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N E U R O S C I E N C E

Intronic enhancers of the human SNCA gene 
predominantly regulate its expression in brain in vivo
Fubo Cheng1,2,3*, Wenxu Zheng1,4, Chang Liu5, Peter Antony Barbuti6,7, Libo Yu-Taeger1,8, 
Nicolas Casadei1,9, Jeannette Huebener-Schmid1,3, Jakob Admard1,9, Karsten Boldt4, 
Katrin Junger4, Marius Ueffing4, Henry Houlden10, Manu Sharma11, Rejko Kruger6,12,13, 
Kathrin Grundmann-Hauser1,3, Thomas Ott1,14, Olaf Riess1,3,9*

Evidence from patients with Parkinson’s disease (PD) and our previously reported -synuclein (SNCA) transgenic 
rat model support the idea that increased SNCA protein is a substantial risk factor of PD pathogenesis. However, 
little is known about the transcription control of the human SNCA gene in the brain in vivo. Here, we identified 
that the DYT6 gene product THAP1 (THAP domain-containing apoptosis-associated protein 1) and its interaction 
partner CTCF (CCCTC-binding factor) act as transcription regulators of SNCA. THAP1 controls SNCA intronic enhancers’ 
activities, while CTCF regulates its enhancer-promoter loop formation. The SNCA intronic enhancers present 
neurodevelopment- dependent activities and form enhancer clusters similar to “super-enhancers” in the brain, in 
which the PD-associated single-nucleotide polymorphisms are enriched. Deletion of the SNCA intronic enhancer 
clusters prevents the release of paused RNA polymerase II from its promoter and subsequently reduces its expression 
drastically in the brain, which may provide new therapeutic approaches to prevent its accumulation and thus related 
neurodegenerative diseases defined as synucleinopathies.

INTRODUCTION
Parkinson’s disease (PD) is one of the most common neurode-
generative diseases in which -synuclein (SNCA), encoded by 
the SNCA gene, is a major component of Lewy bodies (LBs) (1, 2). 
Although single point mutations in the SNCA gene can cause 
early-onset familial forms of autosomal dominant inherited PD 
(3, 4), several lines of evidence support the idea that increased 
dosage of wild-type human SNCA (hSNCA) protein level is critical 
to PD pathogenesis as well. Duplication, triplication, or rearrange-
ments of the wild-type SNCA gene cause familial PD, and the severity 
of clinical phenotypes correlates with the number of SNCA copies 
(5–7). Furthermore, polymorphisms in SNCA gene regulatory re-
gions that enhance SNCA expression are associated with sporadic 
PD (8, 9). Similarly, mouse and rat models overexpressing human 
wild-type SNCA protein showed -synucleinopathies, nigrostriatal 
degeneration, and even inclusion body formation (10, 11). In 
addition, elevated levels of SNCA transcripts were detected in PD 
postmortem brains (12). To date, SNCA is one of the most validated 

and promising therapeutic targets for PD, and manipulations of SNCA 
levels have demonstrated a beneficial impact (13, 14). Thus, decipher-
ing the transcription machinery of SNCA will help us to define new 
treatment targets to reduce its expression in patients with PD.

So far, only a few transcription factors of the SNCA gene have 
been reported. ZSCAN21 and ZNF219 can bind to the promoter or 
intron 1 of SNCA to activate or repress SNCA transcription (15). 
Other transcription factors such as GATA2, EMX2, NKX6-1, and 
CEBPD (CCAAT/enhancer-binding protein delta) bind either to 
the promoter or potential enhancers of the SNCA gene to regulate 
its expression (9, 16, 17). Poly(adenosine diphosphate–ribose) poly-
merase 1 is another transcription factor that regulates SNCA ex-
pression by binding to a polymorphic microsatellite region, called 
NACP-Rep1 (18). Other cis-regulatory elements (CREs) of the SNCA 
gene, such as enhancers, have been reported as well (19). However, 
the CREs of the SNCA gene and its transcription regulation ma-
chinery in the brain in vivo are not clear so far.

Our recent study showed dysregulation of SNCA in THAP1/DYT6 
dystonia patients’ induced pluripotent stem cell (iPSC)–derived mid-
brain dopaminergic (mDA) neurons (20). In this study, we identi-
fied that the human DYT6 gene product THAP1 regulates SNCA 
expression in both human and rat brain through controlling its pro-
moter and intronic enhancers’ activities, while THAP1’s interaction 
partner CTCF (CCCTC-binding factor) controls the enhancer- 
promoter loop formation of the SNCA gene. We further demonstrated 
that the SNCA intronic enhancers present cell lineage–dependent activ-
ities during neurodevelopment and form enhancer clusters similar 
to “super-enhancers” in the brain. Single-nucleotide polymorphisms 
(SNPs) highly associated with PD risk are enriched in these enhancer 
cluster regions. Deletion of the SNCA intronic enhancer cluster pre-
vented its transcription elongation and subsequently reduced its 
expression drastically in the brain, suggesting that targeted editing 
of the SNCA intronic enhancers might be a new therapeutic approach 
to reduce SNCA expression and thus its accumulation in the brain, 
hopefully preventing SNCA-associated neurodegenerative diseases.
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RESULTS
THAP1 mutations repress the expression of SNCA
RNA sequencing (RNA-seq) analysis of iPSC-derived mDA neurons 
(iPSC-Neurons) from patients with THAP1/DYT6 dystonia and from 
THAP1 heterozygous knockout (THAP1+/−) dopaminergic SH-SY5Y 
neuronal cells showed significantly decreased expression of SNCA (20), 
indicating THAP1 as a potential transcriptional regulator of SNCA.  
Extended Western blot analysis confirmed decreased SNCA protein level in 
these cells (Fig. 1, A and B). In postmortem frontal cortex samples of 
patients with THAP1 mutation, we also observed significantly reduced 
SNCA protein level compared to the brain tissue of neurologically nor-
mal deceased controls (Fig. 1C). Conversely, overexpression of THAP1 
in both SH-SY5Y and SK-N-AS neuroblastoma cells leads to a sig-
nificant increase in SNCA expression (fig. S1A) (21). All these ob-
servations suggest that THAP1 may regulate the expression of SNCA.

Human THAP1 regulates human and rat SNCA expression 
in the brain of transgenic rats
To further prove the role of THAP1 in regulating SNCA expression 
in the brain, we generated THAP1-overexpressing transgenic rats 

(THAP1 tg) by pronuclear injection of the entire human THAP1 
gene (12 kb) (fig. S1B). Both reverse transcription polymerase chain 
reaction (RT-PCR) and Western blot analysis confirmed the ex-
pression of wild-type human THAP1 (hTHAP1) in different brain 
regions of THAP1 tg rats (Fig. 1D and fig. S1C). The highest expres-
sion of hTHAP1 was seen in the cerebellum, similar to the expression 
patterns of endogenous rat THAP1 protein (rTHAP1) (Fig. 1D). 
We also observed that the molecular weight of hTHAP1 protein is 
slightly smaller than that of rTHAP1 protein (Fig. 1D), although 
the predicted molecular weight of hTHAP1 is 24.944 kDa, which 
is slightly larger than the predicted molecular weight of rTHAP1 
(24.688 kDa) (www.uniprot.org). These data may indicate differ-
ent posttranslational modifications of these two proteins, such as 
methylation (22).

