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ABSTRACT

Liquid–liquid phase separation (LLPS) plays a crit-
ical role in regulating gene transcription via the
formation of transcriptional condensates. However,
LLPS has not been reported to be engineered as
a tool to activate endogenous gene expression in
mammalian cells or in vivo. Here, we developed a
droplet-forming CRISPR (clustered regularly inter-
spaced short palindromic repeats) gene activation
system (DropCRISPRa) to activate transcription with
high efficiency via combining the CRISPR-SunTag
system with FETIDR–AD fusion proteins, which con-
tain an N-terminal intrinsically disordered region
(IDR) of a FET protein (FUS or TAF15) and a tran-
scription activation domain (AD, VP64/P65/VPR). In
this system, the FETIDR–AD fusion protein formed
phase separation condensates at the target sites,
which could recruit endogenous BRD4 and RNA
polymerase II with an S2 phosphorylated C-terminal
domain (CTD) to enhance transcription elongation.
IDR-FUS9Y>S and IDR-FUSG156E, two mutants with de-
ficient and aberrant phase separation respectively,
confirmed that appropriate phase separation was
required for efficient gene activation. Further, the
DropCRISPRa system was compatible with a broad
set of CRISPR-associated (Cas) proteins and ADs,
including dLbCas12a, dAsCas12a, dSpCas9 and the
miniature dUnCas12f1, and VP64, P65 and VPR. Fi-
nally, the DropCRISPRa system could activate target

genes in mice. Therefore, this study provides a ro-
bust tool to activate gene expression for foundational
research and potential therapeutics.

GRAPHICAL ABSTRACT

INTRODUCTION

The phase separation of substances is a common natural
physical phenomenon, and usually refers to the sponta-
neous formation of different phases in a homogeneously
mixed liquid, thus termed liquid–liquid phase separa-
tion (LLPS) (1). In cells, LLPS is driven by multiple
folded domains (2) or multivalent interactions among in-
trinsically disordered regions (IDRs) of proteins (3,4).
It has been reported that LLPS is the basis of mem-
braneless compartments for intracellular organization and
plays an important role in a spectrum of biological pro-
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cesses (5). In recent years, a number of studies have pro-
posed that dynamic compartmentalization of transcrip-
tion factors (TFs) and coactivators can undergo LLPS
to regulate transcription and transcription-coupled pro-
cesses, including transcription initiation, elongation, co-
transcriptional RNA splicing and mRNA modification
(6–10).

The FET family is composed of highly conserved RNA-
binding proteins, FUS, EWS and TAF15, which are im-
plicated in multiple cellular processes, such as transcrip-
tion regulation, microRNA processing and maintenance of
genomic integrity (11). The FET proteins contain an N-
terminal IDR and a C-terminal RNA-binding domain (12).
The IDR of FET can form biomolecular condensates in
vitro (13) and in vivo (14), and these condensates can recruit
RNA polymerase II (RNAPII) to promote gene expression
(15,16). Some natural and artificial protein fusions, such
as EWS–FLI1 (17), FUS–Gal4 (18), FUS–TetR (19) and
FUS–LacI (20) fusions, which comprise FETIDR linked to
a DNA-binding domain (DBD) of a TF, have been reported
to recognize the cognate DNA motif of the TF near tran-
scription start sites and subsequently activate gene expres-
sion. However, only EWS–FLI1 target genes or exogenous
reporter genes containing the binding sites of Gal4, TetR
or LacI could be activated by these protein fusions, and the
activation of endogenous genes across the genome has not
been reported by FETIDR–TF fusions.

The clustered regularly interspaced short palindromic re-
peats activation (CRISPRa) system is a platform for gene
expression activation without editing the primary sequence
of the genome (21). Most CRISPRa systems use a catalyt-
ically inactive or ‘dead’ CRISP-associated protein (dCas),
when complexed with a guide RNA (gRNA), to target a
specific gene and recruit a transcription activation domain
(AD) module to activate gene expression. Currently, a spec-
trum of CRISPRa systems have been reported, such as
dCas–AD fusions (22–24), CRISPR/gRNA-directed syn-
ergistic activation mediator (dCas/gRNA-SAM) (25,26)
and a signal amplification CRISPR-SunTag system (27).
Although these CRISPRa systems have already conferred
high transcriptional activation, it is a therapeutic require-
ment to develop more potent systems to easily activate
genes in settings with extremely low delivery efficiency in
vivo. The previous strategies to improve CRISPRa sys-
tems are mainly based on CRISPR–Cas protein engi-
neering, gRNA modification and AD module combina-
tion (28). However, whether an LLPS-based CRISPRa sys-
tem could potently activate gene expression has not been
reported.

In this study, we combined the CRISPR-SunTag sys-
tem and droplet-forming FETIDR–AD fusions to develop
a DropCRISPRa system for highly efficient gene activa-
tion in mammalian cells and mice. In this system, the
dCas protein was fused to a tandem array of GCN4 pep-
tides that could recruit the scFvGCN4-FETIDR–AD fu-
sions and form LLPS droplets. Subsequently, these phase-
separated droplets were able to enrich RNAPII and BRD4,
increased the transcription elongation rate, and thus im-
proved endogenous gene activation. The DropCRISPRa
system could be constructed with a variety of Cas pro-
teins and AD modules and could activate target genes

in mammalian cells and in mice in vivo. Thus, it is a
promising tool for future synthetic biology and therapeutic
applications.

MATERIALS AND METHODS

Plasmid construction

Constructs for the scFv-GCN4-IDR–VP64 fusion proteins.
Syn-IDR (DDX4/FUS/TAF15/FUS9YS/FUSG156E)–
VP64 were synthesized (Genewiz, China) and used for
subsequent cloning.

• Pblu-EF1�-scFv-GCN4-sfGFP-IDR
(DDX4/FUS/TAF15/FUS9YS/FUSG156E)–
VP64-GB1-NLS-PA: Syn-IDR
(DDX4/FUS/TAF15/FUS9YS/FUSG156E)–VP64 and
Pblu-EF1�-scFv-GCN4-sfGFP–VP64-GB1-NLS-PA
were digested with AgeI and SpeI and ligated to each
other.

Constructs for the scFv-GCN4-IDR-P65/VPR fusion pro-
teins.

• Pblu-EF1�-scFv-GCN4-sfGFP-P65-GB1-NLS-PA: a
DNA fragment containing P65 was amplified from the
VPR template and inserted into the AgeI and SpeI sites
in the Pblu-EF1�-scFv-GCN4-sfGFP–VP64-GB1-NLS-
PA plasmid.

