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ABSTRACT
Epigenetic regulation is a crucial factor controlling gene expression. Here, we report our CRISPR/ 
dCas9-based modular epigenetic toolkit that enables gene-specific modulation of epigenetic 
architecture. By modifying the SunTag framework of dCas9 tagged with five GCN4 moieties, 
each epigenetic writer is bound to scFv and target-specific sgRNA, and this system is able to 
modify multiple epigenetic marks in a target-specific manner. We successfully demonstrated that 
this system is efficient in modifying individual histone post-translational modifications. We display 
its utility as a tool to understand the contributions of specific histone marks on gene expression 
by screening a large promoter region and identifying differential outcomes with high base-pair 
resolution. This epigenetic toolkit can be easily altered with a large variety of epigenetic effectors 
and is a useful tool for researchers to use in understanding gene-specific epigenetic changes and 
their relation to gene expression.
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Introduction

Utilization of the CRISPR/Cas9 system is now well 
established for precise genome editing [1–12]. 
Taking advantage of the genomic locus-specific 
targeting abilities with catalytically dead Cas9 
[13] (dCas9), this system has also been employed 
to modulate the focal epigenetic architecture and 
gene expression [14]. Early transcription modula
tion systems using dCas9 fused to synthetic acti
vators such as VP64, SAM, and VPR have been 
shown to alter a specific gene expression. 
However, this effect is transient [15], and they 
ignore the endogenous epigenetic environment.

Each gene’s distinct regulatory regions such as 
enhancers or promoters have unique combinations 
of different histone posttranslational modifications 
(PTM) that modulate expression. To understand 
the precise epigenetic regulation of a gene, we 
need a system that can systematically edit and 
explore the effect of histone PTM on gene 

expression with a high resolution. To address this 
gap, we developed a modular epigenetic toolkit by 
modifying the previously developed SunTag fra
mework, originally introduced by Tanenbaum 
et al., in 2014 [16]. SunTag, a trans-activator sys
tem consisting of a repeating polypeptide array of 
24 GCN4 moieties, recruits multiple anti-GCN4 
scFv-fused effector to a targeted location inside 
the cell. Later, other groups utilized this system 
to recruit DNMT3A or TET1 to edit the epigen
ome [17–19]. We further enhanced the SunTag 
framework by utilizing 22 amino acid spaces as 
suggested by Morita et al. [17], 5x GCN4 repeats 
instead of the original 24, and added convenient 
restriction sites to allow multiple effectors to be 
quickly and easily incorporated into the system as 
needed by the researcher. We generated a broad 
array of constructs with endogenous epigenetic 
effectors. Here, we demonstrate this toolkit with 
the writers JMJD3, EZH2, PRDM9, p300, and 
JARID1A. We show that this switchable modular 
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system efficiently worked in precisely modifying 
each histone PTM of several target genes, with 
resolution limited only by the availability of can
didate sgRNA sites and allows for combinations of 
effectors to be easily used at the same locus. This 
CRISPR/dCas9-based modular epigenetic toolkit 
paves a new avenue to study the epigenetic archi
tectures of an individual gene with great precision.

Materials and methods

For full details, see Additional File 1.
sgRNA design sgRNA was designed with zero 

or one off-target matches using (https://portals. 
broadinstitute.org/gpp/public/analysis-tools/sgrna- 
design. For histone mark

analysis in A549 cells, sequences were selected 
from regions of histone mark enrichment 
(Additional File 2, Fig. S2b). For SNCA, only 
sgRNA in the targeted region were selected for 
analysis (Additional File 4).

Cell Culture All cells were maintained in humi
dified 5% CO2 chambers with DMEM +10%FBS. 
To generate stable dCas9-5xGCN4 HEK293 and 
A549 cell lines, cells were transduced with dCas9- 
5xGCN4 lentivirus and selected for blasticidin 
resistance. A549 cells were further transduced 
with sgRNA-expressing lentiviral particles and 
selected for puromycin resistance.

