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Purpose: Deregulation of SNCA encoding a-synuclein (a-SYN) has been associated with both the familial and sporadic forms
of Parkinson disease (PD). Epigenetic regulation plays a crucial role in PD. The intron1 of SNCA harbors a large unmethylated
CpG island. Ten-eleven translocation methylcytosine dioxygenase 1 (TET1), a CpG island binding protein, can repress gene
expression by occupying hypomethylated CpG-rich promoters, and therefore SNCA could be a target for TET1. We investi-
gated whether TET1 binds to SNCA-intron1 and regulates gene expression.

Methods: The dopaminergic neuronal cell line, ReNcell VM, was used. Reverse transcription-polymerase chain reaction (RT-
PCR), real time-quantitative PCR, Western blot, dot-blot, and Chromatin immunoprecipitation were conducted. The substan-
tia nigra tissues of postmortem PD samples were used to confirm the level of TET1 expression.

Results: In the human dopaminergic cell line, ReNcell VM, overexpression of the DNA-binding domain of TET1 (TET1-
CXXC) led to significant repression of a-SYN. On the contrary, knocking down of TET1 led to significantly higher expression
of a-SYN. However, overexpression of the DNA-hydroxymethylating catalytic domain of TET1 failed to change the expression
of a-SYN. Altogether, we showed that TET1 is a repressor for SNCA, and a CXXC domain of TET1 is the primary mediator
for this repressive action independent of its hydroxymethylation activity. TET1 levels in PD patients are significantly lower
than that in the controls.

Conclusions: We identified that TET1 acts as a repressor for SNCA by binding the intron1 regions of the gene. As a high level
of a-SYN is strongly implicated in the pathogenesis of PD, discovering a repressor for the gene encoding a-SYN is highly im-
portant for developing novel therapeutic strategies for the disease.
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* HIGHLIGHTS
- Ten-eleven translocation methylcytosine dioxygenase 1 (TET1) acts as a repressor for a-synuclein gene (SNCA).
- Postmortem human Parkinson disease samples express low levels of TET1 compared to the control samples.
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INTRODUCTION

Parkinson disease (PD) is a progressive neurological disorder
characterized by the loss of dopaminergic neurons in the sub-
stantia nigra (SN) and accumulation of a-synuclein (a-SYN)
[1,2]. The SNCA gene encodes a-SYN protein and can over-
produce a-SYN, which accumulates abnormally in the brains of
people with PD [3]. Excessive expression of a-SYN is strongly
associated with familial and sporadic PD [4-7]. Moreover,
many studies related to SNCA-intronl hypomethylation, tran-
scription factors, polymorphisms in the distal enhancer-bind-
ing region, microRNA-mediated regulation, and upstream di-
nucleotide repeat polymorphisms (NACP-Repl) have power-
fully demonstrated the mistranslation and epigenetic regulation
of SNCA in PD [8-15]. SNCA harbors a strong CpG island
(CGI) in the upstream regulatory region encompassing pro-
moter and intronl [16]. Our previous study has shown that the
CpGs in the intronl region remain equally hypomethylated in
control and PD subjects, indicating a limited role of DNA
methylation in the regulation of SNCA in PD [17]. Other stud-
ies have also observed similar to our findings [18-20]. However,
this hypomethylated CGI of SNCA and associated histone
modifications might play roles in recruiting other epigenetic
modifiers and transcription factors to regulate a-SYN expres-
sion in dopaminergic neurons.