• Pblu-EF1�-scFv-GCN4-sfGFP-IDR
(DDX4/FUS/TAF15)-P65-GB1-NLS-PA: a DNA
fragment containing DDX4/FUS/TAF15IDR was am-
plified and inserted into the AgeI and NheI sites in
the Pblu-EF1�-scFv-GCN4-sfGFP-P65-GB1-NLS-PA
plasmid.

• Pblu-EF1�-scFv-GCN4-sfGFP-IDR
(DDX4/FUS/TAF15)-VPR-GB1-NLS-PA: DNA
fragment 1 containing DX4/FUS/TAF15IDR, DNA
fragment 2 containing VPR and the Pblu-EF1�-scFv-
GCN4-sfGFP-VPR-GB1-NLS-PA plasmid backbone
digested with AgeI and SpeI were joined together by
DNA assembly.

Constructs for the Cas–GCN4 fusion proteins and the lu-
ciferase reporter (SunTag system).

• pEF1�-dLbCas12a-10×GCN4, pEF1�-dLbCas12a-
3×GCN4 and pEF1�-dLbCas12a-24×GCN4: DNA
fragment 1 containing dLbCas12a, DNA fragment 2
containing 10×GCN4, 3×GCN4 or 24×GCN4, and the
Pblu-EF1�-NLS-PA plasmid backbone digested with
EcoRI and AgeI were joined together by DNA assembly.

• pEF1�-dLbCas12a-10×GCN4-GS2P2A-TagBlue: a
DNA fragment containing GSGP2A-TagBlue and the
pEF1�-dLbCas12a-10×GCN4 plasmid digested with
AgeI and BsrGI were joined together by DNA assembly.

• pEF1�-dUnCas12f1-10×GCN4: a DNA fragment con-
taining dUnCas12f1 was amplified from a synthesized
plasmid containing dUnCas12f1 (Genewiz, China) and
inserted into the EcoRI and XhoI sites in the pEF1�-
dLbCas12a-10×GCN4 plasmid.
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• pBluSKP-TRE-Luciferase–GSGP2A–mCherry:
DNA fragment 1 containing luciferase-GSGP2A-
mCherry, DNA fragment 2 containing the TRE
promoter, and the pBluSKP plasmid digested
with SalI and SacI were joined together by DNA
assembly.

• pCAG-dSpCas9-24×GCN4 and pCAG-dAsCas12a-
10×GCN4 have been described previously (29,30).

Constructs for the Cas–gp41 fusion proteins (MoonTag
system). The pEF1a-dLbCpf1E925A-24×gp41-NLS and
Pblu-EF1-Nb-gp41-mCherry-GB1-NLS-PA were synthe-
sized (Genewiz, China) and used for subsequent clones.

• The pEF1a-dLbCpf1E925A-10×gp41-NLS: a DNA
fragment containing 10×gp41 and the pEF1a-
dLbCpf1E925A-24×gp41-NLS plasmid backbone
digested with XhoI and AgeI were joined together by
DNA assembly.

• Pblu-EF1-Nb-gp41-mCherry-IDR (DDX4/FUS)-
VP64-GB1-NLS-PA: VP64 or IDR (DDX4/FUS)-VP64
and Pblu-EF1-Nb-gp41-mCherry-GB1-NLS-PA di-
gested with BamHI and SpeI were joined together by
DNA assembly.

Single guide RNA (sgRNA) constructs. sgRNA target
sites were designed through https://www.benchling.com/.
An sgRNA expression plasmid was constructed by ligating
the corresponding annealed oligos to the basic plasmid un-
der the human U6 promoter (synthesized from Genewiz of
China). The sequences of all sgRNAs are listed in Supple-
mentary Table S1.

Cell culture and transfection

All cells were obtained from the ATCC. HEK293T cells
and B16 were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. MCF7 cells
were cultured in RPMI-1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin. All cells were cul-
tured at 37 ◦C under 5% CO2.

All cells were transfected with polyethyleneimine (PEI,
Sigma). The total amount of DNA was 0.5 �g per well for
a 24-well plate, and plasmids encoding the DropCRISPRa
system and sgRNA were transfected at a 3:2:5 ratio. Ap-
proximately 1 × 105 cells were plated in 24-well plates 1 day
before transfection. Ten hours after transfection, the cul-
ture medium was replaced with fresh DMEM and then in-
cubated for 48 h.

Immunofluorescence staining

Cells were seeded on glass coverslips, fixed with 4%
paraformaldehyde for 20 min then permeabilized with
phosphate-buffered saline (PBS) containing 0.25% Triton
X-100 for 30 min at room temperature. After permeabi-
lization, cells were blocked in PBST containing 5% bovine
serum albumin (BSA) at room temperature for 1–2 h and
incubated with Alexa Fluor® 647-conjugated antibodies
overnight at 4◦C. After washing three times with PBST,

cell nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI). The coverslips were mounted with DAPI and
sealed. Images were captured on a Nikon A1 confocal mi-
croscope.

FRAP and live-cell imaging

HEK293T cells grown on a glass bottom microwell dish
were transfected with 2 �g of plasmids encoding the
DropCRISPRa system. At 36 h after transfection, cells were
imaged. During image acquisition, cells were maintained in
DMEM supplemented with 25 mM HEPES. Images were
acquired at intervals of 3 s and were analyzed with NIS-
Elements software to identify fusion and fission events.

Fluorescence recovery after photobleaching (FRAP) ex-
periments were performed on a Nikon A1 confocal mi-
croscope with a ×60 oil objective. For each experiment,
one droplet with a diameter of 2.5–3.5 �m was selected.
A square region of interest (ROI) was bleached once us-
ing a 488 nm line at 100% laser power. Fluorescence inten-
sity changes with time were recorded for two pre-bleaching
frames and 50 post-bleaching frames. At each time point,
mean intensities of the bleached region (Fs), neighboring
unbleached region (control, Fc) and a background region
(Fb) were analyzed using NIS-Elements software. The pho-
tobleaching rate (r) by comparing the fluorescence of the
control region before (Fc0) and after (Fc) photobleaching
was calculated as (r = Fc/Fc0). Normalized fluorescence in-
tensity (F) was calculated as (F = [Fs – Fb]/r). The mobile
fraction (Fm) was calculated as (Fm = F∞/F0).

