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BSTRACT 

NA processing and metabolism are subjected to 

recise regulation in the cell to ensure integrity and 

unctions of RNA. Though targeted RNA engineer- 
ng has become f easib le with the discovery and en- 
ineering of the CRISPR-Cas13 system, simultane- 
us modulation of different RNA processing steps 

emains unavailable. In addition, off-target events 

esulting from effectors fused with dCas13 limit its 

pplication. Here we developed a no vel platf orm, 
 ombinatorial R NA E ngineering via S caffold T a g ged 

RNA (CREST), which can simultaneousl y e xecute 

ultiple RNA modulation functions on different RNA 

argets. In CREST, RNA scaffolds are appended to 

he 3’ end of Cas13 gRNA and their cognate RNA 

inding proteins are fused with enzymatic domains 

or manipulation. Taking RNA alternative splicing, A- 
o-G and C-to-U base editing as examples, we devel- 
ped bifunctional and tri-functional CREST systems 

 or sim ultaneously RNA manipulation. Furthermore, 
y fusing two split fragments of the deaminase do- 
ain of ADAR2 to dCas13 and / or PUFc respectively, 
e reconstituted its enzyme activity at target sites. 
his split design can reduce nearly 99% of off-target 
vents otherwise induced by a full-length effector. 
he flexibility of the CREST framework will enrich 

he transcriptome engineering toolbox for the study 

f RNA biology. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

ost-transcriptional regulation controls gene expression at 
he RNA le v el, and its dysfunction is involv ed in many dis-
ases ( 1 ). Le v eraging hundreds of RNA binding proteins, a 

ell regulates an RNA transcript in various biological pro- 
esses, including its ma tura tion, modifica tion, stability, and 

ocalization to ensure proper function. Failure of any of 
hese steps might result in cellular dysfunction. For exam- 
le, RNA alternati v e splicing, occurring in as many as 80% 

f genes, contributes the most to transcriptomic di v ersity 

 2 ). Another example of post-transcriptional regulation is 
denosine-to-inosine RN A editing, w hich not onl y affects 
ranslation by altering codons, but also changes the recog- 
ition of splice sites ( 3 ). Ther efor e, the study and manipula-
ion of the coordination between different RNA processing 

teps are keys to understanding the complicated network of 
ost-transcriptional regulation and treating RNA malfunc- 
ion related diseases. 

A variety of tools based on RNA scaffolds were de v el- 
ped for transcriptome engineering in the last two decades. 
80 727 7624; Email: albert@cheng.bio 

ids Research. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 
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An RNA scaffold is an RNA motif with a specific sequence
or structure which can be recognized by a gi v en RNA bind-
ing domain (RBD). Se v eral pairs of RNA scaffolds and
their RBDs are well-characterized, including PBS (PUF
binding site) for PUF domain deri v ed from Pumilio pro-
teins, MS2 for MCP (MS2 coating protein) and PP7 for PCP
(PP7 coating protein) ( 4 ). Fusions of these RBDs with func-
tional effectors have been used for the study of RNA biol-
o gy, including RN A location, li v e imaging, and RNA trans-
la tional regula tion ( 5–12 ). Howe v er, these RNA scaffold-
based technologies have several key limitations. For exam-
ple, the MS2 system r equir es the integration of MS2 se-
quence into the transcripts of interest by genetic engineer-
ing, which is time and labor intensi v e. In addition, the in-
sertion of these RNA scaffolds may alter the dynamics and
functions of the target transcripts ( 13–15 ). Although PUF
can be engineered to recognize different octamers, the di-
versity of this is limited ( 10 , 16 ). 

Recent discoveries of novel CRISPR-Cas13 systems over-
come the limitations of RNA scaffold-based tools and en-
able efficient and precise targeting of endogenous RNAs
( 17–19 ). The CRISPR-Cas13 system consists of two com-
ponents, a guide RN A (gRN A) with sequence complemen-
tary to the target transcript and the Cas13 protein with en-
donuclease activity. Importantl y, the catal yticall y inacti v e
Cas13 mutant (dCas13) can be fused with differ ent r egu-
lators and enzymes for targeted RNA manipulation with
high specificity ( 20–29 ). Howe v er, current CRISPR-Cas13-
based tools are limited to one specific function for one
dCas13-effector in the same cell. Although dual-color imag-
ing of different transcripts with two orthogonal dCas13 pro-
teins was reported, the number of characterized Cas13 or-
thologs is limited and their large sizes increase the challenge
of co-deli v ering multiple dCas13 proteins into the same
cell ( 21 ). These hamper the de v elopment of multifunctional
RNA engineering tools. 

An additional challenge in RNA manipulation is the
poor substrate selectivity of the effectors. For example,
adenosine deaminase acting on RNA (ADAR) binds to
double-stranded RNA and then converts adenosine (A)
to inosine (I) via deamination. The resultant inosine is
functionally equivalent to guanosine (G) ( 30 ). Fusion of
the deaminase domain of AD AR2 (AD AR2-DD) with
dCas13 can achie v e site-specific A-to-G editing. How-
e v er, dCas13-ADAR2-DD showed substantial dCas13-
independent transcriptome-wide off-target activity ( 17 ).
The reconstitution of a split enzyme at a gi v en locus pro-
vides the opportunity to limit off-target e v ents elicited in-
trinsically by the full-length enzyme ( 31 ). With dCas13-
split ADAR2-DD direct fusions, this goal can be accom-
plished by two nearby gRNAs but RNA secondary struc-
tures on target transcripts can potentially inhibit enzyme
reconstitution. 

Her e, we r eport a novel pla tform called C ombina torial
R NA E ngineering via S caffold T agged gRNA (CREST) by
combining RNA scaffold with CRISPR-Cas13. As proof-
of-principle, we engineered orthogonal MCP-, PCP- and
PUF-based CREST modules for splicing modulation. We
then created CREST base editing modules for A-to-G
and C-to-U editing. We further generated high-efficient
split RNA editing modules using CREST ar chitectur e and
showed the significant reduction of off-target e v ents in the
split version compared with full-length effector. Finally, we
demonstra ted tha t orthogonal CREST modules could be
used for multifunctional transcriptome engineering, specif-
icall y manipulating sim ultaneous alternati v e splicing and
base editing. The CREST platform will enable complex op-
era tions within RNA regula tory networks, especially for
fundamental r esear ch in the RN A biolo gy field. 