We next crossbred the THAP1 tg rats with our previously generated 
human SNCA transgenic rats (SNCA tg). The SNCA tg rats harbor 
the entire human SNCA gene sequence (190 kb) (GenBank AF163864), 
including 30-kb upstream regulatory promoter sequences, all the 
intronic regions, and a 45-kb flanking downstream region (11). In the 
cerebellum of human SNCA and human THAP1 double-transgenic 

Fig. 1. THAP1 regulates the expression of SNCA. (A) Western blotting and statistical analysis show that the expression of SNCA in THAP1 patients’ iPSC-Neurons is 
significantly lower than in control iPSC-Neurons. (B) In THAP1 heterozygous knockout (THAP1+/−) dopaminergic SH-SY5Y cells, Western blotting and statistical analysis 
detect that the expression of THAP1 and SNCA is significantly lower than in control cells. (C) The expression of SNCA in THAP1 patients’ frontal cortex is lower than in 
control individuals by Western blotting and statistical analysis. (D) Western blot analysis shows the expression of hTHAP1 and rTHAP1 proteins in different brain regions 
of THAP1 transgenic rats (n = 3 rats in each group). (E) Western blotting and statistical analysis determine the protein level of human SNCA (hSNCA) and rSNCA in the 
cerebellum of human THAP1 and SNCA double-transgenic rats (THAP1 tg/SNCA tg), SNCA transgenic rats (SNCA tg), and nontransgenic wild-type rats (Non-tg) (n = 5 rats 
in each group). (F) Western blotting shows the protein level of hSNCA, rSNCA, and tSNCA in the cortex of Non-tg and two different SNCA-overexpressing transgenic rat 
lines (SNCA tg-L and SNCA tg) (n = 5 rats in each group). ***P < 0.001; ****P < 0.0001. Comparison by unpaired two-tailed t test.
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rats (SNCA tg/THAP1 tg), significantly increased expression of both 
rat SNCA (rSNCA) and hSNCA was detected when compared to 
SNCA tg rats (Fig. 1E). Increased expression of hSNCA and rSNCA 
was also seen in the striatum and cortex, but their changes were 
weaker than in the cerebellum (Fig. 1E and fig. S1, D and E). The 
expression change of hSNCA and rSNCA is correlated to the expres-
sion level of hTHAP1, as the cerebellum expresses more hTHAP1 
protein than the striatum and cortex (Fig. 1D). These data further 
confirm the role of THAP1 in regulating the expression of SNCA in 
the brain in vivo.

When comparing the SNCA tg rats with nontransgenic rats 
(Non-tg), we observed decreased rSNCA protein level (Fig. 1E and 
fig. S1, D and E), which may suggest that overexpression of hSNCA 
protein represses the expression of endogenous rSNCA. We next 
analyzed the expression of rSNCA, hSNCA, and total SNCA (tSNCA) 
in two different SNCA transgenic rat lines, the SNCA tg line that 
expresses a very high level of hSNCA protein and the SNCA tg-L 
line that expresses a very low level of hSNCA protein, and ob-
served that the rSNCA protein was decreased significantly only in 
the SNCA tg line but not in the SNCA tg-L line (Fig. 1F and fig. S1F). 
These data suggest the autoregulative function of SNCA, but it may 
happen only when the hSNCA protein reached a certain expres-
sion level.

THAP1 regulates the activities of the SNCA promoter 
and intronic enhancers
To understand how THAP1 regulates SNCA expression, we examined 
our THAP1 chromatin immunoprecipitation sequencing (ChIP-seq) 
data and observed weak binding signals to the SNCA promoter 
(Fig. 2A) (20). Further luciferase reporter assay analysis confirmed 
that wild-type THAP1 can up-regulate the activity of the entire 
SNCA promoter [10.7 kb upstream of translation start site (23)] 
(fig. S2A).

The acetylation at the 27th lysine residue of the histone H3 pro-
tein (H3K27ac) and trimethylation at the 4th lysine residue of the 
histone H3 protein (H3K4me3) are highly correlated with gene ex-
pression levels (24). H3K27ac is also an effective marker to determine 
active enhancers (25). We thus performed H3K27ac and H3K4me3 
ChIP analyses to detect the activities of all SNCA regulatory elements. 
As the THAP1+/− SH-Y5Y cell lines still express close to normal levels 
of wild-type THAP1 protein due to its autoregulative function (20), 
we generated THAP1 knockdown SH-SY5Y cell lines (shTHAP1) in 
which the THAP1 protein was reduced to 30% (fig. S2B). Similarly 
decreased expression of SNCA was also observed in the shTHAP1 
cell lines (fig. S2C). Significantly decreased H3K27ac modification 
on both SNCA promoter and potential enhancers, including en-
hancer 1 (En-1) and enhancer 2 (En-2), was seen in shTHAP1 cell 

Fig. 2. Characterization of the mechanisms by which THAP1 regulates SNCA expression. (A) THAP1 ChIP-seq detects its binding signal on the SNCA promoter (red 
arrow), which is not seen in IgG control (lanes 1 and 2). H3K27ac ChIP-seq defines the SNCA promoter and potential enhancers in SH-SY5Y cells and also shows its modi-
fication on the SNCA gene in control (shControl) and THAP1 knockdown (shTHAP1) SH-SY5Y cells (En-1: Chr4: 90720577–90722136; En-2: Chr4: 90673800–90675200) 
(lanes 3 and 4). CEBPD and CTCF ChIP-seq shows their binding sites on both the SNCA promoter and enhancers (lanes 5 and 6). (B) ChIP-qPCR analyzes their H3K27ac and 
H3K4me3 modifications on the SNCA promoter and enhancers in THAP1 patients’ iPSC-Neurons and in control iPSC-Neurons. (C) Western blot analysis shows the endogenous 
CEBPD protein level in THAP1 patients’ iPSC-Neurons and in control iPSC-Neurons. (D) Correlation analysis reveals that the CEPBD mRNA level is negatively correlated to 
the SNCA mRNA level in iPSC-Neurons [reads per million (RPM)] (equation: Y = −0.4196 * X + 43.28; P = 0.0014). (E) Western blotting determines the expression of CEBPD 
and SNCA in CEBPD-overexpressing SH-SY5Y cells. *P < 0.05; **P < 0.01; ****P < 0.0001. Comparison by unpaired two-tailed t test.
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lines compared to control cell lines (shControl) (Fig. 2A). The 
changes of SNCA enhancers’ activities are stronger than the changes of 
its promoter (fig. S2D). Similarly decreased H3K27ac and H3K4me3 
modifications on SNCA promoters and enhancers were also seen in 
THAP1 patients’ iPSC-Neurons compared to control iPSC-Neurons, 
respectively (Fig. 2B).

As THAP1 has no direct binding site on SNCA enhancers (Fig. 2A), 
its regulation on the SNCA enhancers’ activities might be through a 
transcriptional repressor of SNCA, the CEBPD (CCAAT/enhancer- 
binding protein delta) (17), as both RNA-seq and Western blot 
analyses showed highly increased expression of CEBPD in THAP1 
patients’ iPSC-Neurons compared to control neurons (Fig. 2C). 
The following data further support this hypothesis: (i) The expres-
sion level of SNCA is negatively correlated with the expression level 
of CEBPD in iPSC-Neurons (Fig. 2D); (ii) THAP1 binds to the 
CEBPD promoter (fig. S2E), and CEBPD binds to the SNCA pro-
moter and enhancers (Fig. 2A); (iii) knockdown of THAP1 induced 
the expression of CEBPD and strengthened the binding activities of 
CEBPD on the SNCA promoter (fig. S2, F and G); and (iv) overex-
pression of CEBPD indeed repressed the expression of endogenous 
SNCA in SH-SY5Y cells (Fig. 2E).

THAP1’s interaction partner CTCF regulates  
SNCA expression
Next, we want to know whether THAP1’s interaction partners are 
also the transcription regulators of SNCA. We thus performed 
tandem affinity purification and mass spectrometry (TAP-MS) 
analysis to isolate the interaction partners of THAP1. In TAP-MS, 
we overexpressed flag-tagged THAP1 protein in human embryonic 
kidney (HEK) cells and pulled down THAP1 protein and its interaction 

partners using anti-flag agarose gel. Last, we performed MS analysis 
to identify all these proteins. Using TAP-MS analysis, we isolated 
a total of 149 proteins that strongly interact with THAP1 (with 
log2 > 15) (Fig. 3A). STRING protein-protein interaction networks 
analysis grouped these proteins into five functional complexes 
(Fig. 3B), such as the RNA polymerase II (Pol II)–associated factor 1 
(PAF1) complex (PAF1C) and the chromatin assembling complex, 
including CTCF (Fig. 3B), which have a potential function in regu-
lating mRNA expression. Western blot analysis confirmed the inter-
actions between THAP1 and its interaction partners, such as CTCF 
(fig. S3A). ChIP-seq showed that CTCF binds to the SNCA promoter 
and a region near the SNCA En-2 (Fig. 2A). Knocking out CTCF 
down-regulates the expression of SNCA, while overexpression of 
CTCF leads to up- regulation of SNCA (Fig. 3C and fig. S3B). We 
also knocked out PAF1 in SH-SY5Y, a key component of PAF1C, 
but did not observe any expression change of SNCA (Fig. 3D and 
fig. S3C). All these data suggest that THAP1’s interaction partner 
CTCF, but not PAF1, is a transcription regulator of the SNCA gene. 
Further ChIP-qPCR analysis revealed that knocking out CTCF did not 
affect the activities of the SNCA promoter and enhancer (fig. S3D), 
which indicates that CTCF regulates the SNCA expression possibly 
through altering the enhancer-promoter contact, as it has a function 
in regulating enhancer-promoter interactions (26).