We constructed a CRISPRTag–TRE-H2B reporter cell
line, in which a DNA fragment containing a CRISPRTag-
V1 fragment and a TRE-driven H2B expression cassette
were inserted into the ACTB site in the HEK293T cells
using our previously developed highly effective knock-in
approach (31). We used the same method as above to
construct the CRISPRTag–TRE-Luciferase-24×MS2 re-
porter cell line. The CRISPRTag–TRE-H2B HEK293T re-
porter cells grown on a glass bottom microwell dish were
transfected with 2 �g of plasmids encoding the dSpCas9-
SunTag system targeting the CRISPRTag for target site
labeling and dLbCas12a–mCherry-MoonTag systems tar-
geting the TRE for gene activation. At 48 h after trans-
fection, cells were stained with Hoechst 33342 (beyotime,
C1022) and incubated at 37◦C for 15 min. After staining,
the culture medium was replaced with fresh DMEM sup-
plemented with 25 mM HEPES and then imaged. The fluo-
rescence intensity was analyzed with ImageJ software. The
CRISPRTag–TRE-luciferase-24×MS2 HEK293T reporter
cells grown on a glass bottom microwell dish were trans-
fected with 2 �g of plasmids encoding the dSpCas9-SunTag
system for target site labeling, the dLbCas12a–mCherry-
MoonTag system for gene activation and MCP–blue fluo-
rescent protein (BFP) to visualize MS2-tagged mRNA. At
48 h after transfection, the culture medium was replaced
with fresh DMEM supplemented with 25 mM HEPES
and then imaged. The fluorescence intensity was analyzed
with ImageJ software. For bioluminescence detection, 50
�g/ml D-luciferin was added to cells which were then cap-
tured using the IVIS Lumina II In Vivo Imaging System
within 5 min of addition of D-luciferin. Radiance values

https://www.benchling.com/
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were calculated for the ROI using Living Image 3.1 soft-
ware.

Quantitative reverse transcrition polymerase chain reaction
(RT–qPCR)

RNA was isolated using Trizol Reagent and reverse-
transcribed into cDNA with the Prime Script RT Reagent
Kit (TAKARA, RR047A). RT–qPCR was performed by
the LightCycler 96 System (Roche, Switzerland) using
SYBR Premix Ex Taq II (Accurate Biology, AG11701). The
��Ct method was applied to show relative gene expression
after normalizing to glyceraldehyde phosphate dehydroge-
nase (GAPDH) expression. All qPCR primers are listed in
Supplementary Table S2.

RNA-seq and bioinformatics analysis

Total RNA was isolated with TRIzol reagent and mRNA
was enriched and fragmented for library construction. The
constructed sequencing libraries were sequenced on the Il-
lumina HiSeq Platform with 150 bp paired-end reads, and
the paired-end clean reads were aligned to the GRCh38.104
reference genome using Hisat2 (v2.0.1). Htseq (V 0.6.1) was
used to count the read numbers mapped to each gene. Frag-
ments per kilobase per million (FPKM) of each gene were
calculated based on the length of the gene and the read
count mapped to this gene. Differential expression analysis
between the two groups was performed using the DESeq2 R
package (v1.26.0). The resulting P-value [q value|false dis-
covery rate (FDR)] of <0.05 and fold change of >2. All fig-
ures were plotted using the R package.

ChIP-PCR

Cells were grown on 10 cm plates to 60% confluency
and transfected with the DropCRISPRa system target-
ing CD69. At 48 h after transfection, the chromatin im-
munoprecipitation (ChIP)-PCR assay was performed us-
ing a ChIP Kit (Abcam, ab270816) as per the manufac-
turer’s instructions. A total of 8 × 106 cells were used for
ChIP enrichment, and chromatin fragments were sheared
to 100–600 bp using the Q800R2 DNA Shearing Soni-
cator. Immunoprecipitation was performed using an an-
tibody against active RNAPII (RNAPII S2P) (Abcam,
ab238146) and with isotype-matched IgG control (ChIP
Kit, ab270816). The immunoprecipitated DNA was ana-
lyzed by qPCR using SYBR Premix Ex Taq II on a Light-
Cycler 96 System (Roche, Switzerland) using the following
program: initial denaturation at 95◦C for 30 s followed by
45 cycles of 95◦C for 10 s and 60◦C for 34 s. Relative enrich-
ment for each target was calculated by normalization to the
input control.

Transcription elongation rate assay

The HEK293T cells were transfected with the
DropCRISPRa system targeting CD69. After incuba-
tion for 48 h, the cells were treated with 100 �M DRB
(Sigma, D1916-10MG) for 3 h and washed twice with PBS
to remove the DRB. After incubation in fresh medium for
various periods, the cells were harvested and total RNA
was isolated for RT–qPCR.

Gene activation in vivo

Female BALB/c mice aged 6 weeks were hydrodynami-
cally injected with plasmids encoding the DropCRISPRa
system and the luciferase reporter. A total of 10 �g of
Pblu-EF1�-scFv-GCN4-sfGFP-GB1-NLS-PA/Pblu-
EF1�-scFv-GCN4-sfGFP-VP64-GB1-NLS-PA/Pblu-
EF1�-scFv-GCN4-sfGFP-FUS-VP64-GB1-NLS-PA
plasmids, 15 �g pEF1�-dLbCas12a-10×GCN4, 15 �g
of pBluSKP-TRE-luciferase-GSGP2A–mCherry and 10
�g of sgRNA targeting the reporter were mixed with
1.5–1.8 ml of 0.9% sterile saline (10% of body weight) and
then delivered to each mouse by hydrodynamic tail vein
injection lasting 7 s. For bioluminescence detection, mice
were injected intraperitoneally with 100 �l of 20 mg/ml
D-luciferin and then anesthetized with isoflurane. Biolu-
minescence images were captured using the IVIS Lumina
II In Vivo Imaging System within 10 min of D-luciferin
injection. Radiance values were calculated for the ROI
using Living Image 3.1 software.

Statistics

Gene expression analyses were conducted using one-way
analysis of variance (ANOVA) test. The results were con-
sidered statistically significant if the P-value was <0.05.

RESULTS

Development of the DropCRISPRa system

To develop a phase-separated gene activation system
(DropCRISPRa), we capitalized on the dLbCas12a-
SunTag system (10×GCN4) for targeting and IDR–AD
(scFvGCN4-sfGFP-IDR–VP64-NLS) for gene activation
(Figure 1A). In the design, the Cas–gRNA complex is
responsible for target site recognition and binding, multi-
valent interactions between 10×GCN4 and scFv-GCN4
directly recruit multiple copies of ADs (VP64) to the target
site, and IDR–IDR interactions drive LLPS transcription
condensate formation to further recruit more ADs and
endogenous transcriptional regulators (Figure 1A). In this
system, the IDR functions as an essential component and
its property determines transcription output. Therefore, to
develop this system, the first step is to find a suitable IDR.

