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The CRISPR and Cas systems have enabled genome editing in 
various types of cells and organisms1,2. CRISPR–Cas13, the 
class 2 type VI RNA endonuclease with two HEPN (higher 

eukaryotes and prokaryotes nucleotide-binding) domains for RNA 
cleavage, provides Escherichia coli with programmable immunity 
against the lytic, single-stranded RNA MS2 bacteriophage3,4 and has 
been used for RNA manipulation in eukaryotic cells5–8. Based on 
their natural RNase activity against target RNAs, together with col-
lateral cleavage of nonspecific single-stranded RNAs in vitro, the 
Cas13 proteins were recently used for nucleic acid detection9–11.

The Cas13 protein family has been shown to have high efficiency 
and specificity in programmable RNA targeting and has been 
widely used for the cleavage and subsequent degradation of RNAs 
in yeast, plants, flies, zebrafish and mammals5,7,12–20. An ortholog of 
CRISPR–Cas13d, RfxCas13d (also known as CasRx), can mediate 
RNA knockdown in vivo and effectively alleviate disease pheno-
types in various mouse models21–24. RNA-targeting CRISPR–Cas 
systems thus provide a promising approach for transcriptome engi-
neering in basic research and therapeutic applications. However, 
in vivo application of CRISPR–Cas13 systems is hindered by the 
potential existence of collateral effects (Cas13 degrades bystander 
RNAs once activated by interaction with the target RNA)3,25,26, one 
of the fundamental features of CRISPR–Cas immunity27. Recently, 
collateral RNA degradation induced by Cas13 has been found in 
flies28, mammalian cells19,20,29–34 and mammals34. Therefore, compre-
hensive analysis of collateral RNA degradation and its elimination 
are required for in vivo applications of Cas13 systems.

Previous structural studies35–39 have identified the mechanisms 
underlying collateral RNA degradation. Upon binding of Cas13 to 

the target RNA, the two HEPN domains undergo distinct confor-
mational changes to form a catalytic site on the protein surface that 
can degrade both target and nontarget RNAs at random, a process 
termed cis/trans cleavage (or target/collateral cleavage). However, it 
is not clear whether there are any distinct binding sites for the tar-
get and nontarget RNA substrates near the catalytic site of activated 
Cas13. If there are such sites, one may be able to selectively remove 
the nontarget RNA binding through mutagenesis of Cas13, thereby 
eliminating the collateral effects.

We established a rapid and sensitive dual-fluorescence reporter 
system for detecting collateral effects and found that Cas13 could 
induce substantial collateral effects in HEK293T cells when either 
exogenous or endogenous genes were targeted. Furthermore, we 
engineered many variants with mutations in HEPN domains and 
found several variants with markedly reduced collateral activity 
and comparable on-target cleavage efficiency. The collateral effects 
revealed by transcriptome-wide RNA sequencing (RNA-seq) and 
cell proliferation analysis were essentially eliminated when a mutated 
Cas13 variant Cas13d-N2V8 (967 amino acids) or Cas13X-M17YY 
(775 amino acids) was used for editing. Thus, by diminishing or 
eliminating promiscuous RNA binding through mutagenesis, we 
obtained several high-fidelity Cas13 variants for targeted RNA deg-
radation with minimal collateral effects.

Results
Collateral effects of Cas13 editing in mammalian cells. To evaluate 
the collateral effects of Cas13 in mammalian cells, we first cotrans-
fected a plasmid coding for EGFP and Cas13a (from Leptotrichia 
wadei, LwaCas13a) or Cas13d (from Ruminococcus flavefaciens  
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XPD3002, RfxCas13d) with a plasmid encoding mCherry and a guide 
RNA (gRNA) targeting mCherry (or a nontargeting gRNA) into 
HEK293T cells. Expression levels of EGFP and mCherry were mea-
sured 48 h after transfection (Fig. 1a). Using fluorescence-activated 
cell sorting (FACS), we found that cotransfection of mCherry 
gRNAs (gRNA g1 to g3) with either Cas13a or Cas13d induced 
significant reductions in not only mCherry fluorescence but also 
EGFP fluorescence compared with the nontargeting gRNA case 
(Fig. 1b and Supplementary Fig. 1a–d). Quantitative PCR (qPCR) 
analysis also showed significant reductions in levels of both EGFP 
and mCherry transcripts (Fig. 1d,e). These findings demonstrate 
substantial collateral effects of Cas13-mediated RNA degrada-
tion when targeting transiently overexpressed exogenous genes in  
HEK293T cells.