SNCA enhancers in intron 4 make contact with its promoter 
and regulate its expression
As THAP1 regulates SNCA expression through controlling its 
enhancers and promoter activities, we next wanted to know whether 
these enhancers indeed make physical contact with the SNCA 
promoter to regulate its expression and also to see whether CTCF 

Fig. 3. THAP1’s interaction partner CTCF regulates the expression of SNCA. (A) Dot plots present the interaction partners of THAP1 identified by TAP-MS analysis, and 
CTCF and THAP1 are marked in red color. LogFC, log fold change. (B) String-db network analysis annotates the functional complexes of THAP1 interaction partners. 
(C) Western blotting analyzes the protein level of CTCF and SNCA in CTCF knockout (left) and CTCF-overexpressing (right) SH-SY5Y cells. The black arrow indicates a small 
isoform of CTCF. (D) Western blotting detects the protein level of PAF1 and SNCA in PAF1 knockout SH-SY5Y cells.
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regulates SNCA enhancer-promoter contacts. We thus performed 
circular chromosome conformation capture followed by sequencing 
(4C-seq) analysis in which the SNCA promoter was set as a view 
point (VP). We observed strong physical contact between the SNCA 
En-2 region and its promoter (Fig. 4, A and B). Other regions, such 
as the SNCA En-1 and MMRN1 promoter, also showed contact with 
the SNCA promoter when analyzing the 4C-seq data with the Basic4C 
package (Fig. 4B) (27). As CTCF binds to both SNCA promoter and 
SNCA enhancer En-2 (Fig. 4A), we investigated whether it also 

mediated the SNCA enhancer-promoter interaction. Knocking out 
CTCF reduced the contact frequencies between the VP (SNCA pro-
moter) and several loci located on intron 4 of the SNCA gene 
(Fig. 4, A and C). Thus, CTCF regulates the structure of SNCA 
enhancer-promoter loops.

To further validate the function of SNCA intronic enhancers, we 
subcloned the SNCA En-1 and En-2 fragments into the C terminus 
of the luc+ gene in pGL3 basic vector, respectively, in which the 
expression of luc+ gene was driven by the SNCA core promoter 

Fig. 4. SNCA intronic enhancers regulate its expression. (A) Distribution of SNCA 4C-seq raw reads in wild-type and CTCF−/− SH-SY5Y cells (lanes 1 and 2). CTCF ChIP-seq 
detects its binding sites around the SNCA gene (lane 3). The SNCA promoter region was set as VP. The red arrow indicates the SNCA En-2 region that is strongly in contact 
with the VP in wild-type cells, while this interaction disappeared in CTCF−/− SH-SY5Y cells (En-1 and En-2 indicate the position of the two SNCA intronic enhancers, respec-
tively). (B) The Basic4C package was used to analyze the 4C-seq data. Red arrows indicate the regions that are in contact with the VP (SNCA promoter) (from left to right: 
SNCA En-2, SNCA En-1, and MMRN1 promoter). (C) The 4C-ker package analyzes the change of interactions between the SNCA promoter and its intron 4 region (including 
its two enhancers) in wild-type and CTCF knockout (CTCF−/−) SH-SY5Y cells (at least two biological replicates of each sample were performed). Black arrows and short black 
lines both show the regions with statistically changed interactions with the SNCA promoter (4C-ker analysis default setting: K = 10, q_value = 0.01). (D) Schematic diagram 
shows the strategies of cloning vectors to characterize the role of SNCA enhancers (En-1 and En-2) in regulating its promoter (SNCA pro) activities. A genomic unrelated 
region was used as a negative control (Con) (top). Luciferase reporter assay analysis determines the role of SNCA enhancers in regulating its promoter activities (bottom). 
(E) Schematic graphs present the strategies using the CRISPR-Cas9 technique to knock out SCNA En-1 or En-2 in SH-SY5Y cells (top). Western blotting (bottom) shows the 
SNCA protein level in En-1 or En-2 knockout SH-SY5Y cells. (F) Statistical analysis shows the SNCA protein level in SNCA En-1 or En-2 knockout SH-SY5Y cells. ***P < 0.001; 
****P < 0.0001. Comparison by unpaired two-tailed t test.
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(Fig. 4D). Compared to genomic unrelated fragment (control), both 
SNCA En-1 and En-2 fragments can up-regulate the activity of the 
SNCA promoter, while the fragment En-2 has a stronger function 
than the En-1 fragment (Fig. 4D). Next, we knocked out SNCA En-1 
and En-2 in SH-SY5Y cells to see how much these enhancers con-
trol the expression of SNCA (fig. S4, A and B). Knocking out SNCA 
En-1 significantly reduced its expression by about 20%, while 
knocking out En-2 drastically repressed 75% of its expression 
(Fig. 4, E and F). We also knocked out the SNCA En-1 in SK-N-AS 
neuroblastoma cell line, in which the SNCA En-1 is inactivated (fig. 
S4C). Unexpectedly, we did not observe any expression changes of 
SNCA after knocking out its En-1 region in this cell line (fig. S4C). 
These data suggest that both SNCA enhancers can regulate its ex-
pression but only when they are activated. The SNCA En-2 plays a 
predominant function in controlling the expression of SNCA in 
SH-SY5Y cells.

Lineage-specific SNCA enhancers control its expression 
during neurodevelopment
Next, we sought to know whether the activation of the human SNCA 
enhancer is associated with its expression in neurons and in the 
brain. We first analyzed the activation of these enhancers during 
neuronal differentiation of iPSCs by using H3K27ac ChIP-seq anal-
ysis. We observed that the activities of SNCA En-2 present cell 
lineage–dependent changes (Fig. 5A and fig. S5A). For example, it 
is inactivated in iPSCs and iPSC-derived neural precursor cells 
(iPSC-NPCs) but moderately activated in iPSC-Neurons. However, 
in the cortex and cerebellum of SNCA tg rats, this intronic enhancer 
region is highly activated and expanded over 30 kb to form enhancer 
clusters (defined as intracluster), similar to super-enhancers (Fig. 5A 
and fig. S5B) (28, 29). Further ChIP analysis revealed the enrichment 
of transcription factors P300 in this region (fig. S5C), and total 
RNA-seq analysis of the human frontal cortex detected the expression 
of enhancer RNA (eRNA) in this region (fig. S5B), which further 

support the characteristics of these intronic enhancer clusters as 
super-enhancers (30). Similar enhancer clusters on the human SNCA 
gene and the rat Snca gene were observed in the human and rat 
brain, respectively (fig. S5, D and E) (31). Furthermore, the region 
downstream of the SNCA gene also showed cell lineage–dependent 
changes and formed enhancer clusters in the brain (defined as 
intercluster in Fig. 5A).

In parallel with the activation of SNCA enhancers, its expression 
level increased correspondingly (Fig. 5B). Very low levels of SNCA 
were observed in iPSCs and iPSC-NPCs, while moderate SNCA 
expression was seen in iPSC-Neurons. Because the expression 
levels of hSNCA in different SNCA transgenic rat lines are varied 
(Fig. 1F), we thus analyzed the expression of SNCA mRNA in the 
human brain. Extremely high expression levels of SNCA were ob-
served in the human cerebellum and frontal cortex (Fig. 5B). These 
data further suggest that the activities of SNCA enhancers may be 
responsible for the elevated expression of SNCA in neurons and in 
the brain. Genome-wide association study (GWAS) data meta-analysis 
revealed that the SNPs with the highest association with PD risk 
[−log10 (P value) > 30] are enriched in the enhancer cluster regions 
of SNCA (intracluster and intercluster in Fig. 5A, bottom) (32). As 
these enhancer regions can regulate SNCA expression, the PD risk–
associated SNPs within these regions may affect the enhancer activities 
and SNCA expression, which thus contributes to sporadic PD risk.