The ten-eleven translocation (TET) protein family includes 3
members (TET1-3), and all 3 TET proteins can subsequently
oxidize the methyl group of 5-methylcytosine (5mC) to yield 3
different forms of 5-hydroxymethylcytosine (5hmC), 5-formyl-
cytosine, and 5-carboxylcytosine [21,22]. The ten-eleven trans-
location methylcytosine dioxygenase 1 (TET1), a member of
the TET family of enzymes, is one of the CGI binding proteins
and is known for its role in catalytic conversion of 5mC to
5hmC [23]. The discovery of TET1 partially contributed to
solving the puzzle of DNA [23-25]. Interestingly, TET1 has
been shown to work as a dual function oxidase in mouse em-
bryonic stem cells, allowing repression and activation of 2 dif-
ferent target genes [26]. It can also recruit other corepressor
molecules, Sin3A, which can suppress gene transcription [27].
TET]1 preferentially binds to an unmethylated CGI-containing
promoter through its CXXC domain and regulates gene expres-
sion [28-30]. This protein has also been shown to bind the biva-
lent promoters, which are marked by both histone 3 lysine 4
trimethylation (H3K4me3; activation mark) and histone 3 ly-
sine 27 trimethylation (H3K27me3; repression mark) modifi-
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cations [26,30,31].

This research investigates whether TET1 binds to SNCA-in-
tronl and regulates gene expression. Since SNCA is generally a
bivalent promoter and remains hypomethylated in the neuro-
nal cells, we sought to examine whether the regulatory function
of TET1 is independent of its catalytic activity. Our study aims
to unravel a novel epigenetic mechanism by which a-SYN ex-
pression is controlled in PD.

MATERIALS AND METHODS

Postmortem Brain Tissues

We used postmortem brain samples from the SN region (con-
trol [n=8], PD [n=17]). All human postmortem brain samples
were procured from NIH Neurobiobank and were used in ac-
cordance with the principles of the Declaration of Helsinki of
the World Medical Association. All the samples were ethnicity,
age, and sex-matched. The demographic data of all participat-
ing samples are presented in Supplementary Table 1.

Cell Culture

ReNcell VM cell line derived from human fetal ventral mesen-
cephalon was obtained from EMD Millipore (SCC008). The
cells were cultured following the previously described [32].
ReNcell VM was maintained in a medium containing DMEM/
F12 (Thermo Fisher Scientific Inc., Waltham, MA, USA; SH
30023ES) supplemented with B27 supplement (Life technolo-
gies, Carlsbad, CA, USA; 17504-044), Glutamax (Life technolo-
gies, 35050-061), 10-units/mL heparin sodium salt (Tocris Bio-
science, Ellisville, MO, USA; 2812), 50-ug/mL Gentamicin (Life
technologies, 15750-060), 20-ng/mL epidermal growth factor
(Millipore, Burlington, MA, USA; GF144), and 20-ng/mL basic
fibroblast growth factor (PeproTech, Seoul, Korea; AF-100-18B)
on laminin-coated tissue culture dishes. Differentiation of the
cells was accomplished by changing the medium mentioned
above without growth factors for 14 days.

HEK293T cells were cultured in DMEM/high glucose medi-
um (Thermo Fisher Scientific, SH30243FS) supplemented with
10% fetal bovine serum (Atlanta Biological Pvt. Ltd., Kolkata,
India; S10350H). All cells were maintained in a humidified at-
mosphere with 5% CO, at 37°C.

DNA Constructs and Transfection
The CXXC domain (amino acid 528-674) of TET1 was ampli-
fied from cDNA of undifferentiated ReNcell VM. The 441 bp
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amplicon containing EcoRI/Xhol restriction enzyme sites was
cloned into pAAV-IRES-hrGFP vector harboring 3X flag tag
(Clontech Laboratories Inc., Mountain View, CA, USA). To
generate the ReNcell VM stably overexpressing the TET1-
CXXC domain, the cDNA encoding TET1-CXXC-flag from
pAAV-IRES-hrGFP vector was subcloned into EcoRI/Apal
sites of pLVX-DsRed-Monomer-N1 vector (Clontech Labora-
tories Inc.). The catalytic domain of TET1 (amino acids 1418-
2136) and its inactive catalytic form cloned in pAAV-EFla-HA-
hTET1CD-WPRE-PolyA vector were a kind gift from Hongjun
Song (Addgene plasmids # 39454 and 39455). According to the
manufacturer’s instructions, ReNcell VM or HEK293T cells
were transfected with plasmid DNA using X-fect transfection
reagent (Clontech Laboratories Inc., PT5003-2).