ChIP A549 cells expressing dCas9-5xGCN4 and 
gene-specific RNA were transfected with scFv- 
expressing editors or controls using Helix-IN (Oz 
Biosciences). After 7 2 hours, cells were fixed with 
1% formaldehyde, GFP Sorted, and sheared DNA 
was incubated with antibody against the relevant 
histone mark, reverse crosslinked, and isolated 
before PCR (Additional File 5).

SNCA Promoter Screening In triplicate, 
HEK293 cells expressing dCas9-5xGCN4 were 
transfected with sgRNA (Additional File 4) and 
epigenetic effectors or empty control. Seventy- 
two hours after transfection, we performed 
FACS, extracted RNA, and ran qPCR for SNCA 
and β- Actin to determine relative expression 
levels (ΔΔCt) (Additional File 5). All five sgRNA 
sites that induced significant expression reduction 
using either JARID1A or EZH2 were further ana
lysed with ChIP. To screen the promoter region, 
13 PCR primer pairs were selected to cover the 

entire length of the SNCA promoter (Average PCR 
bin size: 274 base pairs, Additional File 5) and 
provide a map of histone mark enrichment in 
these cells. ChIP analysis was performed once in 
technical triplicate.

Statistical Analysis ChIP samples were normal
ized to input, and differences between empty and 
treated were assessed using parametric t-test. 
qPCR samples were normalized to β-Actin and 
fold change (2^(- ΔΔCt)) from empty was calcu
lated. Statistical analysis of the qPCR data fold 
change (from 1) was performed via the bootstrap 
resampling method using an open web portal 
[20,21].

Results

Recently, we reported that the epigenetic mark 
H3K4me3 was enriched on the promoter of 
a Parkinson’s disease-related gene, SNCA, and we 
were able to modulate its expression by target- 
specifically altering its epigenetic code [22]. We 
envisioned a broader system where highly specific 
changes to individual genes can be achieved using 
an expanded suite of epigenetic modifiers that 
adjusts the endogenous structure while minimally 
disturbing other loci. To this end, we took advan
tage of the previously developed SunTag system 
[16]. To recruit multiple functional domains of 
epigenetic writers, we used dCas9 with 5xGCN4 
moieties (five GCN4 moieties spaced by 22 amino 
acids [17]). This allows us to recruit multiple anti- 
GCN4 antibody (scFv)-fused epigenetic effectors 
to the sgRNA-directed loci and directly modulate 
the local histone PMTs (Figure 1a). We modified 
the original plasmids to include a small RsrII- 
based cloning site that allowed us to easily gener
ate constructs to target a wide variety of epigenetic 
marks. We generated five plasmid constructs with 
scFv and sfGFP fused into different key epigenetic 
effectors (Figure 1b, Additional File 2: Fig. S1a,b, 
Additional File 1). Histone acetyltransferase p300 
catalyses the acetylation at the 27th lysine residue 
on histone H3 (H3K27ac), although it can also 
target other lysine residues as well [23–26]. 
JMJD3 (Jumonji domain-containing protein D3) 
and EZH2 (Enhancer of zeste homolog 2) 
decreases and increases H3K27 tri-methylation 
(H3K27me3), respectively [27–31]. We also 
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Figure 1. Toolkit of Epigenetic Editors. a Schematic of epigenetic modulator design based on SunTag framework. 5xGCN4 
sequences bound to dCas9 recruit epigenetic effectors fused with anti-GCN4 scFv antibody fragments to the sites directed by sgRNA. 
b Epigenetic modulators used in this study and their effects on histone marks. c Epigenetic editors alter histone marks in a site- 
specific manner. Each graph is normalized to input and represents biological triplicates.
PRDM9 increases H3K4me3 enrichment 6.9-fold (p = 0.04) and JARID1A decreases it by 11-fold (p = 0.01). H3K27ac is increased 
5.8-fold by P300 (p = 0.005), H3K56 is increased by 1.79-fold (p = 0.05). H3K27me3 is increased from below detection limits by EZH2 
(p < 0.001), while JMJD3 decreases H3K27me3 by 5.3-fold (p = 0.04)* = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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generated constructs to decrease or increase H3K4 
tri-methylation (H3K4me3) using JARID1A 
(Jumonji, AT-rich interactive domain 1) and 
PRDM9 (PR/SET Domain 9), respectively [32,33]. 
Previously, it was shown that only using the cata
lytic core of an enzyme with dCas9 is more effec
tive [4], so we subcloned the catalytic core of each 
epigenetic writer into the SunTag-scFv system 
(Additional File 2: Fig. S1c) to develop our mod
ular epigenetic toolkit.