SNCA intronic enhancer cluster predominantly controls 
the expression of SNCA in brain
Next, we want to know whether the intronic enhancer clusters also 
predominantly regulate the expression of SNCA in the brain, as the 
SNCA En-2 region controls SNCA expression in dopaminergic 
SH-SY5Y cells (Fig. 4, E and F). For this purpose, we want to knock out 
these intronic enhancer clusters (intracluster: a region that includes SNCA 
En-1 to En-2) of the human SNCA gene in our SNCA transgenic rat 
model (Fig. 6A). To exclude the copy number changes/rearrangement 

Fig. 5. Lineage-dependent activation of SNCA enhancers is associated with its expression and PD risk. (A) The status of H3K27ac modification of the human SNCA 
gene in iPSCs, iPSC-derived neural precursor cells (iPSC-NPC), iPSC-Neurons, frontal cortex of SNCA tg rats (rat cortex), and cerebellum of SNCA tg rats (rat cerebellum) 
(top). Dot plots show the distribution of PD risk–associated SNPs on the SNCA gene by meta-analysis of GWAS data. Orange dots indicate SNPs with an extremely higher 
association with PD risk [−log10(P values) > 30] (bottom). Intercluster and intracluster indicate the enhancer clusters downstream of the SNCA gene and the intronic 
enhancer clusters, respectively. (B) Relative expression level of SNCA in different cells and tissues determined by RNA-seq analysis.
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during enhancer knockout, we analyzed the copy number of the 
human SNCA gene in our two different human SNCA transgenic rat 
lines (Fig. 1F) using whole-genome sequencing data (with the same 
sequencing depth). We observed that the copy number of 
the human SNCA gene in SNCA tg rats is over 10 times more than 
the copy number in SNCA tg-L rats (fig. S6A). We also observed that 
the SNCA tg-L rats harbor only one copy of the human SNCA gene, as 

the read intensity of the rat Snca gene (two copies) is two times 
more than the intensity of the human SNCA gene in the same rat 
(fig. S6B). Using the CRISPR-Cas9 technique, we generated an SNCA 
EnKO rat model by knocking out the intronic enhancer clusters in 
the SNCA tg-L rats (Fig.  6A and fig. S6C). Both the whole- 
genome sequencing and Sanger sequencing confirmed the DNA 
break point at the guide RNA (gRNA) target sites and religation of 

Fig. 6. The human SNCA intronic enhancer clusters predominantly control its expression in brain. (A) Schematic graph shows the position of gRNAs and the human 
SNCA gene structure in SNCA tg-L and SNCA EnKO rats. (B) Western blotting confirms the expression of hSNCA, rSNCA, and tSNCA in different brain regions of SNCA EnKO, 
SNCA tg-L, and Non-tg rats (n = 5 rats in each group). (C) Immunohistochemical staining of hSNCA and rSNCA in the brain of SNCA tg-L, SNCA EnKO, and Non-tg rats (n = 3 
rats in each group). Scale bars, 2 mm. (D) Schematic representation of the primers used to amplify full-length human SNCA mRNA (384 bp in length) (left). RT-PCR deter-
mines the expression of full-length human SNCA mRNA in SNCA EnKO, SNCA tg-L, and Non-tg rats (right) (n = 3 rats in each group). (E) RT-qPCR determines the expression 
level of human SNCA mRNA in SNCA EnKO rats. SNCA tg-L rats were used as a control (n = 4 rats in each group). (F) H3K27ac and H3K4me3 ChIP-seq reveals the status of 
histone modifications of the human SNCA gene in SNCA tg-L and SNCA EnKO rats (blue arrow: H3K27ac modification downstream of the human SNCA gene in SNCA EnKO 
rat; red arrow: H3K27ac and H3K4me3 modification on the promoter of the human SNCA gene in SNCA EnKO rat; gray squares indicate the region that was deleted from 
the human SNCA gene in SNCA EnKO rat). (G) ChIP-qPCR quantitatively determines the histone modifications on the SNCA promoter in SNCA tg-L and SNCA EnKO rats 
(n = 4 rats in each group). ***P < 0.001; ****P < 0.0001. Comparison by unpaired two-tailed t test.
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two residual ends in the SNCA EnKO rats, respectively (fig. S6C). 
These data proved that the SNCA EnKO rat model was successfully 
generated.

We next tested both rSNCA and hSNCA expression in the SNCA 
EnKO rat. Unexpectedly, both Western blot analysis and immuno-
histochemical staining did not detect hSNCA protein in the entire 
brain of SNCA EnKO rats (Fig. 6, B and C). As both methods are 
not sensitive to detect extremely low levels of target protein, we thus 
analyzed the mRNA level of human SNCA in the SNCA EnKO rat 
model using RT-PCR and RT-qPCR. Both methods detected an 
extremely low level of human SNCA mRNA in SNCA EnKO rat 
compared to SNCA tg-L rats (1.49%) (Fig. 6, D and E). Con-
firming Sanger sequencing excluded mutations, aberrant splicing, 
or exon skipping of the human SNCA mRNA in SNCA EnKO rat 
(fig. S6D). These data suggest that knocking out the intronic en-
hancer clusters drastically reduces the expression of hSNCA in 
the brain.

SNCA intronic enhancer cluster regulates its expression via 
the release of paused RNA Pol II
Enhancers could induce gene expression through promoting tran-
scription initiation, the release of paused Pol II, or productive elon-
gation. To see how the SNCA intronic enhancer clusters control its 
expression in the brain, we next performed H3K27ac and H3K4me3 

ChIP-seq and ChIP-qPCR to check the human SNCA promoter ac-
tivities in SNCA EnKO rats. Deletion of the intronic enhancer clus-
ters leads to around 50% reduction of the H3K27ac and H3K4me3 
modifications on the human SNCA promoter (Fig. 6, F and G). 
However, the change of promoter activity does not match the change 
of mRNA expression, because the human SNCA mRNA decreased 
to 1.49% after knocking out the intronic enhancer clusters (Fig. 6E). 
We thus want to know how the intronic enhancers regulate the 
expression of hSNCA. We first performed Pol II and S5 phosphoryl-
ated Pol II (P5-Pol II) ChIP-seq to examine the transcription ini-
tiation and elongation of the human SNCA gene in wild-type and 
SNCA En-2 KO SH-SY5Y cells (Fig. 7A). We observed that Pol II is 
highly enriched in the entire SNCA gene in wild-type SH-SY5Y cells 
compared to SNCA En-2 KO SH-SY5Y cells (Fig. 7A), which indi-
cates decreased SNCA transcription elongation in SNCA En-2 KO 
SH-SY5Y cells. Increased enrichment of P5-Pol II on the SNCA 
promoter in SNCA En-2 KO SH-SY5Y cells was detected when 
compared to wild-type SH-SY5Y cells (Fig. 7A); these data suggest 
that the transcription initiation of the SNCA gene in SNCA En-2 KO 
SH-SY5Y cells is slightly higher than in wild-type SH-SY5Y cells. 
Similar changes were also observed in the frontal cortex of SNCA 
tg-L and SNCA EnKO rats. Higher enrichment of Pol II in the SNCA 
gene body was detected in the SNCA tg-L cortex compared to 
the SNCA EnKO cortex, while the SNCA EnKO rat cortex presents 

Fig. 7. The human SNCA intronic enhancer clusters promote release of paused RNA Pol II. (A) ChIP-seqs show the binding profiles of RNA Pol II, serine-5 phosphorylated 
Pol II (P5-Pol II), and NELFE in wild-type and SNCA En-2 KO SH-SY5Y cells. (B) ChIP-seqs show the binding profiles of Pol II, P5-Pol II, NELFE, and serine-2 phosphorylated 
Pol II (P2-Pol II) in the SNCA tg-L rat cortex and SNCA EnKO rat cortex. (A and B) The blue arrow indicates Pol II binding signal on the human SNCA gene body. The red arrow 
shows the increased binding signal of P5-Pol II on the SNCA promoter in SNCA En-2 KO SH-SY5Y cells and SNCA EnKO rat cortex compared to wild-type SH-SY5Y and SNCA 
tg-L rat cortex, respectively. The black arrow shows that the NELFE binding signal is stronger in the SNCA En KO rat cortex than in the SNCA tg-L cortex. (C) Schematic 
graphs show the structures and transcription regulators of the human SNCA gene in wild-type (SNCA tg-L) and in enhancer cluster knockout (SNCA EnKO) conditions. The 
human SNCA promoter was bound by many transcription factors and makes contact with its intronic enhancer (Enhancer). The contact between promoter and enhancer 
promotes the release of Pol II pause and transcription elongation (top). Knocking out the intronic enhancer clusters (enhancer) of the human SNCA gene loses the contact 
between enhancer and promoter and increases the enrichment of NELF on its promoter, which causes RNA Pol II pausing (bottom).
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higher enrichment of P5-Pol II and negative elongation factor E 
(NELFE), an essential component of the NELF complex (33), com-
pared to the SNCA tg rat cortex (Fig. 7B and fig. S7, A to C). Further 
ChIP-qPCR showed stronger binding activities of Pol II on exons 2 
and 4 of the human SNCA gene in the SNCA tg-L rat cortex com-
pared to that in the SNCA EnKO rat cortex (fig. S7A). All these data 
strongly support the notion that knocking out the SNCA intronic 
enhancer (SNCA En-2 alone or of the whole SNCA intraclusters) 
leads to RNA Pol II pausing on the SNCA promoter, which causes 
suppressed transcription elongation and reduced SNCA expression 
(Fig. 7C and fig. S7D). Thus, the SNCA intronic enhancer clusters 
predominantly regulate the expression of SNCA mainly through pro-
moting the release of paused RNA Pol II and transcription elongation.