Generation of Stable Cell Line

ReNcell VM stably expressing the TET1-CXXC domain were
generated by lentiviral transduction. The pLVX-TET1-CXXC-
DsRed-Monomer-N1 vector was cotransfected with lentiviral
packaging plasmids pLP1, pLP2, and pLP/VSVG (Life Tech-
nologies, K4944-00) at a 1:1:1:1 ratio using X-fect transfection
reagent in HEK293T cells. 48 hours after transfection, the lenti-
viral particles containing the medium were collected and cen-
trifuged briefly at 500 g for 10 minutes to remove the remaining
cell debris. Lentiviral particles were treated to ReNcell VM
grown on 24 well plates. Following 48-hour treatment with len-
tiviral particles, the cells were positively selected under antibiot-
ic puromycin (2 mg/mL) (Acros Organics, Veneto, Italy;
227420100).

Knockdown of TET1

Knocking down of the human TET1 gene was achieved by ei-
ther lentiviral particles containing short hairpin RNA (shRNA)
constructs or by small interfering RNA (siRNA), as mentioned
in the text. The shRNA plasmid cocktails were purchased from
Open Biosystems (RHS4531; now acquired by Horizon Discov-
ery, Cambridge, UK). The shRNAs were embedded in miR30a
backbone in pGIPZ vector; the sequences are shown in Supple-
mentary Table 2. As mentioned above, lentiviral particles were
made, and stable shRNA cell lines (ShTET1) were made with
individual shRNA following antibiotics selection. For knock-
down assays, TET1-shRNA stable line and control (a nontar-
geting sShRNAmiR-pGIPZ) stable line were differentiated for 14
days before harvesting them for western blot analysis. These cell
lines stably express TET1 knockdown sequences. No abnor-
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malities were observed in the differentiation of these shRNA
stable lines compared to the control (empty vector and wild-
type) lines. Additionally, we carried out knockdown of TET1
using transient overexpression of validated siRNAs in wild-type
ReNcell VM. Double-stranded siRNAs targeting TET1
(siTET1) and nontargeting siRNA (scrambled siRNA for a neg-
ative control) were obtained from Thermo Fisher Scientific
(s37192). The sequences for siTET1 were Sense
5'"-GAAGCUGAAAAAUCGAAAALtt-3', Antisense
5'-UUUUCGAUUUUUCAGCUUCtg-3". The ReNcell VM
was transfected with siTET1 or scrambled siRNA using Lipo-
fectamine RNAIMAX (Thermo Fisher Scientific, 13778030) as
the manufacturer’s instructions recommend.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed fol-
lowing protocol for the EZ ChIP kit (Millipore, 17-371) with
the following modifications as described in Guhathakurta et al.
[33]. The shearing of chromatin was standardized, as shown in
Supplementary Fig. 1. Supplementary Table 3 shows a list of
antibodies used in ChIP.

RT-PCR and Real Time-qPCR

Total RNA was extracted from the ReNcell VM using Trizol re-
agent (Invitrogen, Waltham, MA, USA). cDNA was synthesized
as described in the manufacturer’s protocol (GenDEPOT, Katy,
TX, USA; R5600-050). The sequences of specific primers are
shown in Supplementary Table 4. Relative TET1 mRNA levels
were determined by real time-quantitative PCR using Power
SYBR Green Master Mix (Thermo Fisher Scientific, 4367659).
Real time-qPCR reaction programs were 50°C for 2 minutes,
95°C for 2 minutes, and 40 cycles of 95°C for 3 seconds and
60°C for 30 seconds. The relative mRNA level was normalized
to GAPDH expression and calculated by the 2**“ method.

Western Blot

Proteins (15-75 pg/sample) were loaded on 5 or 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride membrane. The membranes
were blocked by 5% nonfat milk in Tris-buffered saline contain-
ing 0.05 % Tween-20 (TBS-T) for 1 hour at room temperature
(RT) and incubated with respective primary antibodies at 4°C
overnight. And then, the membrane was incubated with re-
spective secondary antibodies for 1 hour at RT. The protein
bands were visualized by Enhanced Chemiluminescent detec-
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tion Reagents (Thermo Fisher Scientific, 45-010-090). A list of
antibodies used in western blot is presented in Supplementary
Table 3.

