimization platforms of early
therapeutics strategies (reviewed in MacDougall et al.60). hiPSC-
derived disease models are beneficial in preclinical phase for several
reasons; primarily, they represent the only available human-based
models in which the full genetic landscape of the patients is
captured.60 In addition, they are cost-effective, versatile, and over-
come many of the innate limitations of available animal models.60

We recently performed in-depth characterization of SNCA-Tri
hiPSC-derived mDAs and BFCNs provided further support for their
suitability to model PD and DLB, respectively, for basic, transla-
tional, and preclinical studies.53 Our current preclinical study
demonstrated the utility and feasibility of patient hiPSC-derived
neuronal models in the early stage of drug development and pro-
vided evidence for the importance of hiPSC technology in offering
the opportunity to perform validation studies using the relevant
cell type for each disease indication.

Manipulations of SNCA levels have demonstrated a beneficial
impact.31–33 However, neurotoxicity associated with robust reduction
of SNCA levels was reported.62,63 Familial patients with the triplica-
tion or duplication of the SNCA locus showed constitutively 200%
and 150% higher levels of SNCA,42–44,53 respectively, compared to
subjects with diploid copies of SNCA, and these patients manifest
early-onset PD and DLB.42,44 Thus, it is predicted that a reduction
of 33%–50% in SNCA-mRNA and protein expression should restore
normal physiological levels of SNCA and be sufficient for therapeutic
benefits. Our goal is to fine-tune SNCA levels in sporadic PD and DLB
caused by SNCA dysregulation, and we presume that a reduction of
30% or less could serve as the therapeutic window. Here, we achieved
neuronal-type-specific reduction in SNCA overexpression of 41% and
44% in dopaminergic and cholinergic neurons, respectively. Further-
more, we demonstrated that these reduction levels were sufficient to
effectively reverse key neuropathological features (i.e., the presence
Ser129-phophorylated a-synuclein, surrogate of a-synuclein aggre-
gates, neuronal cell loss, and mitochondrial dysfunction). These
results provided an in vitro proof of concept for the efficacy and effi-
ciency of our new neuronal-type-specific therapeutic strategy and a
strong premise for moving forward into animal studies toward IND
enablement.

In conclusion, our new SNCA-targeted epigenome therapy presents a
strategy for targeting the precise gene in the precise brain-cell-type in
the affected brain region. The platform offers the opportunity to
refine the vector for packaging in AAV for safer and efficient delivery
into the brain. This study introduces PD- and DLB-specific gene ther-
apy technologies and thereby advances precision medicine in
synucleinopathies.
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MATERIALS AND METHODS
Plasmid design and construction

The triple-FLAG-tagged KRAB-MeCP2(TRD) repressor was ampli-
fied from pCL52 and cloned into a lentivirus vector carrying dSa-
Cas9-p2a-puromycin with an effector cloning site under the control
of EF-1a promoter and a gRNA-cloning site (two BsmBI cutting sites)
located downstream of the U6 promoter. The EF-1a promoter was
then replaced with human TH promoter and human choline acetyl-
transferase (ChAT) promoter to generate two separate neuronal-
type-specific vectors. Next, the p2A sequence was replaced with
SV40 promoter to support the expression of the puromycin resistance
gene in the selection of the neural progenitor cells. The gRNA
sequence (gRNA1, ACCTCCCAGAGACCTGGCCCAG) targeting
the SNCA gene was inserted into the two BsmBI sites. The resulting
vectors were named THp-Repressor and ChATp-Repressor, respec-
tively. To generate the negative-control vectors, the vectors without
gRNAs were used and the KRAB-MeCP2(TRD) cassette was removed
by digestion with AgeI and FseI, resulting in negative-control plasmid
THp-CT and ChATp-CT, respectively. The cell-type-specific pro-
moters (TH and ChAT promoter) were synthesized using the Gen-
script Biotech (Piscataway, NJ) service.
Lentiviral particle production