MATERIALS AND METHODS 

Plasmid construction 

All coding sequences used in this study were cloned into
pmax e xpression v ector (Lonza) by TEDA as pre viously
reported ( 32 ). IDT gBlocks encoding fragments of dPsp-
Cas13b as in pC0039-CMV-dPspCas13b-GS-ADAR2DD
(E488Q) (Addgene #103849) ( 25 ) were used as PCR tem-
plates for generating dPspCas13 and its variants. All mu-
tations were designed in the primers and introduced to
constructs by PCR and TEDA. An IDT gBlock encod-
ing ADARDD (E488Q) sequence as in pC0039-CMV-
dPspCas13b-GS-ADAR2DD (E488Q) (Addgene #103849)
( 25 ) was used as PCR template for split ADAR2-DD
and other ADAR2-DD fusion proteins. For split version,
ADAR2-DD was split into two fragments between amino
acid residues E466 and P467 with PCR and added into
dCas13b 

A4 or PUFc by TEDA. pC0079-pCMV-dCas13b6-
mapkNES-GS-dADAR2 (Addgene #130662, a gift from
Feng Zhang) ( 19 ) was used for split RESCUE-S and other
RESCUE-S fusion proteins. The split site in RESCUE-
S remained the same as ADAR2-DD. pCI-SMN2 (Ad-
dgene #72287, a gift from Elliot Androphy) containing
genomic region from exon 6 to 8 of SMN2 gene placed
downstream of a CMV promoter served as splicing mini-
gene. For A-to-G base editing mScarlet reporter, a pre-
mature stop codon (UAG) was introduced into the cod-
ing region of mScarlet by PCR to enable the easy read-
out with flow cytometry. For C-to-U base editing reporter,
we ordered the oligos with the previous reported targeting
r egion ‘CTGAT CTGCCTGT CCCACAT CAAT CGA’ and
inserted it into the downstream of mScarlet ( 19 ) by an-
nealing and ligation. For human diseases related genes, we
selected multiple genes for both A-to-G and C-to-U edit-
ing, designed the gBlock (IDT) by copying the surrounding
190nt near the mutation site in each gene, and inserted it
into the downstream of CMV promoter by PCR and TEDA
ligation. 

gRNA expression cloning plasmids were cloned into a
pCR8 vector with U6 promoter and a ccdbCam selection
cassette flanked by two BbsI restriction enzyme cut sites as
described previously ( 20 ). Oligos of spacer sequence in gR-
NAs were designed manually and ordered from IDT (Sup-
plementary Table S1). Oligos were annealed and ligated into
BbsI-digested gRNA backbone. To append RNA scaffolds
to 3’ of gRN A, gRN A backbone was digested by BsaI and
Bglll and then ligated with annealed oligos containing RNA
scaffold (Supplementary Table S1). Plasmids involved in
this study were submitted to addgene and can be found in
Supplementary Table S2. 
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ell culture and transfection 

EK293T, HeLa, U-2 OS cells were grown in Dulbecco’s 
odified Eagle’s medium (DMEM, high glucose, Sigma- 
ldrich # D5671-1L) with 10% fetal bovine serum (FBS) 

Gibco ™, #26140079), 4% glutamax (Gibco ™, #35050061), 
% sodium pyruvate (Gibco ™, #11360070). HCT-116 was 
ultured in McCoy’s 5a Medium Modified medium (ATCC, 
30-2007 supplemented with 10% FBS. All cells were cul- 

ured at 37 

◦C and 5% CO 2 . For transfection, HEK293T 

ells were plated in 12-well, 24-well or 96-well plate at the 
ensity of 1.5–2 million cells per plate while HeLa, U-2 OS 

nd HCT-116 cells were plated at 3 million cells per plate 
ne day prior to tr ansfection. All tr ansfection experiments 
ere done with Lipofectamine ™ 3000 Transfection Reagent 

Invitrogen ™, #L3000001) according to manufacturer’s in- 
tructions. Cells were harvested 48-hour after transfection 

or flow cytometry or RNA extraction. 

T-qPCR and sanger sequencing 

ells were harvested for RNA extraction using RNeasy 

lus Mini Kit (Qiagen, #74136) or NucleoSpin RNA Plus 
it (Takara, # 740984). RNA concentration was mea- 

ured by nanodrop and 500–1000 ng total RNAs were 
sed for re v erse transcription in 10 ul reaction volume by 

igh-Ca pacity RN A-to-cDN A kit (A pplied Biosystems ™, 
 4387406). Equal amount of RNAs were used in the same 
xperiment. 

For RT-PCR, 2- �l cDNA was used for each reac- 
ion by Phusion ® HighFidelity DN A Pol ymerase (NEB 

M0530L) using specific primers for 35 cycles. PCR prod- 
cts were then analyzed on a 3% agarose gel. 
For qPCR, 4-ul of diluted cDNA (1:40 dilution rate) was 

sed for each reaction with 5 ul SsoAdvanced Uni v ersal 
YBR ® Green Supermix (BIO-RAD, #1725271) and 1 

l of primer mix (Final concentration at 500 nM for each 

rimer). qPCR reaction was run in ViiA 7 or QuantStu- 
io ™ Real-Time PCR System (ThermoFisher) with stan- 
ard program. The inclusion / exclusion ratio was calculated 

y 2 

∧ (Ct -exclusion – Ct -inclusion ) and then normalized to the 
ondition of control gRNA in the same experiment (dis- 
layed as first column in each figure) to determine the fold 

hange of inclusion / exclusion ratio. All primer sequences 
re listed in Supplementary Table S1. 

For sanger sequencing, 2-ul of cDNA without dilution 

as used for each PCR reaction by Phusion ® HighFi- 
elity DN A Pol ymerase (NEB) for 35 cycles. PCR prod- 
cts were loaded on a 1% agarose gel, run at 140 V for 50
in, and purified by QIAquick PCR Purification Kit (Qia- 

en, #28104). Sanger sequencing was done in Quintarabio 

t UConn Health. All primer sequences were listed in Sup- 
lementary Table S1. 

uantification of base editing efficiency 

ata (.ab1 format) from sanger sequencing were up- 
oaded to the online tool EditR for quantification ( https: 
/moriaritylab.shinyapps.io/editr v10/ ( 33 ). 100 nucleotides 
round the target base with clean sequencing peaks were 
sed to normalize signal. 30 nucleotides spanning the 
arget base was used as query sequence as indicated in 
igure 3 C and EditR scored the percent area of the 
ignal for each base (ACGT) at each position along 

he query sequence. The editing efficiency was calcu- 
ated as AtoG = G -score / (A -score + G -score ) × 100% and 

toU = T -score / (C -score + T -score ) × 100%. 

low cytometry 

ells were plated and transfected in a 96-well plate. For 
ell collection, media were discarded and 40 ul of trypsin 

0.25%) were added into each well for incubation (8 min at 
7 

◦C). Then 80 ul of fresh media were directly added on 

he top of trypsin and mixed by pipetting up and down. All 
ells were transferred to a V bottom 96-well plate to run flow 

ytometry analysis on LSRFortessa X-20 (BD Bioscience). 
Scar let / Clover r a tio was calcula ted as Q2 / (Q2 + Q4)

ased on the percentage of each gate (Supplementary 

igure S4). 