Dot-Blot

DNA Dot-blot for detecting ShmC was performed following the
protocol outlined by Ito et al. [22] 2011 with modifications. Ge-
nomic DNA was isolated from the untransfected and transfected
ReNcell VM with the TET1-catalytic domain or its inactive
form. Three different concentrations with the same volume (125
ng, 250 ng, and 500 ng) of each sample were blotted on Zeta-
Probe GT Genomic Tested Blotting Membranes (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA). The dots were UV cross-
linked (UVC 1000) on the membrane and blocked in 5% nonfat
milk in TBS-T for 1 hour at RT. The membrane was incubated
with anti-5hmC antibody (1:10,000; Active Motif, Carlsbad, CA,
USA, 39769) at 4°C overnight. Then, the membranes were incu-
bated with a secondary antibody for 1 hour at RT. The mem-
brane was visualized with Super Signal West Pico Chemilumi-
nescent Substrates (Thermo Fisher Scientific, 34077).

Bisulphite-Sequencing

To understand the methylation status of the SNCA-intronl re-
gion, bisulphite amplification was done following the protocol
outlined in our previous publications [17,34].

Statistical Analyses

Data are presented as mean +standard error of the mean.
Statistical analyses were conducted using GraphPad Prism
v.9.3.1 (GraphPad Software Inc., San Diego, CA, USA). An un-
paired Student t-test for cell line data and a Mann-Whitney t-
test for human subjects were performed to compare the mean
between the 2 groups. The data for methylation was prepared
using Quantification Tool for Methylation Analysis (QUMA)
software (http://quma.cdb.riken.jp). The level of statistical sig-
nificance was considered if the P-value was <0.05.

RESULTS

SNCA Regulatory Region Shows Bivalent Histone Marks

We first investigated the epigenetic structure of SNCA in the SN
from adult human brain samples in NIH Roadmap epigenom-
ics data. It showed both H3K4me3 and H3K27me3 marks in
the upstream regulatory region of SNCA. There was a sharp
peak of H3K4me3 encompassing the transcription start site
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(TSS) and CpG island region. The H3K27me3 was distributed
throughout the gene body (Fig. 1A). We also checked 2 histone
marks in SNCA-intronl with undifferentiated/differentiated
human neuronal cells. Undifferentiated/differentiated ReNcell
VM showed enrichment of both H3K4me3 and H3K27me3.
Differentiated ReNcell VM demonstrated stronger co-presence
than undifferentiated ReNcell VM (Fig. 1B). The methylation
states of SNCA-intronl of undifferentiated and differentiated
ReNcell VM exhibited largely unmethylated CGI (Fig. 1C, D),
similar to our previously reported human postmortem brain
samples [17].