Next, a dual-fluorescence reporter (EGFP and mCherry) sys-
tem was used to examine whether Cas13d could induce collateral 
effects when endogenous genes in HEK293T were targeted. We 
observed dramatic collateral degradation when targeting the RPL4 
transcript (Fig. 1c and Supplementary Fig. 2a) and slight collateral 
degradation when targeting the PKM and PFN1 transcripts with 
Cas13d (Supplementary Fig. 2b–f). Furthermore, Cas13d induced 
robust knockdown of the RPL4 transcript when any one of the four 
gRNAs (gRNA g1 to g4) was used, and collateral effects as indicated 
by reduction of EGFP transcript were observed for two of the four 
gRNAs used (Fig. 1f). This observation is consistent with previous 
reports that the extent of collateral effects differed when differ-
ent gRNAs were designed to target the same gene29. This may be 
attributed to variation in the stability of the activated Cas13–gRNA 
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Fig. 1 | Evaluation of collateral effects in transiently transfected HEK293T cells using a dual-fluorescence reporter. a, Schematic diagram of the 
mammalian dual-fluorescence reporter system used to evaluate collateral effects induced by Cas13 (Cas13d or Cas13a)-mediated RNA knockdown. The 
dual-fluorescence reporter contained one plasmid encoding Cas13 and EGFP and one plasmid encoding gRNA and mCherry. DR, direct repeat; NLS, nuclear 
localization signal; NT, nontarget; P2A, 2A peptide from porcine teschovirus-1. b, Representative FACS analysis of both mCherry and EGFP fluorescence 
degradation mediated by Cas13d or Cas13a targeting three different mCherry gRNAs in HEK293T cells, compared with the NT gRNA case. c, Representative 
FACS analysis of mCherry and EGFP fluorescence degradation induced by Cas13d with four different RPL4 gRNAs in HEK293T cells, compared with the 
NT gRNA case. d,e, Relative degradation of mCherry and EGFP transcripts induced by Cas13d (d) or Cas13a (e) with three different mCherry gRNAs. 
Degradation relative to NT gRNA was determined by qPCR; n = 3, ***P < 0.0001 in d and e. f, Relative degradation of RPL4 and EGFP transcripts induced by 
Cas13d with four different RPL4 gRNAs; n = 4, ***P < 0.0001. For EGFP mRNA levels, from left to right, P = 0.1431, P = 0.9639, P = 0.0019 and P = 0.0047. 
**P < 0.01, NS, not significant. All values are presented as mean ± s.e.m. Dunnett’s multiple comparisons test after one-way ANOVA was used to compare 
the NT gRNA control with other gRNA conditions in d–f.
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complexes. Thus, Cas13-mediated RNA degradation results in sub-
stantial collateral effects in mammalian cells when targeting either 
exogenous or endogenous genes.

Eliminating collateral effects of Cas13 through mutagenesis. To 
eliminate the collateral effects of Cas13, we sought to engineer Cas13 
via mutagenesis and screen for variants free of collateral effects. 
First, using the dual-fluorescence approach, we constructed an unbi-
ased screening system with EGFP, mCherry and an EGFP-targeting 
gRNA together with each Cas13 variant in one plasmid and used 
FACS to select variants with high-efficiency on-target degradation 
(based on low EGFP fluorescence) and low collateral degradation 
activity (based on high mCherry fluorescence) (Fig. 2a). Based 
on structural analysis and biochemical characterization of Cas13 
(refs. 7,26,35–39), we hypothesized that changing the RNA-binding 
cleft proximal to the RxxxxH catalytic sites in the HEPN domains 
would selectively reduce promiscuous RNA binding and collateral 
degradation while maintaining on-target RNA degradation (Fig. 
2b). Thus, we designed and generated a mutagenesis library of more 
than 100 Cas13d variants, each containing mutations in one of 21 
segments (N1–N21, 36 amino acids each). The 21 segments cov-
ered the HEPN1-I (N1–N6), helical-1 (N7), HEPN1-II (N8–N10), 
helical-2 (N10–N14) and HEPN2 (N14–N21) domains (Fig. 2c and 
Supplementary Fig. 3). The mutation in each segment consisted of 
four or five random amino acid substitutions (replacing all nonala-
nine with alanine, X>A, and alanine with valine, A>V).