N A isolation and ne xt-generation sequencing and off-target 
nalysis 

EK293T cells were transfected with gi v en plasmids and 

hen harvested for RNA extraction by NucleoSpin RNA 

lus Kit (Takara) 48 hour after transfection. RNA sam- 
les were sent to GENEWIZ for next generation sequenc- 

ng using polyA selection strategy for cDNA library gener- 
tion and targeting 15–20 million paired-end reads for each 

ample. 
FASTQ r eads wer e aligned to the GRCh38.p1 human 

 efer ence assembly (GCF 000001405.27, annotations from 

nsembl Release 93) by the nf-core / rnaseq (v3.0) pipeline 
sing default parameters. Briefly, FASTQ files were pro- 
essed by FastQC (0.11.9) for quality control and adapter 
equences were trimmed by TrimGalore (0.6.6). After pre- 
rocessing of raw reads, alignment and quantification were 
one by STAR (2.6.1d) and Salmon (1.4.0), respecti v ely. 
o exclude the effect of library size, all bam files from nf- 
or e / rnaseq wer e downsampled to 15 million pair ed-end 

eads per sample, then used as input for off-target analysis. 
For base editing, REDItoolDnaRna.py from REDItools 

v 1.2) with default parameters was used to analyze RNA 

diting sites. Nearly 30–40 million sites were assessed for 
ase change in each sample. All sites were then filtered 

y co verage (Co verage-q30 > 10) in every sample and de- 
ired base substitution (AllSubs = = ‘AG’ or ‘CT’). Plain 

EK293T line was used as a negati v e control and all sig- 
ificant editing e v ents were calculated by Fisher Exact test 

ollowed b y b y Benjamini Hochberg correction then filtered 

ith false discovery rate (FDR) ≤0.05 and change of editing 

ercentage ≥10%. 
For alternati v e splicing, rMATs (v 4.1.0) with de- 

ault parameters was used to quantify splicing e v ents at 
ranscriptome-wide. Each group was compared with neg- 
ti v e control transfected non-targeting gRNA ( n = 3). The 
nclusion le v el difference ( � � ) of each candidate exon skip- 
ing (SE) e v ent was calculated using reads mapping to the 
ody of exons as well as to splice junctions. Considering that 

ow coverage exons and splicing junctions lead to low con- 
dence inclusion le v els, we filtered out the cases in which 

verage counts of two replicates for inclusion or skipping 

https://moriaritylab.shinyapps.io/editr_v10/
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were < 10. To discover off-target SE event, we set the thresh-
old parameters at | � � | ≥0.2 and FDR ≤0.01. 

RESULTS 

Design of CREST 

CREST comprises gRNA appended with RNA scaffolds,
nuclease-deficient dPspCas13b with KADK to AAAA mu-
tation (hereafter referred to as dCas13b 

A4 ) and RNA bind-
ing domain (RBD) fused with effector. The 5’ of the gRNA
(spacer) is designed to be complementary to the target tran-
script while its 3’ end is appended with RNA scaffolds, act-
ing as the bridge between dCas13b 

A4 and RBD-effector fu-
sions (Supplementary Figure S1B). To achie v e multifunc-
tional transcriptome modulation, we fused different effec-
tors with specific RBDs and switched the scaffold in the
gRNA to control the engineering consequences. 

CREST-mediated RNA alternative splicing modulation 

We first tested CREST ar chitectur e on the modulation of al-
ternati v e splicing. SMN2 was selected as the target because
the inclusion of exon7 in SMN2 is a well-recognized treat-
ment strategy for Spinal Muscular Atrophy. We recently re-
ported the induction of exon 7 inclusion in SMN2 mRNA
by dCas13-splicing factor direct fusion ( 20 ). As previously
reported, we used three gRNAs designed to target down-
stream of exon 7 of the pCI-SMN2 minigene to induce exon
7 inclusion (Figure 1 A). To adopt the CREST architec-
tur e, the thr ee gRNAs wer e tagged with differ ent numbers
of MS2 or PBSc scaffolds that can recruit splicing effec-
tors built by replacing the RNA binding motif of RBFOX1
with MCP or PUFc, respecti v ely. We co-transfected the
pCI-SMN2 minigene with dCas13b, gRNA-MS2 / MCP-
RBFOX1 or gRNA-PBSc / PUFc-RBFOX1 into HEK293T
cells and analysed splicing activity using quantitative RT-
PCR. Initially, we failed to achie v e splicing activation (Fig-
ure 1 B, C, grey columns). We reasoned that the intrinsic
gRNA processing activity of (d)Cas13b r equir ed for re-
leasing individual mature gRNAs from polycistronic pre-
gRNA may cleave away the MS2 and PBS scaffolds, and
the binding of dCas13 without effectors to SMN2 minigene
transcript showed minor inhibitory effect on exon 7 inclu-
sion. Since the amino acids r equir ed for PspCas13b gRNA
processing w ere unknown, w e aligned PspCas13b with Pbu-
Cas13b in which K399 was reported as required for gRNA
processing ( 34 ). A stretch of four amino acids (KADK)
containing three charged residues K367, D369 and K370
on PspCas13b aligned around K399 of PbuCas13b and
were thus selected as candidates for PspCas13b gRNA pro-
cessing activity (Supplementary Figure S1C). We therefore
mutated all charged residues into the non-charged amnio
acid alanine, changing KADK to AAAA. dCas13b with
the AAAA mutation was able to induce the inclusion of
exon 7 with the CREST ar chitectur e (Figur e 1 B and 1 C). To
our surprise, the number of RNA scaffolds had little effect
on the inclusion efficiency. We suspected multiple scaffolds
on the gRNA may not fold independently, thus reducing
the number of scaffolds available for RBD-effector bind-
ing. We thus set out to optimize gRN A design. RN Afold
predicted that 5 and 15 copies of PBSc interspaced with a
GCC linker formed unwanted secondary structures which
may interfere with PUFc binding (Supplementary Figure
S2A, B) ( 35 ). We replaced the GCC linker between PBSc
with high GC content stem loops to free PBSc sites from
secondary structure in the low energy state (Supplementary
Figure S2C-F). The result showed that 5 and 10 copies of
PBSc with stem loops performed the best, as good as the
direct fusion of dCas13b with RBFOX1 (Figure 1 D, Sup-
plementary Figure S3). We ne xt inv estigated the minimal
set of mutations in dCas13b within the KADK stretch re-
quired for CREST architecture by screening all the possible
combina tions of muta tion in KADK. The dCas13b variant
with an AAAK mutation was unable to induce inclusion of
exon 7, suggesting that K370 may be r equir ed for gRNA
processing. While dCas13b with K370A mutation allowed
splicing activity in the context of CREST, the additional
K367A and D369A mutations improv ed e xon 7 inclusion
efficiency (Figure 1 E). Therefore, we used the dCas13b vari-
ant with AAAA mutation in our CREST ar chitectur e and
r eferr ed it as dCas13b 