TET1 Binds to the Human SNCA-Intron1 Region and
Represses a-SYN Expression
It has been reported that TET1 binds to the unmethylated CGI-
containing monovalent promoters (marked by H3K4me3 only)
or bivalent promoters (marked by both H3K4me3 and H3K-
27me3) [28]. TET1 is a large protein of 2,136 amino acids with a
molecular weight of 232 kDa [23]. This protein has 2 distinct
domains with different functions, a cysteine-rich zinc finger
CXXC domain for DNA binding and a catalytic domain for
5mC hydroxymethylation (Fig. 2A). The hypomethylated CGI
of SNCA-intronlis bivalently marked, implying an ideal region
where TET1 may bind. We first verified the expression of TET1
and found abundant protein levels in undifferentiated and dif-
ferentiated ReNcell VM. The binding of TET1 at the SNCA-in-
tronl was examined in human postmortem SN tissues using the
ChIP assay. As expected, we observed TET1 bound to the SN-
CA-intronl in human SN tissues (Fig. 2B). Since TET1 is a rela-
tively large protein, overexpressing TET1 was challenging. We
tried to overexpress the full-length TET1; however, we remained
unsuccessful despite our repeated attempts to adhere to different
transfection/electroporation protocols (Supplementary Fig. 2).
To circumvent the situation, we subcloned and overexpressed
the DNA binding CXXC domain and hydroxymethylating cata-
lytic domains separately to see their effect on a-SYN expression.
Flag-tagged DNA binding TET1-CXXC domain was overex-
pressed in HEK293T cells to determine its binding to this re-
gion. We found that the TET1-CXXC domain significantly
binds to the SNCA-intronl (t=-2.927, P=0.021) (Fig. 2C). To
confirm how the binding of TET1 affects a-SYN expression in
neuronal cells, we established the ReNcell VM cell line stably
expressing the TET1-CXXC domain only. Overexpression of
the TET1-CXXC domain showed a significant decrease in
a-SYN levels compared to cells expressing the empty vector
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Fig. 1. The human SNCA gene showed both H3K4me3 and H3K27me3. (A) SNCA gene’s histone architecture in the NTH Roadmap
epigenomics project dataset (http://www.epigenomebrowser.org) in the adult human brain’s substantia nigra tissues. It exhibited the
presence of both H3K4me3 and H3K27me3 at the promoter/intron1 region of the gene. In the red box, the promoter region is magni-
fied to show both marks’ presence. (B) Chromatin immunoprecipitation (ChIP) analysis of H3K4me3 and H3K27me3 enriched re-
gions of SNCA-intron1 from undifferentiated/differentiated ReNcell VM. (C) Hypomethylated SNCA-intron1 in the neuronal cells.
The 23 CpG dinucleotide containing SNCA-intron1 region was polymerase chain reaction amplified and sequenced. The horizontal
axis represents each CpG residue, marked from 1 to 23. The open circles denote unmethylated cytosines, and the closed ones repre-
sent methylated cytosines. The vertical axis demonstrates the number of clones analyzed, 10 for undifferentiated ReN cells and 6 for
differentiated cells. Position number 19 was not evaluated as this position is polymorphic and the cell lines have G allele instead of the
C allele at that position. (D) A diagrammatic representation of the upstream regulatory region of SNCA. It showed the sequence of in-
tronl between noncoding (exon1b) and the first coding exon (exon2). The highlighted region in red is CpGs. The primer pair used to
amplify the region of SNCA-intron1 in ChIP is underlined.

(t=3.456, P=0.013) (Fig. 2D). We investigated whether knock-
down of TET1 using either siRNA or shRNAs could affect the
a-SYN levels (Fig. 2E). TET1 siRNA or shRNA (shRNA#11)
significantly decreased the TET1 levels compared to the scram-
ble siRNA (t=2.566, P =0.026) or compared to the control lines
(t=3.077,P=0.020). On the other hand, TET'1 knockdown sig-
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nificantly increased a-SYN levels (mRNA: t= -3.431, P=0.007;
Protein: t=-3.742, P=0.006).

TET1-Catalytic Domain Plays a Limited Role in Regulating
a-SYN Expression

We showed that TET1 catalyzes 5mC to 5hmC conversion us-
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Fig. 2. TET1 is a repressor for a-synuclein (a-SYN). (A) Schematic representation of TET1, consisting of 2 principal domains, N-ter-
minal CXXC and C-terminal catalytic domain, respectively. The CXXC domain contains 8 alternative cysteine residues from 528-674
amino acids (highlighted in red). The catalytic domain includes the cysteine-rich and double-stranded p-helix domains (DSBH). (B)
Representative image for binding of TET1 to SNCA-intron1 of 2 independent human postmortem substantia nigra (SN) tissues using
the chromatin immunoprecipitation (ChIP) assay. (C) ChIP results from HEK293T cells overexpressing a Flag-tagged DNA binding
TET1-CXXC domain. (D) Western blot results from ReNcell VM overexpressing the TET1-CXXC domain. (E) Reverse transcrip-
tion-polymerase chain reaction (RT-PCR), RT-quantitative PCR (qPCR), and Western blot (WB) results in TET1 knockdown ReN-
cell VM with small interfering RNA (siTET1) and short hairpin RNA targeting TET1 (shTET1). The values are shown as mean +
standard error of the mean. TET1, ten-eleven translocation methylcytosine dioxygenase 1. The significance level was measured at