LVs were generated using the transient transfection protocol,64 as
described previously. Briefly, 15mg of vector plasmid, 10mg of psPAX2
packaging plasmid (Addgene 12260), 5 mg of pMD2.G envelope
plasmid (Addgene 12259), and 2.5 mg of pRSV-Rev plasmid (Addgene
12253)were transfected into 293T cells. Vector particles were collected
from filtered conditioned medium at 72 h post transfection. The par-
ticles were purified using the sucrose-gradient method and concen-
trated >250-fold by ultracentrifugation (2 h at 20,000 rpm). Vector
and viral stocks were aliquoted and stored at �80�C.
Transduction and puromycin selection

MD and MGE were transduced with each of the constructed LV
repressor and control vectors at theMOI = 0.2. At 16 h post-transduc-
tion, the media were replaced, and, at 48 h post transduction, puro-
mycin was applied at the final concentration of 1 mg/mL. The cells
were maintained on the puromycin selection medium for 21 days
to obtain the stable MD andMGE lines that carry each of the different
LV repressor and control vectors.
Cell culture and neuronal differentiation

hiPSCs from a patient with a triplication of the SNCA gene (SNCA-
Tri, ND34391, RRID:CVCL_F202) was purchased from the National
Institute of Neurological Disorders and Stroke (NINDS) Human Cell
and Data Repository (https://nindsgenetics.org). The ND34391 line
was previously differentiated into progenitor neurons, ventral
midbrain (MD) and medial ganglionic eminence (MGE)45 as descri-
bed in Tagliafierro et al.53

Differentiation of MD into mDAs was performed following the
following protocol.53,65 Briefly, 5 � 105 cells/mL MD were seeded
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on poly-L-ornithine/laminin-coated plates in N2B27medium supple-
mented with 3 mMCHIR99021, 2 mMSB431542, 5 mg/mL BSA, 20 ng/
mL fibroblast growth factor (FGF), and 20 ng/mL epidermal growth
factor (EGF). At 24 h post passage, MD maintenance medium was
substituted by final differentiation medium consisting of N2B27
medium supplemented with 100 ng/mL FGF8 (Peprotech), 2 mMpur-
morphamine, 300 ng/mL dibutyryl-cyclic AMP (cAMP) (db-cAMP),
and 200 mM L-ascorbic acid (L-AA) for 14 days. From day 14, cells
were fed with maturation medium consisting of 20 ng/mL glial cell
line-derived neurotrophic factor (GDNF), 20 ng/mL Brain-derived
neurotrophic factor (BDNF), 10 mM DAPT, 0.5 mM db-cAMP, and
200 mM L-AA. Medium was changed every other day.

Differentiation of MGE into BFCNs was performed with the
following protocol.53,66 Briefly, 5 � 105 cells/mL MGE were seeded
on poly-L-ornithine/laminin-coated plates in NEM (seven parts
KO-DMEM to three parts F12, 2 mM Glutamax, 1% penicillin and
streptomycin, supplemented with 2% B27), plus 20 ng/mL FGF,
20 ng/mL EGF, 5 mg/mL heparin, 20 mM SB431542, and 10 mM
Y27632 medium supplemented with 3 mM CHIR99021, 2 mM
SB431542, 5 mg/mL BSA, 20 ng/mL bFGF, and 20 ng/mL. At 24 h
post passage, MGEmaintenance medium was substituted by final dif-
ferentiation medium, BrainPhys Medium (Stemcell Technologies)
supplemented with N2, B27, BDNF, GDNF, L-ascorbic acid, and
db-cAMP for 3 weeks. Medium was changed every other day.

Cell count assay

To determine the differentiation efficiency of MD into mDAs and
MGE into BFCNs, fluorescence images were collected using an
EVOS microscope. The numbers of total cell (DAPI+), mDA(TH+),
and BFCN(ChAT+) were counted manually. Total differentiation ef-
ficiency of MGE/MD was assessed by the ratio of TH+ cells or ChAT+

and DAPI labeling cells. From each coverslip, five randomly chosen
fields were counted.