A4 . 
The orthogonality between different RNA scaffolds is

key to multifunctional RNA engineering. Using alternati v e
splicing as a readout, we evaluated orthogonality of CREST
by co-transfecting all pairwise combinations of gRNA with
dif ferent RNA scaf folds and RBD-RBFOX1. We showed
that MCP-RBFOX1 but not PUFc-RBFOX1 activated the
inclusion of exon 7 in the presence of gRNA-MS2 (Fig-
ure 1 F). Similarl y, gRN As tagged by PBSc were unable to
induce exon 7 inclusion to any meaningful degrees in the
presence of MCP-RBFOX2 (Figure 1 G). Taken together,
these results demonstrated not only that CREST can be en-
gineered to control alternati v e splicing in mammalian cells,
but also that orthogonality of dif ferent RNA scaf fold sys-
tems forms the basis of CREST-mediated multifunctional
RNA engineering. 

CREST-mediated A-to-G base editing 

Pro grammable RN A base editing holds significant clini-
cal promise in treating diseases by enabling the correction
of gene mutations at the RNA le v el. One approach uses
ADAR2 (adenosine deaminase acting on RNA type 2) to
convert adenosine (A) to inosine (I), which is recognized
as guanosine (G) by translation and splicing machineries,
making the A-to-I conv ersion equi valent to A-to-G editing
( 25 ). Gi v en its translational potential and easy readout, we
chose RNA A-to-G editing as the second function to evalu-
ate CREST. To provide a convenient readout of RNA A-to-
G editing activity, we generated a reporter with the CMV
promoter-dri v en Clov er and mutant mScar let tr ansgenes
separated by a T2A peptide ( 36 ). The mutation in mScar-
let encodes a pr ematur e stop codon (UAG), marking trans-
fected cells with gr een fluor escence only if the transcript re-
mains unedited. The test editing e v ent changes the UAG
codon to UGG, effecti v ely rescuing mScarlet expression
and giving cells dual fluorescence (Figure 2 A, Supplemen-
tary Figure S4). With this reporter, A-to-G editing efficiency
can be assessed by flow cytometry. We tagged gRNAs with
PBSc so that when complexed with dCas13b 