*P<0.05.

ing its C-terminal catalytic domain in Fig. 2A. Therefore, we
examined whether the catalytic domain affects a-SYN expres-
sion. Overexpression of the TET1-catalytic domain or the cata-
lytically inactive domain in undifferentiated ReNcell VM did
not alter a-SYN levels, suggesting that TET1-mediated a-SYN
repression is independent of its catalytic activity (Fig. 3A). We
confirmed that overexpression of the catalytic domain in-
creased endogenous 5hmC levels in the cells in contrast to its
inactive catalytic domain (Fig. 3B).

PD Cases Express Low Levels of TET1

Next, we examined the levels of TET1 in postmortem human
SN brain samples. Interestingly, we found that the TET1 levels
of PD subjects were significantly less than the control subjects
(Mann-Whitney t-test, P<0.05) (Fig. 4A, B). In our recently
published article, we showed that the same postmortem brain
samples of PD cases had significantly higher levels of a-SYN as
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compared to the controls [33].

DISCUSSION

This study showed a novel mechanism for regulating a-SYN
expression by TET1 in neuronal cells and postmortem brain
samples. Our study is the first to describe the importance of
TET1 in a-SYN regulation in PD pathogenesis. Epigenetic reg-
ulation of SNCA concerning PD has only been focused on the
methylation structure of this gene [3].

TET1 is known to catalyze DNA hydroxymethylation and
has been shown to act as both activator and repressor for gene
expression [26]. The stable expression of 5ShmC in the adult
brain suggests a specific role of TET1 in the nervous system
[24]. It has also been shown that TET1 plays a crucial role in
active demethylation in the adult mouse brain [35]. As men-
tioned earlier that TET1 binds preferentially to the unmethyl-
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cell VM. (B) Dot blot analysis of 5-hydroxymethylcytosine in the transfected ReNcell VM with either TET1-catalytic domain or its in-
active domain. TET1, ten-eleven translocation methylcytosine dioxygenase 1.
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Fig. 4. TET1 express reduces in postmortem human substantia nigra samples. (A) Western blot band of TET1 expression between
postmortem control (n=8) and Parkinson disease (PD) (n=17) samples. (B) The quantification of the optical density of the TET1
band. The values are shown as mean + standard error of the mean. TET1, ten-eleven translocation methylcytosine dioxygenase 1. The

significance level was measured at *P <0.05.

ated CGI-containing promoters, it might have roles other than
DNA hydroxymethylation in the case of hypomethylated genes.
The regulatory region of human SNCA comprises a much larg-
er CGI with significant hypomethylation compared to the mu-
rine genome [3]. As TET1 binds to large unmethylated CGIS, it
can be expected that the effect of TET1-mediated regulation of
SNCA in humans could be more pronounced than in murine
systems. Our previous study showed that the SNCA-intron1 re-
gion remains significantly hypomethylated in the postmortem
SN tissues from both PD and matched control subjects without
any bias for the disease [17]. We observed that TET1 binds to
this SNCA-intronl regulatory region encompassing a hypo-
methylated CGI in human SN. We also found that this region
of SNCA has both H3K4me3 and H3K27me3 in the differenti-
ated neuronal cell line. Since TET1 can bind to bivalent pro-
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moter-containing genes, neuronal SNCA is an ideal target.
Moreover, the region near the gene’s TSS also contains a puta-
tive TET'1 binding sequence (5-GCGCCGC-3") [26].
Interestingly, we found that the CXXC-DNA binding domain
of TET1 binds to this region and is enough to repress the gene
expression without contribution from the catalytic domain,
which is responsible for DNA hydroxymethylation. This result
can be explained by the fact that CGI of the regulatory region
of SNCA remains hypomethylated in the neuronal cells. At the
same time, the knockdown of TET1 in these cells led to a sig-
nificant increase in a-SYN levels, which indicates that TET1
has a repressive effect on SNCA expression. Therefore, hydroxy-
methylation and subsequent demethylation-mediated regula-
tion of SNCA is less likely to happen even in the TET1-catalytic
domain overexpressed condition. However, the global hydroxy-
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methylation in the cell was significantly increased upon overex-
pression of the TET1-catalytic domain.