We then transfected these variants individually into HEK293 cells 
and analyzed the reporter fluorescence by FACS (Supplementary 
Fig. 4). The inactive dead Cas13d (dCas13d, carrying R239A, 
H244A, R858A and H863A mutations in the HEPN domains) was 
used as a no-degradation control (100%). The reduction in the per-
centage of fluorescence cells, relative to that for dCas13d, indicated 
the degradation efficiency of the variants. We found that variants 
with mutation sites in the N1, N2, N3 or N15 segments (particularly 
N1V7, N2V7, N2V8, N3V7 and N15V4) exhibited relatively low 
percentages of EGFP+ cells but high percentages of mCherry+ cells, 
indicating high on-target activity but low collateral activity (Fig. 
2d,f and Supplementary Table 1). Based on the predicted structures 
of Cas13d variants (predicted by I-TASSER40), we found that the 
mutation sites of various effective variants were mainly located in 
the α-helix proximal to the catalytic sites of the two HEPN domains 
(RxxxxH-1 and RxxxxH-2) (Supplementary Fig. 5). We also exam-
ined the effects of reducing the number of mutations in the N2 
region from four to three, two or one; the variant with four muta-
tions, Cas13d-N2V8 (carrying A134V, A140V, A141V and A143V), 
had the highest specificity in targeting RNA for degradation (Fig. 
2e). Thus, Cas13d-N2V8, hereafter termed high-fidelity Cas13d 
(hfCas13d), was used in subsequent experiments.

We next targeted the EGFP transcript with three additional gRNAs 
(gRNAs 2 to 4) and found essentially no collateral effects of hfCas13d 
with gRNA2 or gRNA4 (Supplementary Fig. 6a,b). Moreover, we 
found that the inclusion or exclusion of the nuclear localization signal 

(NLS) did not influence the collateral activity of Cas13d, and there 
was a notable reduction in collateral effects when hfCas13d without 
NLS was used with various EGFP gRNAs (Supplementary Fig. 6c,d). 
We also performed a standard 1:2 serial dilution to dilute Cas13d 
or hfCas13d plasmids targeting the EGFP transcript with gRNA2 
in HEK293 cells. Cas13d and hfCas13d showed a similar tendency 
of on-target degradation activity, whereas hfCas13d showed greatly 
reduced collateral effects compared with Cas13d (Supplementary 
Fig. 7). However, hfCas13d with gRNA3 still induced collateral 
effects to some extent, although less than wild-type Cas13d, indicat-
ing that gRNA selection is necessary to achieve absence of collateral 
effects with hfCas13d (Supplementary Fig. 6).

To further confirm that hfCas13d had minimal collateral activ-
ity, we performed in vitro collateral cleavage assays with purified 
wild-type Cas13d or hfCas13d protein (Supplementary Fig. 8). 
With different gRNAs (gRNAs 1 to 5), we found obviously reduced 
collateral cleavage activity for hfCas13d at different concentra-
tions compared with Cas13d under all conditions (Fig. 2g,h and 
Supplementary Fig. 9a–e). Among the five gRNAs tested, we found 
very low collateral cleavage with gRNA2, gRNA3 and gRNA4, even 
at an extremely high concentration (2.75 μM, compared with the 
typical 100 nM) of hfCas13d. We also incubated hfCas13d with 
gRNA2 at a high concentration (550 nM) for a longer time and still 
found quite low collateral cleavage (Fig. 2i).