DISCUSSION
We found two new transcription regulators of the human SNCA gene, 
the DYT6 dystonia gene product THAP1 and its interaction partner 
CTCF. THAP1 regulates the activities of the SNCA promoter and 
enhancers through both direct and indirect pathways, while CTCF 
mediates the enhancer-promoter interactions. During the neuronal 
development, the SNCA intronic enhancer En-2 presents cell lineage–
dependent activities. In the brain, this enhancer expanded and formed 
enhancer clusters that predominantly up-regulate the expression of 
SNCA in the brain through promoting the release of RNA Pol II 
pause, while knocking out these intronic enhancer clusters drasti-
cally reduces its expression in the brain in vivo.

Decreased expression of SNCA may somehow be related to the 
phenotype of DYT6 dystonia, but it is most likely not the key node 
that is responsible for the DYT6 dystonia phenotype. Complete 
knockout of Snca in mice leads to reduction of striatal dopamine and 
an attenuation of DA-dependent locomotor response to amphetamine 
(34, 35). Similarly, deficiency of locomotor activities and abnormal-
ities of amphetamine-induced firing frequency of striatal cholinergic 
interneurons were observed in our DYT6 rats (20). However, SNCA 
is not the only dysregulated gene found in DYT6 dystonia, and 
THAP1 mutations cause gene expression changes mainly through 
its target SP1 (20). Furthermore, the expression change of SNCA 
might not be common in other types of primary dystonia except 
DYT6 dystonia. In TAF1/DYT3 dystonia, patients’ fibroblasts and 
iPSC that differentiated into neurons did not show dysregulation of 
SNCA (36). Also, brain tissues from TorsinA knock-in mice also 
did not show expression changes of either CEBPD or SNCA (37).

Several studies confirmed that a high level of wild-type SNCA 
protein is a causative factor contributing to PD pathogenesis. Char-
acterizing its transcription regulation might help us to find out new 
treatment targets for this disease. In this study, we found two new 
transcription regulators of the SNCA gene, THAP1 and CTCF. Both 
in vitro and in vivo data support the role of THAP1 in regulating 
the expression of SNCA in neuronal cells and in the brain, respec-
tively. THAP1 can directly regulate the SNCA promoter activities or 
indirectly regulate its enhancer activities through CEBPD. CTCF is 
the first transcription factor identified so far that can regulate the 
SNCA gene structure, such as the enhancer-promoter loops.

In this study, we detected two enhancer clusters of the human 
SNCA gene in the brain and proved its function in vivo, the intra-
clusters (located in the intron 4 region, including the SNCA En-1 and 
SNCA En-2) and the interclusters (located in the 3′ downstream of 
the SNCA gene) (Fig. 5A). The PD risk–associated SNPs identified 

by GWAS meta-analyses are enriched in these two enhancer cluster 
regions. Although the exact roles of these SNPs are not well charac-
terized so far, they may up-regulate the expression of endogenous 
SNCA either by modifying enhancer activity (38) or altering the 
enhancer-promoter contact (39) and thus contribute to PD patho-
genesis. For example, the PD risk top hit rs356182 located in the 
intercluster region causes increased expression of SNCA in the 
human frontal cortex (40). Higher levels of SNCA mRNA were ob-
served in the substantia nigra (SN) of patients with PD carrying risk 
SNPs located in the interclusters, such as rs356165, rs356219, and 
rs11931074, compared to control individuals (41, 42). Human iPSC- 
derived neurons harboring PD risk–associated SNPs located in intra-
clusters (rs356168) express a higher level of SNCA compared to 
control iPSC-derived neurons (9). PD risk–associated SNPs within 
the SNCA promoter (SNCA-Rep1) may also up-regulate the expres-
sion of SNCA in dopaminergic SH-SY5Y cells and in transgenic 
mouse brain (8, 43). However, this alteration could not be replicated 
in some other studies using different tissues. Decreased or un-
changed mRNA levels were observed in blood from patients with 
PD carrying the SNCA-Rep1 variant or blood from its transgenic 
mice (41, 43). In the temporal cortex from patients with PD carry-
ing the rs356168 variant, the expression level of SNCA-mRNA was 
decreased instead of increased (44). All these observations might 
indicate tissue-dependent changes of SNCA expression in patients 
with PD carrying risk SNPs, and the increased expression of SNCA 
may occur predominantly in the affected brain regions of patients 
with PD, such as in the midbrain or SN. In general, increased 
SNCA-mRNA was observed predominantly in the midbrain or SN 
of patients with PD (45, 46), while in other tissues/regions, such 
as in the temporal/frontal cortex or cerebrospinal fluid (CSF), even 
decreased protein levels of SNCA were detected, which was consist-
ently reported by many different studies (44, 45, 47–49). Similarly, 
decreased CSF SNCA protein levels were also observed in patients 
with dementia with LBs or with multiple system atrophy (47). De-
creased CSF SNCA level might be due to a possible increase in the 
rate of SNCA uptake from the CSF into neurons and oligodendroglia 
(47). Nevertheless, all these observations support a tissue-dependent 
expression change of SNCA in patients with PD, while the role of 
PD risk–associated SNPs in regulating SNCA expression in differ-
ent tissues, as well as in the pathogenesis of PD, needs further sys-
tematic characterization.

In this study, we observed that the human SNCA intronic en-
hancers also present lineage-dependent activations during neuronal 
differentiation of human iPSCs. During differentiation, many genes 
are switched on via interactions between tissue- and developmental 
stage–specific enhancers and their cognate promoters (50). However, 
how enhancers control the transcription cycle at promoters during 
differentiation is not well understood so far. Enhancers can regulate 
transcription initiation through which the expressions of genes are 
predominantly regulated during differentiation (50). In this study, 
we showed that the neuronal differentiation–associated enhancers 
can promote the release of paused Pol II from its promoter through 
which the expression of SNCA was predominantly regulated. En-
hancers promoting the release of RNA Pol II pause have been re-
ported for some other genes as well (51); one potential mechanism 
could be that the enhancer expresses eRNA that can facilitate NELF 
complex release and thus promote transcription elongation (52). 
The expression of the SNCA eRNA in the human brain also supports 
the role of its intronic enhancer clusters in promoting RNA Pol II 
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release. As the human SNCA enhancers are activated specifically in 
some cells/tissues, such as in neurons or in the brain, the SNCA 
enhancer–mediated Pol II pause release might also be cell lineage 
dependent.

Because of the role of high levels or mutant SNCA in the patho-
genesis of PD and other neurodegenerative disorders, many treatment 
studies in animals or humans have been postulated by applying 
small interfering RNA or short hairpin RNA (shRNA) with the aim 
to reduce the level of endogenous SNCA (53). Antisense oligonucle-
otides such as amido-bridged nucleic acid–modified antisense 
oligonucleotides were also implicated as potential treatment targeting 
the SNCA gene (54). Although reduction of the SNCA expression 
through different methods can protect neurodegeneration in-
duced by hSNCA (55), rotenone (56), or 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (57), side effects such as toxicity or inflammation 
caused by vectors or injection itself and reduced dopamine content 
and TH neurons due to the extremely lower level of endogenous 
SNCA were also observed (55–57). Similarly, targeting general tran-
scription factors or modifying histone modification, such as H3K27ac 
(58), might not be an ideal treatment strategy for PD, as both strat-
egies will cause global gene expression changes and subsequently 
may cause unknown side effects. The SNCA promoter and CRE-like 
enhancers directly regulate its expression and could be used as treat-
ment targets. Using a CRISPR-dCas9–based technique to modify the 
DNA methylation or histone modification on the SNCA promoter 
has been reported as a treatment through which the SNCA expres-
sion in culture neurons was down-regulated (14, 59). However, the 
in vivo and long-term treatment effects of these virus vector–based 
treatments are all unknown. Furthermore, the brain-specific SNCA 
expression was regulated by its intronic enhancer cluster; thus, tar-
geting the promoter might not be sufficient enough to down-regulate 
the expression of SNCA in the brain. As the transcription machinery 
of the human SNCA gene and its expression level in the brain are 
different from that in cultured neurons, the use of cultured neurons 
or iPSC-derived neurons as a model system to study the transcrip-
tion regulation of the human SNCA gene or the effects of PD risk–
associated SNPs needs to be interpreted with caution.