A4 , these gR-
NAs would recruit PUFc-ADAR2-DD to the target RNA.
Gi v en that ADARs selecti v ely deaminate adenosines of
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Figure 1. CREST-mediated RNA alternati v e splicing modulation. ( A ) Schematic of pCI-SMN2 minigene reporter containing the genomic region spanning 
SMN2 exon 6 to exon 8 downstream of a CMV promoter. Inclusion and exclusion isoforms can be quantified with the same forward primer annealing 
to a constituti v e region (Black arrow) and a re v erse primer annealing to isoform-specific exon junctions (red arrow for the inclusion isoform and green 
arrow for the exclusion isoform). Three gRNAs targeting downstream intron of exon 7 are marked in orange. ( B ) Above: Schematic of CREST MCP-MS2 
system. MS2 scaffold was tagged at the 3’ end of gRNA and MCP was fused to RBFOX1 in place of its RRM domain for induction of exon7 inclusion. 
Bottom: splicing readouts measured by RT-qPCR. Y axis: Exon inclusion efficiency (inclusion / exclusion ratio measured by RT-qPCR) is r epr esented as 
fold change relati v e to non-target control gRNA. X axis: HEK293T cells wer e co-transfected with pCI-SMN2 r eporter, differ ent dPspCas13b mutants, 
MCP-RBFOX1, and gRNAs with different number of MS2 scaffold. Non-target control (C-) and minigene target-specific (T-) gRNAs are indicated. 
The numbers (1 × or 2 ×) of the MS2 scaffold are indicated. Different dPspCas13b variants are indica ted. dPspCas13b: deficiency a t targeting transcripts 
cleavage. dPspCas13b(AAAA): deficiency at both targeting transcripts cleavage and gRNA processing. ( C ) Above: Schematic of CREST PUFc-PBSc 
system. PUFc binding sites (PBSc) were appended to the 3’ end of gRNA and PUFc was fused to RBFOX1 in place of its RRM domain. Bottom: splicing 
r eadout measur ed by RT-qPCR. 5 and 15 copies of PBSc with ‘GCC’ linker were tested. ( D ) Optimization of PBSc linkers. Fold change of Inclusion and 
Exclusion ratio was normalized by non-target control gRNA with 10 copies of PBSc with loops (C-10-Loop). ‘Loop’ stands for the high GC content 
stem-loop structure between PBSc and the copy numbers (0–15) of the PBSc motifs are indicated. PBSc with indicated number but without ‘Loop’ were 
linked by ‘GCC’. dPspCas13b(AAAA) was used in all groups. ( E ) Screen for the minimal set of mutations in dPspCas13b compatible with CREST. The 
original motif (KADK) for gRNA processing in pspCas13b was used as control and other variants were tested as indicated. Gray (C) stands for non-target 
control gRNA and black (DN) stands for on-target gRNA. PUFc-RBFOX1 and 10 copies of PBSc with Loop were used in all conditions. dPspCas13b 
with AAAA mutation ar e her eafter r eferr ed to as dCas13 A4 . ( F ) Test of the crosstalk between the PUFc and MS2. HEK293T cell were co-transfected 
with dCas13 A4 , pCI-SMN2 minigene, gRNA-MS2 and MCP-RBFOX1 (Gray columns on the left) or PUFc-RBFOX1(Black columns on the right) as 
indicated. Y axis shows the fold change of Inclusion and Exclusion ra tio rela ti v e to non-target control. ( G ) Test of the crosstalk between the MCP and 
PBSc. HEK293T cell were co-transfected with dCas13 A4 , pCI-SMN2 minigene, gRNA-PBSc and MCP-RBFOX1 (gray columns on the left) or PUFc- 
RBFOX1(black columns on the right) as indicated. All data are displayed as mean ± SD, n = 3. * P < 0.05, ** P < 0.01,*** P < 0.001, **** P < 0.0001, 
ns, not significant, by two-sided t -test. 
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Figure 2. CREST-mediated A-to-G base editing. ( A ) Left: schematic of the reporter system for A-to-G editing. CMV-dri v en Clov er and mutant mScarlet 
ORFs were separated by a T2A self-cleaving peptide. Before editing, the premature stop codon (UAG) within the downstream mScarlet ORF disrupts its 
complete translation, marking transfected cells Clov er-positi v e only (top). A-to-G editing converts UAG to UGG and ther efor e r escues the translation of 
the complete mScarlet protein, turning cells double positive for Clover and mScarlet (bottom). Right: target sequence within the mutant mScarlet (top 
sequence) and spacer sequence in gRNA (bottom sequence). Mismatch distance is defined as the distance between first matched nucleotide to the target 
adenine as indicated by the double arrow. ( B ) Tilling of mismatch distances of A-to-G editing gRNAs from 2nt to 30nt. HEK293T cells were co-transfected 
with reporter, gRNA with or without dCas13b A4 , PUFc-ADAR2-DD, as indicated. Flow cytometry was done 48 hours after transfection and the editing 
efficiency was calculated by the ratio of the percentages of mScarlet- and Clov er-positi v e cells (Y axis). X-axis: the mismatch distance of spacer sequence in 
gRNAs. C stands for non-targeting control gRNA. Different transfection groups are shown as indicated at the right. All gRNAs were tagged by 10xPBSc- 
Loop. ( C ) Reconstitution of split AD AR2-DD by CREST system. AD AR2-DD was split into two fragments (N terminal and C terminal) and fused with 
PUFc (Top left) or dCas13 A4 and PUFc separately (Bottom left). X-axis: Editing efficiency measured by flow cytometry. Y-axis: different orientations and 
combinations of fusion proteins are indicated. NONE: cells transfected with gRN A onl y were used as the negati v e control. The intact ADAR2-DD fused 
with PUFc (PUFc-ADAR2) was used as a positi v e control. N stands for the N-terminal fragment of ADAR2-DD and C stands for the C-terminal fragment 
of ADAR2-DD. All gRNAs were tagged by 3xPBSc-Loop with 22nt mismatch distance. ( D ) A-to-G editing efficiency quantified by Sanger sequencing. 
Ctr l: HEK293T cell tr ansfected with reporter, dCas13 A4 , PUF-ADAR2-DD and the non-targeting control gRNA. DF: direct fusion of ADAR2-DD with 
original dCas13b without AAAA mutation and the on-target gRNA without RNA scaffolds. PUFc-ADAR2: HEK293T cells transfected with reporter, 
dCas13 A4 , PUF-ADAR2-DD and the on-target gRNA tagged by 3xPBSc-Loop. SP1 and SP2 are indicated in (C). ( E ) Violin plots r epr esenting distribution 
of A-to-G editing yields observed at r efer ence sites. Plain HEK293T cells without transfection was used as control and the editing yield at the target site was 
manually set to zero. Effectors transfected into HEK293T cells were as indicated and black dots indicate editing yields at the target site within the mScarlet 
transcript. Thr ee r eplicates wer e done for each group. Data were displayed as mean ± SD, n = 3. * P < 0.05, ** P < 0.01,*** P < 0.001, **** P < 0.0001, 
ns, not significant, by two-sided t -test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A-C mismatches in the conte xt of doub le-stranded RNA,
we placed a cytidine in the gRNA at the position facing the
target adenosine on the target transcript ( 37 ). A previous
study re v ealed that the length of gRNA and mismatch dis-
tance (first matched nucleotide to the editing site) are criti-
cal to the editing efficiency ( 17 ). We used gRNAs with a 30nt
spacer and tiled gRNA positions for mismatch distances
from 2nt to 30nt. Consistent with the previous report, we
found that 22–26 nt were the optimal mismatch distances,
w hich showed nearl y 60% editing efficiency (Figure 2 B). To
examine whether the editing resulted from the recruitment
of endogenous ADARs by gRNAs independent of exoge-
nous effectors as reported in LEAPER ( 38 ), we transfected
cells with gRNAs in the absence of PUFc-ADAR2-DD and
did not observe any editing events (Figure 2 B). Though A-
to-G conversion mostl y ha ppens in the cytoplasm, the ad-
dition of a nuclear export signal (NES) to dCas13b 

A4 did
not improve editing efficiency (Figure 2 B), indicating edit-
ing activity is supported by ‘baseline’ localization of these
fusion proteins, which was further confirmed by immunos-
taining (Supplementary Figure S5). 

We next tested if CREST ar chitectur e can be used to
implement split ADAR2-DD that can be selecti v ely re-
constituted in the CREST complex to reduce dCas13-
independent off-target RNA editing e v ents. We split
ADAR2-DD into two parts, the N-terminal and C-terminal
fragments as reported ( 39 ), and fused them with dCas13b 