To assess the efficiency of the modular epige
netic toolkit, we analysed relevant epigenetic 
marks in specific genes in the well-characterized 
A549 cell line [34,35]. We data mined available 
epigenetic information around ±2.5 kb of tran
scriptional start sites, sorted genes for epigenetic 
marks, and selected four genes with distinctive 
patterns of histone modifications that would 
demonstrate the toolkit’s flexibility – RPLP0, 
FTL, DLX5, and NEUROG2 (Additional File 1–3: 
Fig. S2a,b). We confirmed a similar enrichment 
pattern of histone PTM enrichment as in the 
ENCODE database with only minor differences 
in our cells (Additional File 2: Fig. S2c).

For each gene, we chose a sgRNA at the gene 
locus enriched for the relevant epigenetic target 
(Additional File 4). We generated A549 cell lines 
stably expressing dCas9-5xGCN4 and the desired 
sgRNA (Additional File 1) and confirmed the pre
sence of dCas9-5xGCN4 at the sgRNA target site. 
(Additional File 2: Fig. S3a). The appropriate 
dCas9-5xGCN4/sgRNA cell lines were transfected 
with the scFv-fused epigenetic writers (p300, 
JMJD3, EZH3, JARID1A, or PRDM9) or empty 
scFv, FACS sorted followed by ChIP analysis, and 
analysed changes in histone PTM (Figure 1c, 
Additional File 2: Fig. S3b). PRDM9 increased 
DLX5 H3K4me3 enrichment 6.9-fold, conversely, 
JARID1A decreased RPLP0 H3K4me3 enrichment 
by 11-fold. p300 led to a 5.8-fold increase in DLX5 
H3K27ac as well as a 1.79-fold increase in 
H3K56ac, although it did not affect H3K9ac 
enrichment at that locus. EZH2 increased 
H3K27me3 in the FTL regulatory region from 
below detection limit, while JMJD3 reduced 
Neurog2 H3K27me3 by 5.3-fold (1c). These data 
show that our modular epigenetic toolkit system 
target-specifically modulates endogenous histone 
marks. Surprisingly, despite these epigenetic 

changes, we found little effect on gene expression 
in these cells (Data not shown). We theorized that 
to specifically affect gene activity, we would need 
a more in-depth exploration of how the sgRNA 
site selection affects the native epigenetic architec
ture, and how this may drive gene expression. 
With this, we may be able to reveal new insights 
into endogenous gene regulation and inform 
future decisions about where to target epigenetic 
writers to achieve maximum effect. Additionally, 
there is always a possibility that multiple epige
netic factors regulate a gene expression simulta
neously in combination with some cis-regulatory 
elements. In those cases, removing or adding one 
single epigenetic modification might result in par
tial activation/inactivation.