Although the molecular mechanism of how the TET1-CXXC
domain alone can inhibit gene expression is unknown, the
CXXC domain might recruit other corepressors and repress the
transcription altogether. We have also seen that overall TET1
levels in PD patients are significantly lower than in the controls.
Our group has recently shown that occupancy of H3K4me3, a
transcription initiation/favoring histone posttranslational mod-
ification, at the SNCA-promoter/intronl region is significantly
higher in PD patients, in turn, may make it less favorable for
TET1 binding in the PD patients selectively [33].

Deregulated expression and aggregation of a-SYN are a long-
standing observation in PD. However, the mechanism remains
elusive. This report provided molecular and epigenetic insight
into this gene’s deregulation in disease conditions. Although
TET1 is known for its hydroxymethylating activity, we ob-
served that the DNA binding domain of TET1 could repress
SNCA expression by physically binding the intronl region of
the gene. This study links to how the epigenetic niche of SNCA
is altered in PD specifically, which could be a target for thera-
peutic intervention for the disease.

SUPPLEMENTARY MATERIALS

Supplementary Tables 1-4 and Figures 1-2 can be found via
https://doi.org/10.5213/in}.2222206.103.
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Supplementary Fig. 1. Standardization of optimum shearing
condition for chromatin immunoprecipitation (ChIP). Shearing
of crosslinked chromatin for the ChIP experiments were done
using rat brain sample. The optimal condition was reached after
shearing it for 20 seconds pulse for 5 times with 30 seconds in-
terval between each one. The reverse crosslinked sheared DNA
fragments were ranged between 700 bp to 200 bp (lane 2). DNA
ladder (DNA ladder in lane 1).
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Supplementary Fig. 2. Results of full-length TET1 transfection. (A) Representative images 48 hours after transfection using X-fect,
Lipofectamine 2000, and Fugene HD. (B) Representative FACS images 48 hours after transfection using magnetofection and nucleo-
fection. The size of full-length TET1 is 11,983 bp. For transfection using several methods/reagents, including X-fect, Lipofectamine
2000, Fugene HD, magnetofection, and nucleofection, the transfection efficiency was as low as 0.5%-1%. FACS, fluorescence-activat-
ed cell sorter; GFP, green fluorescent protein; TET1, ten-eleven translocation methylcytosine dioxygenase 1.



Supplementary Table 1. The demographic information of postmortem brain samples

Source Diagnosis ~ Age Sex  Ethnicity =~ Race  Brainregion PMI (hr)
Human Brain and Spinal Fluid Resource Centre, Brain bank, ~Control 89 Male NHL White SN 20.5
UCLA Control 87  Male  NHL  White SN 10.0
Control 84 Male NHL White SN 27.5
Control 54 Male NHL White SN 26.5
Control 76 Male NHL White SN 30.3
Control 70 Male NHL White SN 27.2
Control 76 Male NHL White SN 27.8
Control 55 Male NHL White SN 26.2
PD 73 Male NHL White SN 15.0
PD 79 Male NHL White SN 123
PD 82 Male NHL White SN 13.0
PD 83 Male NHL White SN 6.7
PD 78 Male NHL White SN 13.0
PD 87 Male NHL White SN 11.2
PD 81 Male NHL White SN 9.7
PD 75 Male NHL White SN 13.8
McLean Hospital, Harvard Medical School PD 70 Male NHL White SN 26.4
PD 79 Male NHL White SN 10.1
PD 89 Male NHL White SN 19.9
PD 85 Male NHL White SN 24.8
PD 87 Male NHL White SN 24.7
PD 74 Male NHL White SN 27.0
PD 89 Male NHL White SN 29.0
PD 74 Male NHL White SN 354
PD 77 Male NHL White SN 6.6

PMI, postmortem interval; PD, Parkinson disease; NHL, non-Hispanic or Latino.



Supplementary Table 2. Sequences of short hairpin RNAs

No.