A4

or PUFc. We speculated that CREST is able to reconstitute
ADAR2-DD catalytic activity at the target locus in two sce-
narios. In the first scenario, PUFc is fused with either the N-
or C-terminal fragments of ADAR2-DD and tandem PBSc
on the gRNA recruits multiple PUFc, which stochastically
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Figure 3. CREST-mediated C-to-U base editing. ( A ) Left: the diagram of reporter transgene for C-to-U editing. The target region is marked by a green bar. 
Right: target sequence (top sequence) and spacer sequence in gRNA (bottom sequence). Mismatch distance is defined as indicated. ( B ) Tilling of mismatch 
distances of C-to-U editing gRNAs from 20nt to 28nt. HEK293T cells were co-transfected with reporter transgene, dCas13b A4 , PUFc-RESCUE-S and 
different gRNAs with 10xPBSc-Loop. Y axis: C-to-U editing efficiency was quantified by RT-PCR followed by Sanger sequencing. X axis: mismatch 
distances. C stands for the non-targeting control gRN A. ( C ) Heatma p of C-to-U conversion rate of neighboring cytosines located within 15nt upstream 

and downstream of the target site. HEK293T cells were transfected with reporter, dCas13b A4 , PUFc-RESCUE-S and gRNAs as indicated in each row. 
C stands for the control gRNA. The numbers 26 and 24 indicate mismatch distances. Editing efficiency was quantified b y RT-PCR followed b y Sanger 
sequencing and quantification by EditR. ( D ) Reconstitution of split RESCUE-S by CREST. RESCUE-S was split into two fragments, N terminal and 
C terminal, then fused with PUFc only or dCas13 A4 and PUFc separa tely a t dif ferent orienta tions as indica ted. NONE: cells transfected with gRNA 

only was used as negati v e control. The intact RESCUE-S fused with PUFc (PUFc-RESCUE) was used as a positi v e control. N stands for the N-terminal 
fragment of RESCUE-S and C stands for the C-terminal fragment of RESCUE-S. All gRNAs were tagged with 10xPBSc-Loop. C-to-U editing efficiency 
was quantified by Sanger sequencing. Data were displayed as mean ± SD, n = 3. * P < 0.05, ** P < 0.01,*** P < 0.001, **** P < 0.0001, ns, not significant, 
by two-sided t -test. 
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ncludes both N- or C-terminal fragments of ADAR2-DD 

or reconstitution. In the second scenario, different frag- 
ents of ADAR2-DD are fused with dCas13b 

A4 and PUFc 
especti v ely and the gRNA functions as a bridge to bring 

hem together. By screening all possible combinations, we 
ound two optimal configurations, PUFc-N / PUFc-C and 

Cas13b 

A4 -N / PUFc-C, which were termed as SP1 and SP2 

especti v ely (Figure 2 C). As expected, the transfection of ei- 
her split half ADAR2-DD was not sufficient for A-to-G 

diting (Supplementary Figure S6). To evaluate RNA edit- 
ng activity among the different designs, we quantified edit- 
ng efficiency by RT-PCR followed by Sanger sequencing 

 33 ). CREST-PUFc-ADAR2 showed comparable efficiency 

o the dCas13b-ADAR2 direct fusion and the CREST split 
ersion SP2 reaches almost 80% of the RNA editing ef- 
ciency achie v ed by CREST-PUFc-ADAR2 (Figure 2 D). 
trikingl y, deep RN A sequencing re v ealed significant re- 
uction (90–99%) of off-target e v ents in both SP1 and 

P2 compared with CREST-PUFc-ADAR2 and dCas13- 
DAR2 (Figure 2 E). We identified about 13,000 and 6,400 

ff-target e v ents in cells transfected with CREST-PUFc- 
DAR2 and dCas13-ADAR2, respecti v ely, both having 

ull-length ADAR2-DD but only 620 and 147 in the two 

REST split-ADAR constructs, SP1 and SP2, respecti v ely 

Supplementary Figure S7). 
In addition, we selected fiv e genes with known disease- 

ausing G-to-A point mutations to test the clinical potential 
f our CREST system. Some of these genes ( APC , MECP2 
nd SMN1 ) were reported to be corrected by direct fusion 

f dCas13 and ADAR2-DD at high efficiency but others 
 CFTR and HBB ) were edited less than 10% ( 25 ). We used
irect fusion to benchmark our CREST-PUFc-ADAR2- 
D and SP2 and showed that both are robust in A-to- 
 editing for APC , MECP2 and SMN1 . Interestingly, the 
utation in CFTR was only corrected by CREST-PUFc- 
DAR2-DD at high efficiency ( > 20%) but not in direct fu- 

ion, indicating the advantage of CREST system in specific 
ontexts (Supplementary Figure S8). 

Taken together, we showed that our CREST system is 
ble to mediate A-to-G base editing at high efficiency and 

rovided evidence for decreased of f-target ef fects through 

REST-based split-and-reconstitute architecture. 

REST-mediated C-to-U base editing 

e subsequently applied CREST to C-to-U base editing. 
ESCUE-S, e volv ed from ADAR2-DD, induces C-to-U 

onv ersion in RNA duple xes but not A-to-G conversion 

 19 ). Ther efor e, we fused PUFc with RESCUE-S for C- 
o-U base editing. For readout, we chose a previously re- 
orted target sequence for further direct comparison ( 19 ), 

nserted it right after the mScarlet coding region in a CMV- 
Scarlet reporter, and measured the editing efficiency by 

anger sequencing (Figure 3 A). Similar to what we ob- 
erved for A-to-G editing, we found that gRNAs with 26nt 
ismatch distance showed the best efficiency (close to 80%, 
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Figure 4. Modulation of endogenous transcripts with CREST system. ( A ) Top: Schematic of genomic region of KIF21A spanning exon 22 to exon 24. The 
skipping of exon 23 leads to a shorter exclusion isoform, dominant in the HEK293T cell line. Three gRNA (green rectangles) were designed to target the 
intron downstream of exon 23 and a pair of PCR primers were designed on the flanking exons 22 and 24 to amplify both isoforms. Bottom: DNA gel showed 
both isoforms in HEK293T cell line transfected with CREST components (dCas13b A4 ,PUFc-RBFOX1) or direct fusion (DF, dCas13b-RBFOX1) together 
with the control gRNA ( C ) or on-target gRNAs (g1–g3). Percent spliced-in (PSI) was calculated by the quantification of pixel intensities of both bands. 
( B , C ) Base editing by CREST and DF on endogenous KRAS transcripts. Editing efficiency was calculated by RT-PCR followed by Sanger sequencing. 
Data were displayed as mean ± SD, n = 3. * P < 0.05, ** P < 0.01,*** P < 0.001, **** P < 0.0001, ns, not significant, by two-sided t -test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 B, Supplementary Figure S9). To address the con-
cern tha t accumula ted PUFc-RESCUE-S might increase
bystander editing e v ents, we assessed C-to-U conv ersion
rate within the window of 30nt and found no signifi-
cant changes in the adjacent cytosines (Figure 3 C). In
addition, we split and reconstituted the RESCUE-S en-
zyme by CREST. Gi v en that the amino acids flanking the
split site of ADAR2-DD are conserved in RESCUE-S,
we adapted the same split site (E 466 P 467 ) as used for our
split ADAR2-DD above (Supplementary Figure S10). Un-
like ADAR2-DD, only the hybrid combinations of split
RESCUE-S w ork ed with nearly 15% editing efficiency,
including C-dCas13b 