RNA extraction and cDNA synthesis

For this, 3 � 105 cells were grown in cell differential medium for
neuron differentiation. At day 21, cell samples were harvested and
total RNA was extracted and purified from cells using Total RNA Pu-
rification Kits (Norgen Biotek, Canada). RNA concentration was
determined spectrophotometrically at 260 nm using Nanodrop One
Spectrophotometer (Thermo Scientific), while the quality of the puri-
fication was determined by 260/280 nm ratio, which showed values
between 1.9 and 2.1, indicating high RNA quality. cDNA was synthe-
sized using SuperScript IV VILO Master Mix (Thermo Scientific) ac-
cording to the manufacturer’s manual.

Real-time PCR

Real-time PCR was used to quantify the mRNAs expression of the
neuronal markers and to evaluate possible off-target effects. Quan-
tification of neuronal markers was performed as previously
described.53,54 Briefly, triplicates of each sample were assayed by
relative real-time qPCR using TaqMan expression assays and the
ABI QuantStudio 7 (Applied Biosystems) to determine the level of
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the mRNA of the neuronal markers in the different cell lines relative
to mRNAs encoding housekeeping genes. The TaqMan minor
groove binder (MGB) probe and primer set assays (Applied Bio-
systems) were used to amplify the target neuronal markers and
the housekeeping reference controls are listed in Table S1. Each
cDNA (5 ng) was amplified in duplicate in at least two independent
runs (R4 repeats overall), using TaqMan Fast Advanced Master
Mix reagent (Applied Biosystems) and the following conditions:
2 min at 50�C, 10 min at 95�C, 40 cycles; 15 s at 95�C; and 1 min
at 60�C. Data were analyzed using a comparative delta-delta Ct
method, also known as the 2–DDCt method. The cycle number at
which any sample crossed that threshold (Ct) was then used to
determine fold difference, whereas the geometric mean of the two
control genes served as a reference for normalization. Fold differ-
ence was calculated as 2�DDCt. DCt = [Ct(target)-Ct (geometric
mean of reference)]. DDCt = [DCt(sample)] �[DCt(calibrator)].
The calibrator was a particular RNA sample obtained either from
human total brain RNA (Thermo Scientific) or control cells, used
repeatedly in each plate for normalization within and across runs.
The variation of the DCt values among the calibrator replicates
was smaller than 10%.

Off-target analysis was performed using a commercial array (Applied
Biosystems) consisting of 32 genes (18S, GADPH, HPRT1, GUSB,
ACTB, B2M, HMBS, IPO8, PGK1, RPLPO, TBP, TFRC, UBC,
YWHAZ, PPIA, POLR1A, CASC3, CDKN1A, CDKN1B, GADD45A,
PUM1, PSMC4, EIF2B1, PES1, ABL1, ELF1, MT-AT6, MRPL19,
POP4, RPL37A, RPL30, RPS17). Data were uploaded to the Thermo
Fisher Cloud and analyzed with Applied Biosystems qPCR Analysis
Modules.

Immunocytochemistry

For imaging, 2.6� 104 cells were plated onto Nunc Lab-Tek Chamber
Slide System (Thermo Scientific). Cells were fixed in 4% paraformal-
dehyde (PFA) and permeabilized in 0.1% Triton X-100 prior to
immunofluorescence staining. Cells were then blocked in 5% goat
serum for 1 h before incubating with primary antibodies overnight
at 4�C. Following washes with PBS, cells were incubated with second-
ary antibodies (Alexa Fluor, Life Technologies) for 1 h at room tem-
perature. Nuclei were stained with NucBlue Fixed Cell ReadyProbes
Reagent (Thermo Fisher), following the manufacturers’ instructions.
Images were captured on EVOS (Invitrogen). Primary and secondary
antibodies are listed in Table S2.

For the quantitative analysis of immunofluorescence, 50 cells from each
mDA/BFCN lines were imaged. The immunofluorescence intensity of
a-synuclein protein and the FLAG were measured using ImageJ soft-
ware. The percentage of successfully differentiated mDAs and BFCNs
was determined by the number ofTH-positive andChAT-positive cells,
respectively, divided by the total number of DAPI-positive cells.