To test this idea, we turned to a gene we have 
previously explored the epigenetic landscape of 
SNCA – which encodes α-synuclein [22]. The pro
moter region of SNCA spans over 3200 base pairs; 
to thoroughly investigate this area, we selected 10 
sgRNA targets spaced every 200–400 base pairs, 
based on the availability of high-quality sgRNA 
sites (Figure 2a, Additional File 2: Fig S4, 
Additional File 4). We hypothesized that targeting 
our modular epigenetic toolkit at the sites of his
tone mark enrichment would allow us to modulate 
SNCA expression and provide insight into the 
functional importance of epigenetic architecture 
with a hundred-base resolution. We previously 
found JARID1A and EZH2 to be effective at mod
ulating SNCA expression levels, so we elected to 
screen the promoter with these two editors. We 
transfected sgRNA with empty control constructs 
or our epigenetic editors into HEK293 cells that 
stably express dCas9-5xGCN4. After 72 hours, we 
FACS-sorted cells and performed ChIP analysis of 
H3K4me3 and H3K27me3 for the entire ~3200 
base-pair region (Figure 2b) to establish 
a baseline of the endogenous epigenetic landscape 
in our cells. We then analysed the expression of α- 
synuclein by qRT-PCR in control (empty-scFv) to 
JARID1A-scFv and EZH2-scFv targeted at each 
sgRNA site. Interestingly, we noted that each epi
genetic effector was able to successfully modulate 
SNCA expression, but that sgRNAs in different 
promoter regions had differential results 
(Figure 2c). In particular, the removal of permis
sive H3K4me3 was effective at one distal site 
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Figure 2. Screening of single gene promoter. a Scale diagram of promoter region of SNCA gene showing two alternative non- 
coding Exon 1 and Exon 2 with a start codon (ATG) as well as locations of sgRNA used. b Histone mark enrichment from our HEK293 
dCas9 cell line for the indicated marks. (Peak locations are scaled to diagram shown in a. Average PCR bin size = 275 ± 25 base 
pairs). c qPCR assay was carried out to determine the change in α-synuclein expression levels relative to empty scFv control (Set to 1) 
for JARID1A and EZH2 targeted to specified loci by sgRNA. (Locations are scaled to diagram shown in a). Each point is normalized to 
empty control and represents biological triplicates. d,e Histone mark changes after transfection with indicated sgRNA and 
d JARID1A-scFv or e EZH2-scFv. Black lines indicate location of the sgRNA targeting site on the chromosome. Average PCR bin 
size = 275 ± 25 base pairs. f qPCR assay shows the change in α-synuclein expression levels relative to empty scFv control for 
JARID1A and EZH2 targeted separately or together to a single sgRNA target site shows that combined targeting is more effective 
than either alone. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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(sgRNA h), and at two sites near the SNCA start 
codon. In contrast, the addition of the inhibitory 
H3K27me3 was effective near the more distal tran
scriptional start site but had no effect on the more 
proximal region of the gene. ChIP analysis of 
nearby chromatin showed that all significant 
changes in expression coincided with significant 
changes in histone modifications in the sgRNA 
neighbourhood (Figure 2d, 2e). Interestingly, the 
epigenetic alterations were significantly altered 
within 500 base pairs of the sgRNA (Figure 2d, 
2e) and we saw no significant changes outside of 
this region, suggesting that the epigenetic modula
tors exert only a local effect. We further confirmed 
the ability of the toolkit to enact combinatorial 
changes at a single locus by co-transfection of 
EZH2 and JARID1A in the 5’ end of the SNCA 
gene (sgRNA h). The synergistic effect resulted in 
a reduction of SNCA expression by 60.1%, signifi
cantly lower than either JARID1A or EZH2 alone 
(22.5% and 26.8% respectively) (Figure 2f). The 
ability to alter multiple histone post-translational 
modifications in one step highlights the ease and 
potential of this modular system. The action of 
JARID1A but not EZH2 at sgRNAb and sgRNAc 
underscores the highly selective nature of these 
modifications in gene expression. Notably, the 
same effectors exhibited dramatically different 
expression effects when the sgRNAs were only 
200 bp apart (sgRNA h,i,j), highlighting the ability 
of our system to enact changes at high resolution 
determined only by the availability of specific 
sgRNA sites. Each cell type has a specific epige
netic landscape for any given gene, for example, 
SNCA’s epigenetic landscape is different between 
neuronal and non-neuronal cells, and this may 
influence the extent of effect by modular epige
netic toolkit as well as selection of optimal target
ing sgRNA.

Discussion

This epigenetic toolkit has the potential to make 
highly specific changes to the epigenetic architecture 
of any gene targetable by dCas9, and focused target
ing of specific endogenous epigenetic modifiers may 
prove to be an effective strategy for persistently 
altering pathologic transcriptional activity. 
Recently, there has been increased focus on using 

specific gene targeting as a therapeutic avenue for 
genetic disease. This system offers a strong tool to 
dissect and understand the underlying epigenetic 
architecture and opens potential new avenues for 
therapeutic strategies for various disease conditions.
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