A4 / PUFc-N, dCas13b 

A4 -N / C-PUFc
and dCas13b 

A4 -N / PUFc-C (Figure 3 D). Though we fur-
ther designed more split sites in the low complexity re-
gions of RESCUE-S protein, and utilized the dCas13b 

A4 -
N / PUFc-C ar chitectur e to scr een them, E 466 P 467 r emained
the optimal split sites as well as the neighboring site
H 471 P 472 , indicating the conformation of RESCUE-S dif-
fers from ADAR2-DD (Supplementary Figure S11). In ad-
dition, we tested CREST-mediated C-to-U base editing on
three additional disease-relevant gene mutations and found
that CREST-PUFc-RESCUE-S is able to induce cytosine
to uridine conversion at comparable or higher efficiency as
direct fusion of dCas13-RESCUE-S (Supplementary Fig-
ure S12). 

Robustness of CREST system 

To validate whether our CREST is applicable in various
conditions, we tested it in another three cell lines, includ-
ing HeLa, HCT-116 and U2-OS, with all three functions.
Our results showed robust engineering consequences as we
expected, though the efficiency varied among different cell
lines, which might result from differences in transfection ef-
ficiencies (Supplementary Figure S13). Apart from the re-
porters, we demonstrated that CREST is capable of target-
ing endogenous transcripts. We designed three gRNAs tar-
geting downstream of exon 23 in the KIF2A gene, which
was reported to be skipped in HEK293T cells. Both CREST
(PUFc-RBFOX1) and direct fusion of dCas13b-RBFOX1
induced the percentage of spliced-in (PSI) of exon 23 from
20% to 40% (Figure 4 A). For base editing, we tested CREST
on the GTA and GAC in the CDS of endogenous KRAS
transcript for A-to-G and C-to-U conv ersion, respecti v ely.
We found that CREST can induce endogenous A-to-G base
editing though at relati v ely low efficiency compared with di-
rect fusion (Figure 4 B). Howe v er, regar ding C-to-U editing,
CREST showed comparable editing ability with direct fu-
sion (Figure 4 C). 

Gi v en that previous studies re v ealed that RNA scaf-
fold coupled with RBD-ADAR2-DD are able to induce
A-to-G base editing without dCas13, we sought to ex-
plore whether dCas13b 

A4 is redundant in CREST. Though
both SP1 and CREST (PUFc-ADAR2-DD) lead to signif-
icant A-to-G editing e v ents without dCas13b 

A4 , their ef-
ficiency was reduced, indicating that dCas13b 

A4 may help
stabilize the CREST complex for editing (Supplementary
Figure S14A, B). Furthermore, we found that CREST
showed minimal or no activity on alternative splicing and
C-to-U editing without dCas13b 

A4 (Supplementary Figure
S14C , D), indica ting dCas13b 

A4 is indispensable for multi-
functional engineering mediated by CREST. 

These results demonstra te tha t CREST is a robust RNA
engineering pla tform tha t can be used across multiple cell
lines and for targeting endogenous transcripts. 

CREST-mediated multifunctional RNA modulation 

Compar ed to Cas13-dir ect fusion ef fectors of fering single
functionality, we posit that another advantage of CREST
is to perform multifunctional RNA modulation, en-
abling us to study the coordination of post-transcriptional
regula tions. To demonstra te this, we tested simultaneous al-
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Figur e 5. CREST-mediated m ultifunctional RN A modulation. (A|C) HEK293T cells were co-transfected with dCas13b A4 and MCP / PUFc-fused effectors 
as indicated in the middle. Desired modulations were achie v ed by addition of gRNAs with ef fector-ma tched MS2, PBSc, or PP7 scaffolds. ( A ) Simultaneous 
induction of alternati v e splicing b y gRNA-1xMS2 and A-to-G base editing b y gRNA-3xPBSc-Loop. Top: Inclusion of exon 7 in SMN2 transcript measured 
by RT-qPCR. Middle: The design of transfection groups. Bottom: A-to-G editing efficiency quantified by Sanger sequencing ( n = 3). ( B ) Simultaneous in- 
duction of alternati v e splicing by gRNA-1xMS2 and C-to-U base editing by gRNA-10xPBSc-Loop. Top: Inclusion of exon 7 in SMN2 transcript measured 
by RT-qPCR. Middle: The design of transfection groups. Bottom: C-to-U editing efficiency quantified by sanger sequencing ( n = 3). ( C ) Simultaneous 
A-to-G base editing by gRNA-1xMS2 and C-to-U based editing by gRNA-10xPBSc-Loop. A-to-G (top) and C-to-U (bottom) editing efficiency quantified 
by Sanger sequencing ( n = 2). ( D ) HEK293T cells were co-transfected with dCas13b A4 , PCP-RBFOX1, MCP-ADAR2-DD, PUFc-RESCUE-S for splic- 
ing, A-to-G, C-to-U editing, respecti v ely. Desired modulations were achie v ed by addition of gRNAs with ef fector-ma tched MS2, PBSc or PP7 scaf folds 
as indicated at the bottom. Left: Fold change of inclusion of exon 7 in SMN2 minigene quantified by RT-qPCR. Middle and right: A-to-G and C-to-U 

editing efficiency on r eporters measur ed by Sanger sequencing. Data were displayed as mean ± SD. The first column in each graph was used as the control 
to which all other columns were normalized. * P < 0.05, ** P < 0.01,*** P < 0.001, **** P < 0.0001, ns, not significant, by two-sided t -test. 
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ernati v e splicing and base editing as a proof-of-principle. 
he splicing and RNA editing reporters, dCas13b 