Taken together, compared with wild-type Cas13d, hfCas13d 
showed remarkably reduced collateral cleavage activity while retain-
ing on-target activity.

Efficacy and specificity of hfCas13d in mammalian cells. Given 
that the expression levels of EGFP transcripts after transient trans-
fection were much higher than those of endogenous transcripts, we 
next targeted endogenous genes to examine the collateral effects 
of Cas13d and hfCas13d in HEK293 cells. To evaluate whether the 
extent of collateral effects induced by Cas13d was correlated with 
the expression levels of endogenous genes, we selected a panel of 
23 endogenous genes with diverse roles and differential expression 
levels in mammalian cells and designed 1–7 gRNAs for each gene 
(Fig. 3a). We transfected HEK293 cells with a construct encoding 
Cas13d, EGFP, mCherry and an on-target gRNA for each endog-
enous gene or a nontarget gRNA, together with another construct 
coding for blue fluorescent protein, which was used to confirm 
the uniformity of transfection efficiency (Fig. 3b,c). We exam-
ined the EGFP and mCherry fluorescence to determine the col-
lateral effects 48 h after transfection. Overall, we found that higher 
expression levels of endogenous target genes or larger amounts of 
Cas13d induced more collateral degradation by Cas13d (Fig. 3b,c 
and Supplementary Figs. 10 and 11a,b). By contrast, we found no 
detectable collateral degradation induced by hfCas13d with any of 
the tested on-target gRNAs (Fig. 3d,e). To compare the RNA deg-
radation activity of Cas13d and hfCas13d, we transfected Cas13d, 
hfCas13d or dCas13d, together with gRNAs targeting each tran-
script, into HEK293 cells and performed a qPCR assay for each 

Fig. 2 | Rational mutagenesis of Cas13d to eliminate collateral activity. a, Schematic diagram of the dual-fluorescence reporter system containing  
Cas13d, EGFP, mCherry and EGFP-targeting gRNA in one plasmid. FACS analysis was performed to select mutant variants with low percentages of EGFP+ 
cells and high percentages of mCherry+ cells. Mut, mutant; WT, wild type. b, View of predicted RfxCas13d structure in ribbon representation. RxxxxH 
motifs define the catalytic site, shown in red. NTD, N-terminal domain. c, The HEPN1, HEPN2, helical-2 and partial helical-1 domains were selected and 
divided into 21 segments, with each spanning 36 amino acids. d,e, Quantification of relative percentage of EGFP and/or mCherry positive cells among  
118 screened Cas13d mutants (d) and mutants with different combinations of mutation sites (e). WT and dCas13d were used as controls; relative 
percentages of fluorescence-positive cells were all normalized to dCas13d. Each dot represents the mean of three biological replicates of every mutant 
variant. f, Representative FACS analysis of Cas13d variants with EGFP-targeting gRNA1. g, Quantification of collateral cleavage activity of Cas13d or 
hfCas13d with gRNA2 in the presence of varying concentrations of Cas13–gRNA complex. Exponential fits are shown as solid lines. h, Representative 
denaturing gel depicts cleavage reactions incubated at 37 °C for 15 min by Cas13d or hfCas13d with gRNA2. i, Quantified time-course data of collateral 
cleavage by Cas13d or hfCas13d with gRNA2. Exponential fits are shown as solid lines, and the calculated pseudo-first-order rate constants (kobs, mean) of 
different nontarget (NT) to target (T) RNA molar ratios are shown on the right.
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transcript 48 h after transfection. We found that both Cas13d and 
hfCas13d exhibited robust degradation of targeted transcripts, 
as further confirmed by qPCR analysis (Fig. 3f–h), although the 
efficiency of targeted RNA degradation was slightly decreased for 