FUS and TAF15 contain an N-terminal IDR domain
and have been shown to form biomolecular condensates in
cells (16) (Supplementary Figure S1A). The RNA helicase
DDX4 is unable to regulate transcription but also contains
an N-terminal IDR domain. To test whether these IDR do-
mains could undergo phase separation in cells, we ectopi-
cally expressed the scFvGCN4-sfGFP-IDR-NLS (termed
GFP–IDR) in HEK293T cells and found that all of them
could form droplets (Supplementary Figure S1B). To assess
the liquidity inside the droplets, we performed FRAP ex-
periments and found that the GFP–IDR fluorescence sig-
nal exhibited fast recovery after photobleaching (Supple-
mentary Figure S1B). The time-lapse imaging study re-
vealed that GFP–IDR droplets underwent fusion and fis-
sion (Supplementary Figure S1C; Supplementary movies
S1–S6). Addition of 2.5% 1,6-hexanediol, a compound that
disrupts weak hydrophobic interactions and LLPS, com-
pletely dissolved the GFP–IDR droplets (Supplementary
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Figure 1. Development of the DropCRISPRa system. (A) Schematic of the DropCRISPRa system. The dLbCas12a-SunTag system for targeting and IDR–
AD (scFvGCN4-sfGFP-IDR–AD) undergoing LLPS for gene activation. (B) FRAP analysis of scFvGCN4-sfGFP-IDRs (DDX4, FUS and TAF15)–
VP64 droplets in the HEK293T cells transiently transfected with the DropCRISPRa system targeting the HBG1 gene. Data are plotted as means ±
standard deviation (SD) (n = 7). Scale bar, 5 �m. (C) Time-lapse imaging of droplet fusion and fission events. Scale bar, 5 �m. (D) RT–qPCR revealed
relative mRNA expression of IL1RN, HBG, TTN and CD69 in the HEK293T cells transfected with the DropCRISPRa systems targeting the promoter
region of each gene. Blank, HEK293T cells without transfection; Ctrl, HEK293T cells transfected with the plasmids encoding Cas–GCN4 protein fusion,
scFvGCN4–sfGFP and gRNA. Mean values are presented with SD, n = 3 biological triplicates. *P < 0.05, **P < 0.01, one-way ANOVA test versus
VP64. (E and F) The specificity of gene activation with the DropCRISPRa system was revealed by RNA-seq in the HEK293T cells transfected with the
FUSIDR–VP64 system targeting IL1RN. The average of three biological replicates is shown.

Figure S1D). Therefore, we found three IDR candidates for
the DropCRISPRa system.

To test whether these IDRs could function in the system,
we constructed IDR–VP64 plasmids and transfected them
with the dLbCas12a-GCN4 and sgRNA plasmids targeting
the promoter of endogenous HBG1 in HEK293T cells. The
FRAP and time-lapse imaging experiments showed that
DropCRISPRa could form liquid-like condensates (Fig-
ure 1B, C; Supplementary movies S7–S12). To determine
whether the DropCRISPRa system could activate gene ex-
pression, we transfected HEK293T and MCF7 cells with
the DropCRISPRa system targeting the endogenous pro-
moters of HBG1, IL1RN, TTN and CD69. The results re-
vealed that the FUSIDR–VP64-based DropCRISPRa sys-
tem consistently showed high gene activation efficiency
in all the tested cell lines and genes (Figure 1D; Supple-
mentary Figure S2). Next, we performed transcriptome
profiling by RNA-seq in HEK293T cells co-transfected
with the DropCRISPRa (FUSIDR–VP64) system target-
ing IL1RN for assessing the gene activation specificity. As
shown in Figure 1E and F, IL1RN was the most acti-
vated gene with statistical significance and only a few genes
showed expression change, indicating high genome-wide
targeted transcriptional specificity and robust gene acti-
vation compared with the control group transfected with
dCas12a-SunTag, IL1RN-targeted gRNA and scFvGCN4–
sfGFP without IDR and AD. Taken together, we developed
a DropCRISPRa system with phase separation property,

which could achieve highly efficient and specific endoge-
nous gene activation in cells.

We also tested whether the DropCRISPRa system was
compatible with other common ADs, such as the natural
P65 AD and the synthetic VPR AD. Then, we generated
the DropCRISPRa-P65 and the DropCRISPRa-VPR sys-
tems (Supplementary Figure S3A, D). After transfection
into HEK293T cells, the two systems could form droplets
(Supplementary Figure S3B, E) and the DropCRISPRa-
P65 (FUSIDR and TAF15IDR based) showed significantly
higher activity than the SunTag-P65 system without an IDR
(Supplementary Figure S3C) and the DropCRISPRa-VPR
showed mild enhanced activity compared with the SunTag-
VPR system without an IDR (Supplementary Figure S3F).
In addition, we found that DropCRISPRa-P65 had bet-
ter activity than DropCRISPRa-VPR by activating HBG1,
IL1RN and TTN in HEK293T cells (Supplementary Fig-
ure S3C, F). Therefore, we developed multiple platforms for
gene activation.

Additionally, Cas12a exhibits self-processing capability
for crRNA (gRNA), which means that multiple crRNAs
within a single transcript can be cut out and processed into
a mature form by Cas12a itself, and thus it allows for mul-
tiplexed genome editing with a single crRNA array tran-
script (32). So, we tested the DropCRISPRa system for
multiplexed gene activation. We generated a 3-crRNA ar-
ray to target the promoter regions of HBG1, IL1RN and
TTN (Supplementary Figure S4A), transfected HEK293T



5276 Nucleic Acids Research, 2023, Vol. 51, No. 10

cells with the DropCRISPRa (VP64, P65 and VPR) sys-
tems and the 3-crRNA array, and found that all the three
genes were significantly activated (Supplementary Figure
S4B–D). These results indicated that DropCRISPRa could
be used for multiplexed gene activation.