Sequence

1

10

11

12

13

14

15

TGCTGTTGACAGTGAGCGACCGAATCAAGCGGAAGAATAATAGTGAAGCCACAGATGTATTATTCTTCCGCTTGATTC-
GGGTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCGCAGCTGTCTTGATCGAGTTATAGTGAAGCCACAGATGTATAACTCGATCAAGACAGCTG-
CATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCCCTGAGAATATACCAAGTAAATAGTGAAGCCACAGATGTATTTACTTGGTATATTCTCAG-
GATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCCCTTTAATGCTCCTTCCAAATTAGTGAAGCCACAGATGTAATTTGGAAGGAGCATTA-
AAGGTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCGCTTCGATAATTAAGATCAATTAGTGAAGCCACAGATGTAATTGATCTTAATTATC-
GAAGCATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCCGTCTCCTACCTCTGTAATAATAGTGAAGCCACAGATGTATTATTACAGAGGTAGGAGAC-
GTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACCTTTGCTAGTGCAGTGTATTTAGTGAAGCCACAGATGTAAATACACTGCACTAG-
CAAAGGCTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGAAACCTAGTGTCTATAACTAAATAGTGAAGCCACAGATGTATTTAGTTATAGACACTAG-
GTTTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACAGTTGTAAGTTATCAAGAAATAGTGAAGCCACAGATGTATTTCTTGATAACTTACAACT-
GTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGAAAGGCAGATTTTGACAACAAATAGTGAAGCCACAGATGTATTTGTTGTCAAAATCT-
GCCTTTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACTGATACAGAATTAGAAAAAATAGTGAAGCCACAGATGTATTTTTTCTAATTCTGTATCA-
GATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACTGAAGTCTGATACAGAATTATAGTGAAGCCACAGATGTATAATTCTGTAT-
CAGACTTCAGTTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACAGGAAGGAAGATGTAAACAATAGTGAAGCCACAGATGTATTGTTTACATCTTCCTTCCT-
GATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCAAGGATAGAAATAGTAGTGTATAGTGAAGCCACAGATGTATACACTACTATTTCTATCCT-
TATGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACAGCACAGTTCATGTTGTCAATAGTGAAGCCACAGATGTATTGACAACATGAACTGTGCTG-
GTGCCTACTGCCTCGGA

First underline, sense strand; bold text, loop; second underline, antisense strand.



Supplementary Table 3. List of primary and secondary antibodies

Antigen Source Catalog No. Dilution
a-synuclein (a-SYN) Santa Cruz Biotechnology sc7011-R 1:1,000
a-synuclein (a-SYN) BD Transduction Laboratories 610787 0.388888889
B-actin Sigma A5316 1:20,000
Flag-tag Sigma F3165 1:5,000
HA-tag Cell Signaling 2337 1:1,000
H3K4me3 Abcam ab8580 1 pg/reaction
H3K27me3 Active motif 39155 1 ug/reaction
TET1 ThermoFisher Scientific MA5-16312 0.319444444
Normal mouse IgG Millipore 12-371 1 pg/reaction
Goat anti-mouse IgG Jacksons Laboratory 115-035-146 1:5,000
Goat anti-rabbit IgG Jacksons Laboratory 111-035-144 1:5,000

TET1, ten-eleven translocation methylcytosine dioxygenase 1.



Supplementary Table 4. Overview of polymerase chain reaction primer sequences

Target Forward primer (5°-3") Reverse primer (5°-3")

SNCA CAAAGGCCAAGGAGGGAGTTGTGG GGCAACAGTGGCTGAGAAGACCA
TET1 ATACACACCTTGGGGCAGGACC CCACTTAGCAATTGGACACCCA
GAPDH ATCACCATCTTCCAGGAGCG GATGGCATGGACTGTGGTCA
B-actin GGAGTCCTGTGGCATCCACG TCCACCGCAAATGCTTCTAG
B-actin GGAGTCCTGTGGCATCCACG TCCACCGCAAATGCTTCTAG

TET1, ten-eleven translocation methylcytosine dioxygenase 1.