Our data and previous report both support that the SNCA En-1 
is specifically activated in dopaminergic neuronal cells (19). Our re-
sults proved that knocking out activated SNCA enhancers (such 
as En-1) in dopaminergic neuronal cells will moderately repress its 
expression, but in En-1–inactivated neuronal cells such as SK-N-AS 
cells, its deletion does not affect SNCA expression. On the basis of 
the role of intronic enhancer clusters in regulating the brain-specific 
expression of SNCA, targeted editing of a small region of the intronic 
enhancer clusters, such as SNCA En-1, using the in vivo CRISPR-Cas9 
gene editing system to moderately reduce the expression of SNCA 
specifically in the brain or dopaminergic neurons could be used as a 
new therapeutic strategy to hopefully prevent SNCA accumulation 
in SNCA-associated neurodegenerative diseases.

MATERIALS AND METHODS
Cell culture
All cell lines were authenticated by using polymorphic short tandem 
repeat loci before they are used in experiments (20). Mycoplasma con-
tamination was tested regularly every 3 months. HEK-293 [American 
Type Culture Collection (ATCC) CRL-1573] and SH-SY5Y (ATCC 
CRL-2266) cells were purchased from Sigma-Aldrich (85120602 

and 94030304) (RRID: CVCL_0045 and CVCL_0019) and cultured 
in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum 
and 1% GlutaMAX at 37°C in a humidified atmosphere contain-
ing 5% CO2.

Generation of shTHAP1 SH-SY5Y cell lines
Stable knockdown of THAP1 in SH-SY5Y cells was performed by 
stable transfection of THAP1 shRNA expression vector (SureSilencing 
shRNA plasmids KH07515N, QIAGEN). Two shRNA expression 
vectors were used for stably knocking down THAP1 in SH-SY5Y cells 
(target 1: GACGTATCAGAAAGAGGTTAT; target 2: GCCTGTA-
AAGGAGTTTCATTT). The expression of THAP1 was determined 
by both real-time PCR and Western blot. Control cell lines were 
stably transfected with negative control shRNA (sequence: GGAATCT-
CATTCGATGCATAC).

Plasmid vectors
hTHAP1 complementary DNA (cDNA) open reading frame was 
amplified by PCR from the cDNA of HEK-293 cells and subcloned 
into pcDNA3.1 or pcDNA 3.1/Flag plasmid (Invitrogen). CEBPD 
expression vector was purchased from Genscript (OHu17203D; 
Genscript). pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from 
F. Zhang (Addgene plasmid #42230; http://n2t.net/addgene:42230). 
pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from F. Zhang 
(Addgene plasmid #62988). pBABE-puro was a gift from H. Land, 
J. Morgenstern, and B. Weinberg (Addgene plasmid #1764; http://
n2t.net/addgene:1764). CTCF expression vector was generated by 
amplifying its cDNA from pDONR223_CTCF_WT (a gift from 
J. Boehm, W. Hahn, and D. Root; Addgene plasmid #81789) and 
subcloning into pcDNA3.1/V5tag vector. All subcloned vectors 
were verified by Sanger sequencing.

Generation of iPSCs and differentiation into mDA neurons
Generation of iPSCs and differentiation into mDA neurons have been 
described in our previous publication (20). The ethical approval for 
the development of and research pertaining to patient-derived cell 
lines has been given by the National Committee for Ethics in Research 
(Luxembourg). In brief, native fibroblasts were obtained from skin 
biopsies with the written informed consent of donors. Fibroblasts 
were maintained and cultured as previously described (60). The 
information of patients and control individuals was published pre-
viously (20). Fibroblasts were reprogrammed to pluripotency using 
the Simplicon RNA reprogramming kit (Merck). Molecular karyo-
typing and identity analysis were performed using HumanOmni 2.5 
Exome-8 DNA Analysis BeadChip (Life&Brain GmbH). The iPSCs 
were cultured as previously published (60, 61).

mDA neurons were differentiated from iPSCs according to the 
previously reported protocols (61). iPSCs were first derived into NPCs 
using N2B27 media as described before (20). The NPCs were directly 
differentiated in N2B27 media containing 1 M purmorphamine, 
200 M ascorbic acid, and FGF8b (100 ng/ml; PeproTech, 100-25). 
After 8 days of differentiation, the culture medium was changed 
to N2B27 supplemented with 0.5 M purmorphamine and 200 M 
ascorbic acid for another 2 days. From 10 days of directed differen-
tiation until the designated experimental time point (day 45 onward), 
the following substances were added to N2B27 media: brain-derived 
neurotrophic factor (10 ng/ml; PeproTech, 450-02), glial cell line–
derived neurotrophic factor (10 ng/ml; PeproTech, 450-10), trans-
forming growth factor–3 (1 ng/ml; PeproTech, 100-21), adenosine 
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3′,5′-monophosphate (500 M; Applichem, A0455), and ascorbic 
acid (200 M).

Human postmortem brain tissues
The use of human brain tissue for the experiment has been approved 
in accordance with guidelines established by the Institutional Animal 
Care and Use Committee at the University of Tuebingen, Germany 
(project number: 565/2019BO2). Frozen postmortem frontal cor-
tex tissues were obtained from two patients with THAP1 mutation 
(with THAP1 p.S21F and p.R29Q mutation, respectively) and 
three neurologically normal control individuals as described previ-
ously (20).

CRISPR-Cas9 knockout of CTCF and PAF1
Knockout of CTCF and PAF1 was performed using the CRISPR-Cas9 
technique (62). gRNA was selected by CRISpick (https://portals.
broadinstitute.org/gppx/crispick/public). gRNA oligos synthesized 
by biomers (www.biomers.net) were annealed and subcloned into 
pX459 vector. Transfection was performed by cotransfection of 
pX459/gRNA and pBabe empty vector (ratio, 10:1) into SH-SY5Y 
cells. Twenty-four hours after transfection, cells were selected by 
puromycin (final concentration, 2 g/ml) for another 48 hours. The 
surviving cells were subcultured in 10-cm dishes until single clone 
formation. Sanger sequencing and Western blot were used to select 
positive cell clones and verify target protein expression. All gRNA 
sequence and genotype primers are listed in table S1.

CRISPR-Cas9 knockout of SNCA En-1 and En-2
SNCA En-1 and En-2 knockout was performed using the CRISPR- 
Cas9 system. Two gRNAs target flanking SNCA En-1 (SNCA En-1 
gRNA 1 and gRNA 2; table S1) or SNCA En-2 (SNCA En-2) (SNCA 
En-2 gRNA 1 and gRNA 2; table S1) were designed by CRISPick 
(https://portals.broadinstitute.org/gppx/crispick/public) and sub-
cloned into pX459 vector. Two paired gRNAs and pBabe were 
cotransfected (ratio, 1:1:0.2) into SK-N-AS or SH-SY5Y cells to knock 
out SNCA En-1 or En-2. Twenty-four hours after transfection, 
cells were selected by puromycin (final concentration, 2 g/ml) 
for another 48 hours. The surviving cells were subcultured on 10-cm 
dishes until single clone formation. Genotyping of single clone was 
done by PCR. Positive and negative genotype PCR primers are listed 
in table S2.