Phase separation is required for efficient gene activation

Next, we investigated whether the high gene activation
capability was dependent on the phase separation prop-
erty. To this end, we generated mdFUSIDR–VP64 and
maFUSIDR–VP64 mutants, which were based on FUS9Y>S

and FUSG156E; the former was reported to be unable
to undergo LLPS (16) and the latter was reported to
form more insoluble aggregates (14) (Figure 2A). As ex-
pected, mdFUSIDR–VP64 lost its phase separation property
when expressed in HEK293T cells (Figure 2B). The FRAP
and time-lapse imaging experiments demonstrated that the
liquid-like phase separation property of maFUSIDR–VP64
formed condensates (Figure 2C; Supplementary movies S13
and S14). 1,6-Hexanediol is widely used to dissect conden-
sates in liquid- or solid-like states (33), and ∼75% of cells
transfected with maFUSIDR–VP64 formed droplets and
∼42% of cells maintained at least one droplet upon 2.5%
1,6-hexanediol treatment (Figure 2D). In contrast, ∼70%
of cells transfected with FUSIDR–VP64 formed droplets
and almost all of the cells lost droplets upon 2.5% 1,6-
hexanediol treatment (Figure 2D). These observations in-
dicated that maFUSIDR–VP64 could form both liquid- and
solid-like condensates and FUSIDR–VP64 formed liquid-
like condensates (Figure 2C, D). To evaluate the ac-
tivity of FUSIDR–VP64 mutants in gene activation, we
transfected FUSIDR–VP64 mutant-based DropCRISPRa
systems in HEK293T cells and found that mdFUSIDR–
VP64 and maFUSIDR–VP64 reduced gene activation effi-
ciency compared with FUSIDR–VP64 (Figure 2E). In de-
tail, the mdFUSIDR–VP64 mutant induced obviously de-
creased gene activation (Figure 2E). On the other hand, the
maFUSIDR–VP64 mutant displayed less decreased gene ac-
tivation activity (Figure 2E), which was consistent with the
finding that maFUSIDR–VP64 could form both liquid- and
solid-like droplets and the liquid-like droplets might par-
tially maintain transcription promotion activity (34).

It has been reported that TFs require a narrow optimum
of IDR concentration and interactions for inducing endoge-
nous gene activation, such as EWS–FLI1 (35). Therefore,
we performed a dose-dependent assay of IDR–VP64 to ac-
tivate transcription in HEK293T cells. As shown in Sup-
plementary Figure S5A, FUSIDR–VP64 increased the ex-
pression of HBG1, IL1RN, TTN and CD69 when compared
with VP64 without an IDR across all the tested doses (from
25 to 100 ng per well of a 24-well plate). In contrast, sim-
ilarly to EWS–FLI1 (35), DDX4IDR–VP64 increased gene
expression at the low dose (25 ng) but decreased gene ex-
pression at the high dose (100 ng). In addition, we optimized
the GCN4–scFv interaction strength to change the amount
of directly recruited IDR–VP64 by varying the copy num-
ber of GCN4 fused to Cas protein. As shown in Supple-
mentary Figure S5B, more interactions (in the 24×GCN4
system) led to less gene activation, which was similar to
EWS–FLI1 (35), and the 3×GCN4 system exhibited the

best IDR-promoted gene activation effect. It is more inter-
esting that FUSIDR–VP64 induced comparable gene expres-
sion levels between the 3×GCN4 and 10×GCN4 systems,
but because VP64 without an IDR induced much weaker
gene activation in the 3×GCN4 system, FUSIDR–VP64 dis-
played a much clearer and obvious enhancement effect, in-
dicating that IDR–IDR interaction-mediated phase separa-
tion played a major role in such a system (Supplementary
Figure S5B). These results also showed that FUSIDR–VP64
could further boost gene expression in the 10×GCN4 sys-
tem, although VP64 without an IDR already activated gene
transcription robustly in such a system.

Together, all the above observations indicated that LLPS
itself and its characteristics, including its liquid-like prop-
erty, IDR concentration and IDR–IDR interactions, could
affect target gene activation in the DropCRISPRa sys-
tem. Among all the tested systems, FUSIDR outperformed
TAF15IDR and DDX4IDR.

The DropCRISPRa system forms a droplet at the target site
to drive RNA synthesis

IDR–IDR interactions could drive condensation and there
were several droplet puncta in a single cell after transfection
with the DropCRISPRa system for target gene activation,
but not all droplets were involved in target gene activation.
Therefore, it was essential to check whether a droplet could
form at the target DNA site. To this end, we constructed a
reporter cell line, namely CRISPRTag-TRE-H2B, in which
a DNA fragment containing a CRISPR targetable DNA se-
quence with six repeats (CRISPRTag-V1) (36) and a Tet-
inducible promoter (TRE)-driven H2B expression cassette
was inserted into the ACTB site in HEK293T cells. The
‘CRISPRTag-TRE-H2B’ DNA site could be labeled and vi-
sualized live by a dSpCas9-sfGFP-SunTag system (green)
via targeting the CRISPRTag sequence, and the expression
of exogenous H2B could be activated by a MoonTag-based
DropCRISPRa system (dLbCas12a-mCherry-MoonTag,
red) via targeting the TRE sequence (37), which con-
tained dLbCas12a-10×gp41 and Nb-mCherry-FUS-VP64
(Supplementary Figure S6A, B). Next, we co-transfected
the dSpCas9–sfGFP-SunTag and dLbCas12a–mCherry-
MoonTag systems into the reporter cells and found that
one green and red merged focus was found within ∼50%
of the cells with both red and green puncta, indicating that
the DropCRISPRa system formed a droplet at the target
site (Supplementary Figure S6C). When the sgRNA target-
ing the TRE region or dLbCas12a-10×gp41 was absent,
no merged foci could be observed, suggesting that dCas
protein and sgRNA were essential for the droplet forma-
tion at the target site (Supplementary Figure S6C). Con-
sistently, when one of the DropCRISPRa system compo-
nents, sgRNA, Cas protein or IDR–AD was absent, the
target gene could not be activated (Supplementary Figure
S6D). Further, the FRAP and time-lapse imaging experi-
ments with mCherry quenching at the merged foci demon-
strated the liquid-like feature of the FUSIDR–VP64 conden-
sates (Supplementary Figure S6E–G). All the above results
suggested that the DropCRISPRa system could form an
LLPS droplet at the target site.
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Figure 2. Phase separation is required for efficient gene activation. (A) Schematic of the mdFUSIDR–VP64 (FUS9Y>S) and maFUSIDR–VP64 (FUSG156E)
DropCRISPRa mutants. (B) GFP fluorescence in HEK293T cells ectopically expressing DropCRISPRa mutants and gRNA targeting HBG1. Scale bar,
5 �m. (C) The FRAP and time-lapse imaging experiments revealed the liquid-like feature of part of the maFUS–VP64 condensates. Scale bar, 5 �m. (D)
GFP fluorescence of condensates in HEK293T cells treated or not (Ctrl) with 2.5% 1,6-hexanediol for 5 min. Quantification of the cells with droplets is
shown on the right, n ≥ 100 cells. Scale bar, 5 �m. (E) Relative mRNA expression of HBG1, IL1RN, TTN and CD69 in HEK293T cells transfected with
the indicated gene activation systems. Mean values are presented with the SD, n = 3 biological triplicates. *P < 0.05, **P < 0.01, one-way ANOVA test.
Scale bar, 5 �m.