Western blotting

Here, 2 � 106 cells were grown in cell differential medium for
neuron differentiation. At day 21, cell samples were harvested and
lysed with RIPA buffer (Millipore, Germany). Expression levels of
the total human a-synuclein protein and the Ser129 phosphorylated
a-synuclein protein (pS129-a-synuclein) in the mDA/BFCN lines
were determined by western blotting with the a-synuclein rabbit
monoclonal antibody (1:2,000), pS129-a-synuclein polyclonal anti-
body (1:500), and with monoclonal antibody (mAb) B-actin
(1:5,000) for normalization. The list of antibodies used for the west-
ern blotting can be found in Table S3. The cells were scraped from
the dish and homogenized in RIPA buffer (EMD Millipore, MA) in
the presence of a protease and phosphatase repressor cocktail
(Sigma, St. Louis, MO). Total protein concentrations were deter-
mined by the BCA Protein Assay (Thermo Scientific), and 25 mg
of each sample was run on 4%–12% NuPAGE gels. Proteins were
transferred to polyvinylidene fluoride (PVDF) membranes, and
blots were first incubated with 0.4% paraformaldehyde (PFA) and
then blocked with Blocker FL Fluorescent Blocking Buffer (Thermo
Scientific). Primary antibodies were incubated at 4�C overnight.
Alexa Fluor 790 donkey anti-rabbit IgG- and Alexa Fluor 680
donkey anti-mouse IgG-conjugated secondary antibodies were
incubated for 1 h at room temperature (Abcam; 1:10,000). The
signal was detected and imaged using the iBright system (Thermo
Scientific). Total a-synuclein and pS129-a-synuclein expression
was normalized to B-actin expression in the same lane. Relative
pS129-a-synuclein was normalized to total a-synuclein in the
same line. Each experiment was repeated twice.

Cell viability

mDA/BFCN differentiation assays were carried out as described
above. Briefly, 2.5� 105 indicated cell lines were cultured in differen-
tiation medium for 4 days and then placed in Incucyte S3 (Sartorius,
Germany), a simple, reliable, and easy method through the Incucyte
S3 live-cell analysis system for cell viability assay,67–69 for over time
image acquisition. The plate was scanned from nine separate regions
per well using a 20� objective lens every 24 h for 21 days. The images
were then analyzed using the built-in tools, and the viable cell number
(object count) changes over time, normalized to the indicated day,
were plotted using the built-in software.

MMP analysis

Changes in the MMP of the differentiated mDA and BFCN cells were
analyzed using Incucyte MMP Orange Reagent Kit (Sartorius, Ger-
many), and 2.5 � 104 MD cells stably transduced with THp-
Repressor and THp-CT and the MGE cells stably transduced with
ChATp-Repressor and ChATp-CT were cultured in poly-ornithine/
laminin-coated 96-well plates with differentiation medium. At day
10, cells were incubated with culture medium containing 20 nM In-
cucyte MMP Orange Reagent for 1 h and then placed in an Incucyte
Sx5 (Sartorius, Germany) for imaging. Cells exhibiting orange fluo-
rescing mitochondria were considered healthy. The images were
analyzed with the Incucyte Basic Analysis Software Module.

Statistical analyses

Each RT-PCR experiment was repeated four times. The immunoflu-
orescence assay, western blotting assay, cell viability assay, and MMP
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 9
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assay were repeated three times each to ensure accuracy and
reproducibility.

All data are presented as mean ± standard error of the mean (SEM).
Error bars in figures represent SEM to visualize data variability. The
significance of the differences between the mean values were analyzed
by the two-tailed unpaired Student’s t test using GraphPad Prism 9.
To perform statistical analysis on the cell viability assay, the raw
data were exported from the Incucyte instrument, and the values of
arguments "Area" were used to perform multiple t tests. p values %
0.05 were considered to indicate statistically significant differences.

DATA AND CODE AVAILABILITY
All data collected for this study and LV vector sequences will be avail-
able upon publication under controlled-use conditions as supple-
mental information and/or via a website link.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2023.102084.
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