Animal studies
All animal (rat) experiments were approved by the local Ethics Review 
Committees (Regierungspräsidium Tübingen) (HG6/14, HG03/20G, 
and HG01/21G). Experimental procedures involving animals were 
conducted in accordance with guidelines established by the Institu-
tional Animal Care and Use Committee at the University of 
Tuebingen. All the animal studies were performed according to the 
“3R” principle (replace, reduce, and refine). For protein analysis, 
RNA analysis, and immunohistochemistry staining, at least three to 
five animals (3 months old) of each group were used. All experiments, 
including protein analysis, RNA-seq, and ChIP-seq, were performed 
using 3-month-old male rats. The following animal models were 
generated for this study.

hTHAP1 transgenic rat model (hSNCA tg)
To generate the human THAP1 gene transgenic rat model, the whole 
THAP1 gene (12 kb) was amplified from human genomic DNA using 

the following PCR primers: forward primer: CCTCATGAATG-
GCTTTGAGT; reverse primer: AAGCCAAGTAGCAATTCAGG.  
The PCR product was subcloned into pUC19 vector using Kpn I 
and Sal I restriction enzymes. After validating the sequences of posi-
tive clones by Sanger sequencing, the THAP1 gene fragment was 
digested and purified. High-quality THAP1 DNA fragments were 
directly injected into the pronucleus of rat zygotes to generate the 
hTHAP1 transgenic rat model. The expression of hTHAP1 was 
analyzed at both mRNA and protein levels.
Human SNCA and hTHAP1 double-transgenic rat model 
(SNCA/THAP1 tg)
The hSNCA/hTHAP1 double-transgenic rat model was generated by 
crossbreeding our previously published human SNCA tg rats (11) 
with the newly generated human THAP1 tg rats.
Human SNCA intronic enhancer cluster knockout  
(SNCA EnKO) rat model
The SNCA intronic enhancer cluster knockout rat model was gen-
erated by using the CRISPR-Cas9 system. Two gRNAs were designed 
by targeting two ends of the large intronic cluster region (about 
48.6 kb), which includes the SNCA En-1 and SNCA En-2 regions 
(gRNA1: CTGATACCACCTGCCTGCAC; gRNA2: GCATGGT-
CACAACTTACTAA). Briefly, two synthesized gRNAs together with 
single-stranded oligodeoxynucleotide template and Cas9 protein 
were injected into the pronucleus of rat zygotes. The genotyping 
was done by positive PCR and negative PCR analyses. Positive PCR 
was performed using primers that target two ends of residuals after 
knockout (forward primer: GGCCAAAATGAACTAAATGAA-
CAGGG; reverse primer: GAACTTGGCTGAATCTGAGTCCAT-
TC). The negative PCR was performed using primers targeting the 
sequencing upstream and downstream of gRNA2 site (forward 
primer: CGTATATGAAGGCTTTAAGGGTGTGC; reverse primer: 
GAACTTGGCTGAATCTGAGTCCATTC).

Western blot
The use of human brain tissue and iPSC-differentiated mDA neu-
rons for protein analysis was approved by the ethics committee of 
the University Hospital Tuebingen, Tuebingen, Germany. Western 
blot was performed as previously described (20). Briefly, culture 
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 
[1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mmol NaCl, 
50 mmol tris (pH 8.0), and 1× proteinase inhibitor]. After measur-
ing protein concentration by a Bicinchoninic acid kit (Thermo 
Fisher Scientific), protein samples were separated by SDS gel and 
blotted onto a nitrocellular membrane (Millipore). After incubating 
with primary antibody (working concentrations of different antibodies 
are listed in table S2) and secondary antibody [1:15,000 in concen-
tration; IRDye 800CW goat anti-rabbit immunoglobulin G (IgG) 
(H + L) or IRDye 680RD goat anti-mouse IgG (H + L)], blot mem-
branes were visualized under the Odyssey Fc Imaging System (Li-Cor). 
Each Western blot was repeated at least three times.

Immunohistochemistry staining
Immunohistochemistry staining was performed as reported previ-
ously (63). Brains of male rats at 3 months of age were fixed by tran-
scardiac perfusion with 4% paraformaldehyde in phosphate-buffered 
saline (PBS), followed by postfixation with the same fixatives over-
night at 4°C. The half brain was embedded in paraffin and subjected 
to microtome sectioning. DAB (3,3′-diaminobenzidine) staining was 
used to stain the hSNCA and rSNCA in SNCA tg rats and SNCA 
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EnKO rats. In detail, the whole procedure was carried out at room 
temperature. The endogenous peroxidase activity of brain sections 
was blocked by using 0.5% sodium borohydride, followed by sec-
tion permeabilization in tris-buffered saline containing 0.4% Triton 
X-100. The incubation in primary antibody anti-SNCA (anti-hSNCA, 
1:250; anti- rSNCA, 1:500) was performed overnight followed by 
secondary antibody staining using biotinylated goat anti-rabbit at 
a dilution of 1:1000 (Vector Laboratories). Then, sections were 
treated with an avidin-biotin complex (Vector Laboratories, BA-1000) 
and exposed to DAB-H2O2 (0.01% DAB and 0.001% hydrogen 
peroxide) until a suitable staining intensity had developed.

Luciferase reporter assay
Luciferase reporter assays were performed as previously described 
(64). The full SNCA promoter region (10.7 kb) (23) was amplified 
by PCR and subcloned into pGL3 empty vector. Activities of firefly 
and Renilla luciferase were measured at 48 hours after cotransfection 
of pGL3 vector with pcDNA3-THAP1 or pcDNA3-Empty vector by 
incubating with the Dual Luciferase Reporter Assay System (Promega) 
in a Mithras luminometer (Berthold Technologies). The TOR1A 
promoter was used as a positive control as THAP1 can repress the 
activity of the TOR1A promoter (64). All experiments were verified 
at least in five independent replicates.

To detect the interactions between SNCA enhancers and promoter, 
the core promoter region (1.34 kb) of the SNCA gene was amplified 
from the whole SNCA promoter using the primers AGCTAG-
CAAAGGCTTTCTGCTA (forward) and TCTCGAGGGTGGAAAG-
GCAGAA (reverse) and subcloned into pGL3 basic vector (Promega) 
using Nhe I and Xho I restriction enzymes. The SNCA En-1 region 
[1560 base pairs (bp); forward primer: CAAACTCACAGCGTAG-
ACAA; reverse primer: AATTTCCTGGATGCTCAGTG], SNCA 
En-2 region (1496 bp; forward primer: TAAAGGGGACTGG-
GAAAGTT; reverse primer: AAAACCATCACCACAGTTCC), 
and negative control region (1504 bp; forward primer: AATG-
CACTGGAAAGGTTGTT; reverse primer: TCTTTTTCCCCAT-
GAGGTCT) were amplified from human genomic DNA and 
subcloned into pGL3/SNCA core promoter vector, respectively. 
The subcloned pGL3 vector carrying both the SNCA promoter and 
enhancer was cotransfected with pRL vector (Promega) into SH-
SY5Y cells to analyze the interaction between the SNCA promoter 
and enhancer.

Nuclear protein extraction
Nuclear proteins extracted from HEK cells, SH-SY5Y cells, or brain 
tissues were used for analyzing THAP1 protein level or for TAP-MS 
experiments. Briefly, the cytoplasmic fraction was collected using 
buffer A [10 mM Hepes (Sigma-Aldrich), 1 mM EDTA (Applichem), 
0.1 mM EGTA (Sigma-Aldrich), 10 mM KCl (Carl-Roth), 1 mM 
phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich), phosphatase 
inhibitor cocktail 2 and 3 (1 g/ml; Sigma-Aldrich), 1 mM dithiothreitol 
(DTT; Merck), and complete protease inhibitor (1 g/ml; Roche)]. 
After 15 min of incubation, NP-40 (Roche) was added to the final 
concentration of 0.1% to break the cell membrane. Following 
centrifugation at 10,000g for 5 min at 4°C, the supernatant was 
removed (cytoplasmic fraction), and the nuclei were harshly 
resuspended in buffer C [20 mM Hepes, 0.2 mM EDTA, 0.1 mM 
EGTA, 25% glycerol (Carl-Roth), 420 mM NaCl (Merck), 1.5 mM 
MgCl2 (Sigma-Aldrich), 1 mM PMSF, phosphatase inhibitor cocktail 
2 and 3 (1 g/ml), 1 mM DTT, and complete protease inhibitor 

(1 g/ml)] and rotated on an intellimixer for 20 min at 4°C. After 
centrifugation at 10,000g for 5 min at 4°C, the supernatant contain-
ing nuclear proteins was collected.