We next asked whether the LLPS droplet at the target site
could drive RNA synthesis. Similar to the above-described
approach, we constructed a reporter cell line, namely
CRISPRTag-TRE-luciferase-24×MS2. The genomic site
of the exogenous CRISPRTag-TRE-luciferase-24×MS2
reporter DNA fragment could be visualized live by a
dSpCas9–sfGFP-SunTag system (green), the expression of
luciferase could be activated by a DropCRISPRa-MoonTag
system (red) and the nascent MS2-tagged luciferase mRNA
could be labeled and visualized by MCP–BFP (blue)
(Figure 3A). Luciferase assay results confirmed that the
DropCRISPRa–VP64-MoonTag systems could activate
the expression of the exogenous luciferase gene (Figure
3B). Next, we co-transfected the DropCRISPRa-MoonTag
(mCherry–FUSIDR–VP64) system and the MCP–BFP sys-
tem into the reporter cell line and found that the MCP–
BFP–mRNA puncta co-localized with the FUSIDR–VP64
droplet (Figure 3C). Quantitative assay revealed that
∼88.4% of the co-transfected cells showed a single blue
nascent mRNA punctum and ∼73.8% of these blue mRNA
puncta overlapped with a red FUSIDR–VP64 droplet (Fig-
ure 3D), indicating that most luciferase mRNA synthe-
sis was driven by an LLPS droplet (∼73.8% merged
puncta) and only a small portion was driven in a droplet-
independent way (such as directly activated by VP64).
Further, we also observed co-localization of the tar-
get gene, the FUSIDR–VP64 droplet and the nascent lu-
ciferase mRNA in the nucleus (Figure 3E). Together, all
the above observations indicated that the DropCRISPRa
system forms a droplet at the target site to drive RNA
synthesis.

The DropCRISPRa systems based on variant Cas proteins
activate gene transcription

SpCas9 and AsCas12a are two widely used Cas nucle-
ases, and thus DropCRISPRa systems based on these
two proteins would have more expanded applications. As
expected, we found that the DropCRISPRa-SpCas9 and
DropCRISPRa-AsCas12a systems formed phase-separated
condensates and significantly activated transcription of
HBG1 and IL1RN compared with the SunTag–VP64 sys-
tem in transiently transfected HEK293T cells (Figure 4A–
D). More importantly, UnCas12f1 (529 amino acids), a type
V-F Cas12f nuclease much smaller than Cas9 or Cas12a
(usually 1000–1500 amino acids), is good for constructing
an easily delivered small gene activation system, which is
particularly adapted for therapeutic applications (38). As
shown in Figure 4E and F, the DropCRISPRa-UnCas12f1
system formed LLPS droplets and significantly activated
the expression of HBG1 and IL1RN in HEK293T cells.
Furthermore, we also tested these DropCRISPRa systems
based on P65 and VPR, and the results were consistent with
the DropCRISPRa-LbCas12a system (Supplementary Fig-
ure S7).

Comparison of the DropCRISPRa systems with the
dCas12a–VPR and dCas9–VPR systems

It has been reported that dCas protein and VPR di-
rectly fused proteins could potently activate gene expres-
sion (23,39,40). Therefore, we compared the dLbCas12a–
VPR and dSpCas9–VPR direct fusion systems with the
DropCRISPRa systems based on VP64, P65 and VPR. As
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Figure 3. The DropCRISPRa system forms a droplet at the target site to drive RNA synthesis. (A) Schematic of the experimental design. The HEK293T
reporter cell line contained a CRISPRTag-TRE-luciferase-24×MS2 DNA fragment at the ACTB locus. The dSpCas9–sfGFP-SunTag system (green)
labeled the target site via targeting the CRISPRTag sequence, the dLbCas12a–mCherry-MoonTag system (red) activated luciferase expression via targeting
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shown in Supplementary Figure S8, all the systems were
able to activate HBG1, IL1RN, TTN and CD69 in both
HEK293T and MCF7 cells, although to a different extent.
The DropCRISPRa system (based on VP64, P65 or VPR)
outperformed other systems at six out of the eight tested
sites (all the four genes in HEK293T cells and HBG1 and
CD69 in MCF7 cells) and the dLbCas12a–VPR system was
the best one for the remaining two sites (IL1RN and TTN
in MCF7 cells) and equal best with the FUS–VP64 system
for HBG1 activation in MCF7 cells (Supplementary Figure
S8C). It was noted that the dSpCas9–VPR system did not
outperform other systems in any tested sites even though we
tried four sgRNAs at each gene and used the best one. We
might have failed to find an optimal gRNA for each of the
four genes as gRNA played an essential role in gene acti-
vation (29,41–43). We believed that, at some sites in certain
cell types or tissues, the dSpCas9–VPR system was able to
outperform other systems. Our results, together with previ-
ous reports (29,41,44,45), suggested that the activation sys-
tem itself, the gRNA targeting site, the context of the target
gene, the cell type and other factors could affect the perfor-
mance of the CRISPR-based gene activation system. There-
fore, for a given gene, we need to screen out an optimal sys-
tem and an optimal gRNA to achieve the best activation,
and the DropCRISPRa system served as a good tool with
potent and stable activity.

The DropCRISPRa system compartmentalizes RNAPII and
BRD4 to the droplets and enhances the transcription rate

Next, we investigated how the DropCRISPRa system in-
duced gene activation. It has been reported that FUSIDR

condensates can compartmentalize the C-terminal domain
of RNAPII (RNAPII-CTD) for transcription activation
(18). To test this possibility, we transfected HEK293T cells
with VP64-, DDX4IDR–VP64- or FUSIDR–VP64-based
gene activation systems targeting HBG1, and performed im-
munofluorescence staining of post-translationally modified
CTDs representing three functional transcription states,
namely all CTDs, transcription initiating CTDs with phos-
phorylated Ser5 (CTD-S5) and elongating CTDs with phos-
phorylated Ser2 (CTD-S2) (46). The DDX4IDR–VP64 and
FUSIDR–VP64 systems but not the VP64 system could form
LLPS droplets (Figure 5A), and CTD, CTD-S2 and CTD-
S5 were recruited into ∼65.7, 93.8 and 10.4% of the droplets
formed by FUSIDR–VP64, and ∼6.5, 5.8 and 6.1% of the
droplets formed by DDX4IDR–VP64, respectively (Figure
5A). BRD4 has been reported to regulate the phospho-
rylation of S2 within the CTD to promote the transition
from transcription pausing to elongation (47,48). There-
fore, we stained the transfected HEK293T cells and found
that BRD4 was recruited into ∼95.3% of the FUSIDR–VP64
and 5.1% of DDX4IDR–VP64 formed droplets (Figure 5B).
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Figure 4. The DropCRISPRa systems based on variant Cas proteins activate gene transcription. (A, C and E) GFP fluorescence images of condensates
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These results suggested that the major role of the droplets
formed via phase separation could be in transcription elon-
gation instead of initiation regulation.