hfCas13d compared with Cas13d (77 ± 3% and 80 ± 4%, respec-
tively), indicating that hfCas13d retained a high efficiency of RNA 
degradation for many endogenous genes (Fig. 3f–i). In addition, to 
achieve RNA degradation of targeted transcripts more efficiently by 
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hfCas13d, we screened several gRNAs targeting the same transcript. 
We found that hfCas13d with a specific gRNA (for example, gRNA 
RPL4-g1 or CA2-g7) exhibited the most efficient degradation of 
target transcripts and induced no detectable collateral degradation 
(Fig. 3b,d,f,g). By contrast, Cas13d with different gRNAs exhibited 
different extents of collateral degradation (Fig. 3b). Further analysis 
showed a positive correlation between on-target activity and collat-
eral activity when targeting transcripts with high expression levels 
(RPL4, R2 = 0.81, Supplementary Fig. 11c), whereas there was no 
significant correlation when targeting transcripts with low expres-
sion levels (CA2, R2 = 0.08, Supplementary Fig. 11d). These results 
indicate that the collateral effects induced by Cas13-mediated RNA 

degradation are correlated with the expression level of endogenous 
transcripts and are markedly reduced for mutated variant hfCas13d.

Absence of transcriptome-wide collateral effect for hfCas13d. To 
comprehensively detect the collateral effects accompanying targeted 
RNA degradation by Cas13d and hfCas13d, we performed total RNA 
integrity analysis and transcriptome-wide RNA-seq of HEK293 cells 
48 h after transfection with Cas13d, hfCas13d or dCas13d. A signifi-
cant reduction in RNA integrity was observed in the Cas13d panels, 
consistent with a previous report29, but was absent in the hfCas13d 
panels (Supplementary Fig. 12). We observed widespread off-target 
transcript degradation in cells expressing Cas13d with PPIA gRNA1. 
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Along with high efficiency of PPIA on-target degradation, 9289 and 
2676 genes were significantly downregulated and upregulated com-
pared with the dCas13d control, respectively (Fig. 4a,e,f). In addi-
tion, we predicted 96 PPIA gRNA-dependent off-target genes using 
a sequence-based method (Methods) and found six downregulated 
off-target genes, most of which were paralogs of PPIA (Fig. 4a,g and 
Supplementary Table 2). Furthermore, downregulation of most of 
these gRNA-dependent off-target genes was eliminated when tar-
geting PPIA with a different gRNA (Fig. 4b).

Compared with the dCas13d control, we also found numerous 
off-target changes induced by Cas13d when targeting RPL4, CA2 
or PPARG transcripts (Fig. 4e–g and Supplementary Fig. 13a–c). 
In addition, targeting transcripts with relatively high expression 
levels (RPL4 and PPIA) in HEK293 cells induced more changes 
in nontargeted genes than those expressed at low levels (CA2 
and PPARG) among the significantly downregulated genes (Fig. 
4e,f and Supplementary Fig. 13b,c), in agreement with the results 
described above (Figs. 2g,h and 3b,c). Further analysis showed 
that the genes downregulated by Cas13d targeting with PPIA and 
RPL4 gRNAs were highly distributed in metabolic and biosyn-
thetic processes (Fig. 4i,j and Supplementary Fig. 13g,h). In addi-
tion, most of the upregulated genes induced by Cas13d targeting 
RPL4 and PPIA were enriched in nucleosome assembly and gene 
expression pathways, which are related to cellular stress regula-
tion after cleavage events, but were not enriched in apoptosis 
pathways (Supplementary Fig. 14). These results are consistent 
with previous reports that massive host transcript degradation 
induced by Cas13 results in retarded growth and dormancy  
of cells4,28,29,41.

Compared with Cas13d, use of hfCas13d resulted in a marked 
reduction in the number of downregulated off-target genes when 
targeting PPIA (9289 versus eight for g1; 7271 versus 19 for g2), 
RPL4 (6750 versus 39), CA2 (3519 versus 18) and PPARG (1601 
versus 52) (Fig. 4a–f and Supplementary Fig. 13a–f). In addi-
tion, hfCas13d degraded some of the predicted gRNA-dependent 
off-target genes, although the knockdown efficiency was slightly 
lower than that of Cas13d (Fig. 4a–d,g,h), indicating that mutations 
in hfCas13d mainly reduced collateral off-target degradation rather 
than gRNA-dependent off-target degradation.