Tandem affinity purification and mass spectrometry
TAP-MS was performed as reported previously (65). TAP was per-
formed in HEK-293 cells overexpressing Strep/FLAG-tagged THAP1 
protein. Nuclear protein was extracted as described before and incu-
bated with anti-Flag M2 agarose affinity gel (Sigma-Aldrich). During 
the incubation, 300 U of benzonase nuclease (Sigma-Aldrich) per 
milligram of nuclear extract was added to disturb the DNA- or 
RNA-mediated interactions. The eluted protein solution by flag 
peptide was treated by trypsin for quantitative tandem MS analysis 
(liquid chromatography–tandem MS). Raw data were quantified by 
building ratios of the peak area intensities from specific fragment 
ions of the corresponding samples. Each group (empty vector group 
and wild-type THAP1 group) was repeated five times.

ChIP and sequencing
ChIP sample preparation and high-throughput sequencing were 
done as previously described (20). For brain tissues, frozen brain 
tissues were thawed and cut into less than 1-mm3 pieces. PBS with 
1% formaldehyde (Thermo Fisher Scientific) was added to cross-link 
tissues for 15 min. After adding glycine and incubating for another 
5 min, tissues were collected by centrifugation. For cell samples, 
cells were cross-linked by directly adding formaldehyde into the 
culture medium to the final concentration of 1% and incubated for 
10 min at room temperature. After adding glycine to the final con-
centration of 0.125 M and incubating for 5 min, cells were collected. 
Cell pellets/tissue pellets were sonicated in RIPA buffer [10 mM 
tris-HCl, 1 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 
1% NP-40, and 1× protease inhibitor cocktail (pH 8.0)] to 200 to 
500 bp using Covaris S220. After centrifugation, chromatin was in-
cubated with an antibody-bead complex, which was prepared 1 day 
before by incubating antibody with goat anti-rabbit IgG/mouse IgG 
magnetic beads (Thermo Fisher Scientific) overnight. After incuba-
tion of the chromatin and antibody-bead complexes overnight, the 
complexes were washed by low-salt buffer, high-salt buffer, LiCl 
buffer, and TE buffer. The ChIP DNA–protein complex was eluted 
from beads and decross-linked overnight. Last, ChIP DNA was 
extracted using a PCR purification kit (QIAGEN). At least 5 ng of 
immunoprecipitated DNA was used for the library preparation 
using the NEB Ultra II DNA Library Preparation Kit for Illumina 
(NEB, E7103L). Next-generation sequencing was done on an 
Illumina NextSeq500/NovaSeq 6000 system using the 75/100-bp 
single-end high-output sequencing kit.

Chromatin immunoprecipitation quantitative polymerase 
chain reaction
Quantitative analysis of ChIP results was performed using ChIP- 
qPCR. The ChIP-qPCR was performed using QuantiTect PCR Kits 
(QIAGEN) as previously described (64). The ChIP input sample 
was used to calculate ChIP binding signal (as input %). IgG ChIP 
sample was used as a negative control. Each experiment was repeated 
at least three times. Primers used for ChIP-qPCR are listed in table 
S3. To analyze the RNA Pol II pause, SNCA promoter primers were 
used to detect the Pol II binding on the promoter region, and the 
SNCA Exon 2 and SNCA Exon 4 were used to detect the Pol II bind-
ing on the SNCA gene body.
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mRNA-seq and total RNA-seq
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) or 
RNeasy Lipid Tissue Mini Kit (QIAGEN) following the manufacturer’s 
protocol. RNA samples used for library preparation presented a high 
integrity number (RNA integrity number > 9). For mRNA-seq, a 
total of 100 ng of total RNA was subjected to polyadenylate enrichment, 
and cDNA libraries were constructed using the resulting mRNA 
and the NEBNext Ultra II Directional RNA library Preparation Kit 
for Illumina (NEB, #E7760L). Libraries were sequenced as paired-end 
100-bp reads on a NovaSeq6000 (Illumina) with a depth of approx-
imately 20 million reads each. Library preparation and sequencing 
procedures were performed by the same individual, aiming to min-
imize technical batch effects.

Reverse transcription PCR
The expression level of SNCA mRNA in SNCA EnKO rats was ana-
lyzed by RT-PCR and RT-qPCR as previously described (66). In brief, 
brain tissue total RNA was extracted using the RNeasy Lipid Tissue 
Mini Kit (QIAGENE) and reverse-transcribed into cDNA using the 
Omniscript RT Kit. Total human SNCA cDNA transcript was ampli-
fied using primers targeting exon 2 and the 3′ untranslated region 
(3′UTR) of the SNCA gene (forward primer: AAGCAGCAGGAAAG-
ACAAAA; reverse primer: ACATCTGTCAGCAGATCTCA). 
RT-qPCR of the human SNCA mRNA was performed using QuantiTect 
PCR Kits (QIAGEN) with the primers targeting exon 5 and 3′UTR 
of the SNCA gene (forward primer: CTGTGGATCCTGACAATGAG; 
reverse primer: CAAGAAACTGGGAGCAAAGA). Rat housekeeping 
gene actin was used as an internal control (forward primer: AGAAG-
GAGATTACTGCCCTG; reverse primer: CCACCAATCCA-
CACAGAGTA).

Circular chromosome conformation capture followed  
by sequencing
4C-seq was performed as previously described (27) with the following 
modification: (i) Nla III (New England Biolabs) and Bfa I (Thermo 
Fisher Scientific) were selected as the first and second restriction en-
zymes, respectively; (ii) before generating 4C-seq libraries for se-
quencing, the 4C template of viewer point (VP: SNCA promoter) was 
amplified by PCR of six cycles using specific primers (forward primer: 
ACGAATGGTCGTGGGCACCG; reverse primer: CCTCTCTTG-
GGCCCCTTCTG). Final 4C-seq libraries were generated by PCR 
of 24 cycles using indexed primers (P5 and P7; forward: AATGA-
TACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC-
GCTCTTCCGATCTNNNNNNACGAATGGTCGTGGGCACCG; 
reverse: CAAGCAGAAGACGGCATACGAGATGCCGTCCTCC
TC CTCCTAG; NNNNNN: barcode sequences used for isolating 
reads of different samples). Next-generation sequencing was done 
on an Illumina NextSeq500 system using the 150-bp single-end 
high-output sequencing kit.

Data analysis
ChIP-seq data analysis
Briefly, ChIP-seq raw reads were aligned to the hg19 genome or rn6 
genome assembly using Bowtie2. Only reads that uniquely mapped 
to the genome were used for further analysis. ChIP-seq peak calling 
was analyzed using MACS2. Bam files were converted into coverage 
bigWig file using deeptools (version 3.3.2) and samtools (version 
1.9) package and viewed using Integrative Genomics Viewer (IGV) 
browsers (version 2.12.2).

RNA-seq data analysis
The quality of RNA-seq data in fastq files was assessed using QoRTs 
(v1.2.37) to identify sequencing cycles with low average quality, 
adapter contamination, or repetitive sequences from PCR amplifi-
cation. Reads were aligned using HISAT2 (version 2.2.1), allowing 
gaped alignments to account for splicing against a custom-built 
genome composed of the Ensembl Homo Sapiens GRCh37, and 
alignment quality was analyzed using samtools (v1.1) and visually 
inspected in the IGV (version 2.12.2). Normalized read counts 
for all genes were obtained using featureCount (v3.18.1). Bam files 
were converted into coverage bigWig file using the deeptools (ver-
sion 3.3.2) and samtools (version 1.9) package and viewed using 
IGV browsers (version 2.12.2).
4C-seq data analysis
Raw reads were separated into individual sample FastQ files by bar-
code sequences. Raw reads of each sample were filtered by retaining 
VP-specific PR amplicons (GGAGGGGGTGGTGCTGC), trimmed to 
remove nucleotide sequences belonging to the VP restriction frag-
ment, and subsequently mapped to the hg19 genome assembly using 
Bowtie2. Only uniquely mapped reads were used for further analyses with 
Basic4C (27) and 4C-ker packages (67). Mapped raw reads were saved 
as bedgraph files and viewed using IGV browsers (version 2.12.2).

Statistical analyses
All the data presented in this study were analyzed using two-tailed 
unpaired t test when two groups were compared. Statistical analyses 
were performed using the Prism software 10.0 (GraphPad Software, 
La Jolla, CA). Significant differences were considered when *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq6324

View/request a protocol for this paper from Bio-protocol.
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