To examine whether the DropCRISPRa system acceler-
ated transcription elongation, we activated the CD69 gene
via the DropCRISPRa (FUSIDR–VP64) system. Because
the CD69 gene contains a long intron 1 of 4.5 kb, it is rel-
atively easy to calculate the elongation rate by examining
the nascent pre-mRNA with two pairs of primers spanning
exon 1–intron 1 and intron 1–exon 2, respectively (blue and
red arrows in Figure 5C). Thus, we transfected HEK293T
cells with the CD69 targeting system and treated the cells for
3 h with DRB, a drug that can lock RNAPII at the initiation
stage and reversibly block transcription elongation (49). We
harvested samples at different intervals after the removal of

DRB and performed RT–qPCR using the indicated primer
pairs. The exon 1 region of the CD69 gene was transcrip-
tionally recovered immediately after DRB removal (Figure
5C). In contrast, the transcription recovery of the exon 2
region showed a delay after drug release (Figure 5C). The
VP64, DDX4IDR–VP64 and FUSIDR–VP64 systems were
delayed for ∼6, 6 and 4 min, suggesting an elongation rate
of ∼0.7, ∼0.7 and ∼1.1 kb/min, respectively (Figure 5C).
Furthermore, we performed ChIP-qPCR using an antibody
against CTD-S2 and primers covering a promoter-distal re-
gion (p1), a promoter-proximal region (p2) and the gene
body region (p3–p7). The results showed that CTD-S2 in
the cells transfected with the FUSIDR–VP64 system was
significantly more enriched at the promoter-proximal and
gene body regions than that in the cells transfected with
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Figure 5. The DropCRISPRa system compartmentalizes RNAPII and BRD4 to the droplets and enhances the transcription rate. (A and B) GFP fluo-
rescence and immunofluorescence staining of transcriptional regulators, i.e. RNAPII-CTD, Ser2 phosphorylated CTD (CTD-S2), Ser5 phosphorylated
CTD (CTD-S5) and BRD4, in the HEK293T cells transfected with the indicated systems targeting HBG1. Quantification of co-localization efficiency is
shown on the right, n ≥ 50 cells. Scale bar, 5 �m. (C) Analyses of the transcription elongation rate of the target gene activated by the indicated systems. The
genome structure of the CD69 gene and the primer pairs used to amplify the regions spanning the 4.5 kb intron 1 are shown on the top. The HEK293T cells
were transfected with the indicated systems targeting CD69 and, 48 h later, treated with DRB for 3 h to reversibly block transcription elongation. Total
RNA was harvested at the indicated intervals after the removal of DRB and used for RT–qPCR with the indicated primer pairs. The expression values
were plotted relative to the DRB-untreated group. (D) ChIP-PCR revealed the RNAPII-CTD-S2 occupancy along the CD69 gene. Schematic diagram
showing the primer sets covering the promoter-distal region (p1), promoter-proximal region (p2) and gene body region (p3–p7) (top). Relative enrichment
for each site was calculated by normalization to input control (bottom). **P < 0.01, ***P < 0.001, one-way ANOVA test versus VP64.

the VP64 and DDX4IDR–VP64 systems, indicating that
more RNAPII-CTD-S2 molecules were driving transcrip-
tion elongation of the CD69 gene in the DropCRISPRa sys-
tem (Figure 5D).

Taken together, these results suggested that both BRD4
and RNAPII were recruited into the FUSIDR–VP64 formed
droplets, and BRD4 might accelerate the phosphorylation
of CTD-S2 and promote productive transcription elonga-
tion.

In vivo gene activation using the DropCRISPRa system

To test the DropCRISPRa system in vivo, we delivered the
plasmids encoding the system and a TRE-driven luciferase
reporter to the liver in adult mice via hydrodynamic tail
vein injection (Figure 6A). At 12, 24, 48 and 72 h post-
injection, the bioluminescence was measured and a time-
dependent decrease in the signal was observed (Figure 6B).
At 12 h and 24 h, we observed a robust luciferase reporter
expression in mice to which the FUSIDR–VP64 system was
delivered (Figure 6B, C). In contrast, the VP64 system
showed only weak bioluminescence (Figure 6B, C). Last,
we tested whether the DropCRISPRa system could also ef-
ficiently activate endogenous target genes in living mice. The

mouse liver expressing the DropCRISPRa system targeting
Fgf21 showed higher gene activation than the VP64 system
(Figure 6D) at 24 h after plasmid injection. These results
demonstrated that the DropCRISPRa system can provide
an approach for robust expression of target genes in living
mice.

DISCUSSION

In this study, we engineered a DropCRISPRa system ca-
pable of highly activating endogenous genes in an LLPS-
dependent manner (Figure 7). The DropCRISPRa sys-
tem consists of a dCas protein fused to a tandem array
of GCN4, a phase-separated scFv-GCN4-sfGFP-IDR–AD
(IDR, FUS and TAF15; AD, VP64, VPR and P65) mod-
ule and a gene targeting gRNA. In this system, the dCas–
gRNA complex can recognize and bind to the target site,
the multivalent GCN4–scFv interactions recruit multiple
copies of the ADs to activate gene expression, possibly via
regulating transcription initiation, and the IDR–IDR in-
teractions drive LLPS transcription condensate formation
to further recruit more ADs and endogenous RNAPII and
BRD4 to enhance the transcription elongation rate and fi-
nally boost gene activation (Figure 7).
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The engineered DropCRISPRa system exhibits compat-
ibility with various Cas family nucleases. In this study,
LbCas12a, AsCas12a, SpCas9 and UnCas12f1 have been
successfully used to construct DropCRISPRa systems (Fig-
ure 4; Supplementary Figure S7). With unique features,
such as PAM preference, size and activity, these nucleases
can expand the scope and versatility of the DropCRISPRa
system. First, the T-rich PAM of Cas12a and Cas12f1 and
the G-rich PAM of Cas9 can cover most of the gene re-
gions and facilitate the targeting of different genes. Second,
Cas12a can self-process crRNA, which allows a crRNA ar-
ray to target multiple genes, and thus facilitates multiplex
gene activation. Third, SpCas9 is the best characterized and
most widely used Cas protein, and currently available engi-
neered Cas9 variants, such as high-fidelity eCas9 (50) and
HFCas9 (51), broad PAM compatibility xCas9 (52) (NG,
GAA and GAT) and PAMless SpRY (53), can provide a
broad application of the DropCRISPRa system. Last, the
small size of UnCas12f1 can facilitate therapeutic appli-
cations when delivered by cargo size-limited lentiviral and
adeno-associated viral (AAV) vectors.