A4 and 

BD-effectors were co-transfected into HEK293T cells, 
nd the modulation outcome was controlled by the in- 
roduction of desired gRNAs with RBD-ef fector-ma tching 

caffolds. We showed that the addition of gRNAs tagged by 

S2 can only activa te MCP-RBFOX1-media ted alterna- 
i v e splicing but not PUFc-ADAR2-mediated A-to-G edit- 
ng and vice versa (Figure 5 A, lanes 2 and 3). Moreover, 
he addition of both gRNAs edited both reporters for two 
ndependent e v ents a t the same time a t high ef ficiency (Fig-
re. 5 A, lane 4). Similarl y, this ortho gonal m ultifunctional 
ngineering can be used for the alternati v e splicing and C- 
o-U base editing as well as the A-to-G and C-to-U base 
diting (Figure 5B, C). In addition, deep RNA-seq re v ealed 

inimal off-targeting e v ents in both alternati v e splicing 

nd C-to-U editing but abundant e v ents in A-to-G editing 

Supplementary Figures S15–S17). In line with pr evious r e- 
orts ( 25 ), the majority of these off-targeting e v ents resulted 

rom the full-length of effector but were independent of 
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gRNAs, emphasizing the benefits of split system mediated
by CREST. In addition, co-transfection of different RBD-
effectors did not lead to significant changes in off-targeting
e v ents, suggesting that they functioned independently (Sup-
plementary Figures S16 and S17). 

Encouraged by the success of bi-functional modulation,
we further sought to de v elop tri-functional system by in-
troducing the PP7-PCP, another pair of RNA scaffold and
RBD. We co-transfected dCas13b 

A4, RBD-effectors and re-
porters, and controlled the editing consequence solely by
the input of gRNAs. The result showed that all three func-
tions can be executed independently and simultaneously at
high efficiency, without significant drop of efficiencies from
executing one function to executing three functions (Fig-
ure 5 D). In sum, CREST offers us a powerful platform for
multifunctional modulation and shows the potential to edit
transcripts at different le v els. 

DISCUSSION 

RN A not onl y bridges the genetic information flow from
DNA to protein, but also functions independently of trans-
lation as non-coding RNAs ( 40 , 41 ). Gi v en their impor-
tance, RN A-centric methodolo gies have been explored for
decades and advanced significantly by the latest discovery of
the CRISPR-Cas13 system. Compared to genomic editing,
transcriptome engineering offers se v eral advantages. First,
it does not introduce permanent, heritable changes. Second,
unlike CRISPR-Cas9 systems that r equir e a protospacer
adjacent motif (PAM) for DNA targeting, the protospacer
flanking site (PFS) sequence for Cas13 is more fle xib le ( 18 ).
Last but not least, some diseases, such as m6A methylation-
r elated cancers, ar e caused by alter ed RNA modification
and processing that cannot be directly corrected by genome
editing ( 42 ). Howe v er, the current RNA-targeting molecu-
lar toolkit does not meet the demand of sim ultaneousl y en-
gineering multiple transcripts a t dif fer ent r egulatory layers.

In this study, we filled this gap by coupling CRISPR-
Cas13 with RNA scaffold systems. Our novel platform,
called CREST, is compatible with at least three distinct
functions, alternati v e splicing modulation, A-to-G and C-
to-U base editing. By rational design of the linker be-
tw een PBSc, w e significantly improved the efficiency of
CREST-PUFc-RBFOX1-mediated exon 7 inclusion in a
SMN2 minigene transcript, re v ealing the additi v e effect of
alternati v e splicing regulator RBFOX1. Howe v er, no sig-
nificant difference was observed between 3 and 10 copies
of PBSc with loop on the CREST-PUFc-ADAR2-DD-
mediated base editing efficiency. This difference indicates
tha t our CREST pla tform can be used to stud y the regu-
latory kinetics of RNA binding proteins and enzymes. By
protein alignment between PguCas13b and PspCas13b and
m utational anal ysis, we identified that K367 of PspCas13b
is likely r equir ed for gRNA pr ocessing. Abr ogating this
function by introducing a K367A mutation (or, better yet,
introducing additional D369A and K370A mutations) al-
lows the appended gRNA scaffolds to recruit effectors on
gRNA for CREST functionality. 

We demonstrated the orthogonality of different RNA
scaffolds in our CREST platform and concurrently mul-
tifunctional RNA modulation for the first time. Though
RNA scaffold and RBD-ADAR2-DD was shown to be ef-
fecti v e in A-to-G editing ( 43 ), we found that they are not
sufficient to induce the C-to-U editing and splicing mod-
ulation. Enabled by CREST with dCas13b 

A4 , we simul-
taneously modula ted alterna ti v e splicing and base editing
by providing function-matching gRNAs that can specifi-
cally r ecruit corr esponding ef fectors a t the respecti v e tar-
gets. CREST dCas13b 

A4 and RBD-effectors can be ‘pre-
installed’ into the cells to which the addition of gRNAs
alone can induce combinatorial editing and modulations of
multiple different transcripts. 

An additional application of our CREST system is its
utility in potentially reducing dCas13-indpendent off-target
effects encountered when full-length effectors are utilized
( 17 ). Restoring enzymatic activity of split ADAR at a de-
sired locus was shown to be an effecti v e strategy to re-
duce off-target effects on both RNA and DNA base editing
( 39 , 44 ). We demonstrated the reconstitution of ADAR2-
DD from two split halves using CREST ar chitectur e ( 37 ).
Strikingly, compared with the full length PUFc-ADAR2-
DD, our CREST system can reconstitute near 80% of cat-
alytic activity of split ADAR2-DD and decrease about
99% of off-target e v ents. We see potential of this CREST-
mediated reconstitution strategy for other effectors and en-
zymes. For example, by splitting and reconstituting engi-
neered ascorbate peroxidase enzyme (APEX2) in proximity
RN A labelling a pproaches to characterize the RN A-bound
proteome utilizing our CREST system may improve the re-
producibility and reduce the background of random label-
ing ( 45 , 46 ). We foresee that CREST can act like a socket
with fle xib le functions and broad applications in the RNA
biology field. 

In sum, we de v eloped a ne w platform (CREST) to ov er-
come the challenges in CRISPR-Cas13 mediated RNA en-
gineering. By tagging gRNAs with orthogonal RNA scaf-
folds, CREST fills the gap of simultaneously modulating
multiple transcripts for different functions, such as alterna-
ti v e splicing and base editing. This ar chitectur e allows the
introduction of additional functions into the RNA modu-
lation toolbox via orthogonal scaffolds and effectors. In ad-
dition, CREST enables us to reconstitute the enzymatic ac-
tivity of split ADAR2 with high efficiency and specificity.
Overall, the CREST system may benefit a wide range of
RNA-centric r esear ch and applications. 
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