Similarly, the DropCRISPRa system is also compatible
with various ADs, such as VP64, VPR and P65. Among
these systems, DropCRISPRa-VP64 and DropCRISPRa-
P65 demonstrated high gene activation in all four tested
genes compared with the VP64 and P65 SunTag coun-
terpart systems (Supplementary Figures S3, S4 and S7).
DropCRISPRa-VPR showed a mild advantage although
without a statistically significant difference (Supplementary
Figures S3, S4 and S7). In addition, it is noteworthy that
different ADs exhibit different gene activation power for
different target genes in different cells, and no particular
DropCRISPRa system performs consistently best for any
target genes in any given cell. For example, DropCRISPRa-
VP64 performed better than DropCRISPRa-p65 to acti-
vate CD69, but worse to activate IL1RN in HEK293T
cells (Figure 1D; Supplementary Figure S3C). Further-
more, when compared with already existing direct fusion
systems including dLbCas12a-VPR and dSpCas9-VPR, the
DropCRISPRa system also showed high gene activation
(Supplementary Figure S8). Therefore, for a particular pur-
pose to activate a given gene in a given tissue, variant
DropCRISPRa systems with different Cas proteins and dif-
ferent ADs should be screened to determine which is the
best one.

In the DropCRISPRa system, the LLPS of FUSIDR–AD
could recruit RNAPII and BRD4 to induce a high gene acti-
vation, while DDX4IDR–TF generally did not (Figures 1D,
2 and 4). These results remind us that the content and prop-
erty of the LLPS droplets formed by different IDRs may
dramatically affect the transcriptional outcome. In theory,
any LLPS condensate involved in transcription could be a
target for engineering with the DropCRISPRa system. For
example, the transcription co-activators BRD4 and MED1
(9), the transcription elongation factor P-TEFb (54) as well
as the enhancer–promoter structuring factor YY1 (55) have
been reported to undergo LLPS to regulate transcription,
and the IDRs of these proteins are worth testing in the fu-
ture. Moreover, the strategy based on the combination of
LLPS and the CRISPR system can be expanded beyond
gene activation. Since LLPS has been reported to be in-

volved in diverse biological processes, including DNA dam-
age repair (56) and heterochromatin formation (57), it will
be extremely interesting to engineer LLPS–CRISPR sys-
tems to manipulate gene editing, base editing, gene expres-
sion inhibition and other functions.

Recent studies, in which droplets were formed by FUS–
Gal4 (18), FUS–TetR (19), FUS–LacI (20) and EWS–
FLI1 (17), have demonstrated that the AD phase separa-
tion can amplify gene expression in the reporter system,
but not for activation of endogenous genes in cells. In the
DropCRISPRa system, we combined the CRISPR-SunTag
system and the FETIDR–AD droplets to achieve endoge-
nous target gene transcription activation. We further ap-
plied the system to target transcriptional activation in living
mice.

A number of reports have provided numerous pieces of
evidence to support that transcription factors and cofactors
form transcription condensates with LLPS properties to
activate gene expression (6,7,9,10,16). Consistently, in this
study, we found that the DropCRISPRa system could form
a transcriptional condensate at the target gene to increase
RNAPII S2 phosphorylation and thus promote transcrip-
tion elongation (Figures 3 and 5). These observations are
consistent with a recent report showing that mutant ENL
employed the same transcriptional condensate-dependent
mechanism to drive oncogenic gene activation (58). Fur-
thermore, we demonstrated that the high activation of en-
dogenous genes depended on a phase separation property,
as evidenced by the observations that the mdFUSIDR–VP64
(unable to form droplets) and maFUSIDR–VP64 mutants
(which form insoluble aggregates) reduced gene activation
efficiency compared with FUSIDR–VP64 (Figure 2). How-
ever, a recent article reported that transcription activation
was enhanced by multivalent interactions independent of
phase separation (20). There are two major differences be-
tween that article and our study. First, the target genes and
cell lines are different. In that article, the target is a re-
porter gene with a synthetic promoter containing 256 re-
peats of lacO and 96 repeats of tetO sites followed by a CMV
core promoter in human U2OS cells. Also promoter–AD
interaction is mediated by lacO–LacI interactions (256×)
or tetO–TetR interactions (96×), or dCas9/sgRNA target-
ing the lacO/tetO repeats (256×/96×). In our study, the
targets are four endogenous genes (HBG1, IL1RN, TTN
and CD69) in human HEK293T and MCF7 cells, the TRE-
luciferase reporter (6×gRNA target site) and the Fgf21 gene
in mice. The promoter–AD interaction is mediated by the
DropCRISPRa system targeting a single site for endoge-
nous genes or targeting six sites for the TRE promoter (6×)
in the luciferase reporter. Second, the transcription activa-
tion AD modules are different. In the previously reported
study, VP16, P65, VPR and Rta were used as AD modules.
In our study, the AD modules contain an IDR of FUS or
TAF15 and VP64, VPR or the activation domain of P65.
From the two major differences, in the previous study, mul-
tivalent interactions between the AD modules and the pro-
moter (256× or 96×) are the major force to recruit enough
ADs for gene activation. In contrast, in our study, the inter-
actions between the AD modules and the promoters (1× or
6×) are relatively weak and the IDR|IDR interactions are
the major force to recruit enough ADs and other factors
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(e.g. BRD4) to drive gene expression. Therefore, it is not
surprising that phase separation plays a different role in the
two investigations. We believe that multivalent interactions
between TFs and the promoter (and enhancer) could be the
major force to drive some endogenous gene expression in
certain cells or tissues; on the other hand, phase separation
driven by IDR–IDR interactions among TFs and cofactors
could play a critical role for the expression of other genes in
different cells or tissues.

In conclusion, we developed a highly efficient
DropCRISPRa system with phase separation proper-
ties for gene activation in both mammalian cells and living
mice. This system holds great potential for broad use in
synthetic biology and therapeutic applications.
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