Taken together, these RNA-seq results fully confirm that 
hfCas13d exhibits high specificity of on-target RNA degradation 
with no collateral effects.

No collateral effects of hfCas13d in cells or in vivo. To further 
examine the impact on cellular functions due to collateral effects of 
Cas13d-mediated RNA degradation in vivo, we established doxy-
cycline (Dox)-inducible stable cell lines for targeting RPL4 using 
Cas13d, hfCas13d or dCas13d (Fig. 5a). Following Dox treatment, 
we found that the cell clone carrying Cas13d exhibited significant 
growth retardation and a notable reduction in RPL4 transcripts. 
By contrast, the cell clone carrying hfCas13d exhibited no change 
in cell growth and showed a similar reduction in RPL4 transcripts 
(Fig. 5b–f). These findings show that collateral effects induced 
by Cas13d-mediated RNA degradation in HEK293T cells lead to 
severe growth retardation and that hfCas13d can target specific 
RNAs without affecting cell growth.

Moreover, we investigated the collateral effects of Cas13d in vivo 
by generating transgenic mice and examined the RNA-targeting 
capabilities of Cas13d for endogenous genes, designing gRNAs tar-
geting Tyr (for pigmentation). After coinjection of PBase messenger 
RNA (mRNA) and a piggyBac vector containing the gRNAs, Cas13d 
or hfCas13d and the EGFP reporter into zygotes, we obtained F0 
mice carrying Cas13d or hfCas13d and crossed these mice with 
wild-type C57 mice (Fig. 5g). Two weeks after birth, a white hair 
phenotype of F1 mice with Tyr gRNAs was observed in bright-field 
images, in contrast to the wild-type F1 mice, which had black hair 
(Fig. 5h). These findings demonstrated the RNA-targeting activity 
of Cas13d and hfCas13d in vivo. However, compared with the wild 
type (n = 5), neither mice with only Cas13d (n = 8) nor mice with 
Cas13d and Tyr gRNAs (n = 19) survived for more than 8 weeks. 
Cas13d with nontargeting gRNA showed collateral activity in the 
in vitro cleavage assay (Fig. 2i); thus, the lethal phenotype of Cas13d 
mice may be caused by the collateral activity of Cas13d. Moreover, 
Cas13d with Tyr gRNA targeting led to more lethality compared 
with the case without gRNA (Fig. 5i). By contrast, all the mice with 
hfCas13d and Tyr gRNAs (n = 5) survived to adulthood and showed 
no abnormalities (Fig. 5h,i), and the albino phenotypes were con-
firmed by the white coat color and the knockdown of Tyr expression 
(Fig. 5h,j). The lethality conferred by Cas13d may not be due to a 
high copy number of transgenes, as there was no significant dif-
ference in copy number between Cas13d and hfCas13d transgenic 
mice (Fig. 5k). To avoid unexpected effects in F0 mice, we con-
structed conditional expression mice, in which Cas13d expression 
could be released by Cre recombinase. We crossed mice contain-
ing CAG-LoxP-Stop-LoxP-Cas13d with Cre mice containing Tyr 

Fig. 4 | Transcriptome-wide collateral effect analysis for Cas13d and hfCas13d. a,b, Scatter plots of differential expression levels between 
Cas13d-mediated and dCas13d-mediated PPIA degradation using gRNA1 (a) or gRNA2 (b). c,d, Scatter plot of differential expression levels between 
hfCas13d-mediated and dCas13d-mediated PPIA degradation using gRNA1 (c; n = 2 for hfCas13d, n = 3 for dCas13d) or gRNA2 (d). e,f, Summary of 
significantly downregulated (e) and upregulated (f) genes for Cas13d-mediated and/or hfCas13d-mediated PPIA (g1 or g2), RPL4-g3, CA2-g1 or PPARG-g1 
degradation. g, Sites and relative expression levels of gRNA-dependent off-target transcripts from gRNAs targeting PPIA (g1), PPIA (g2), RPL4-g3, CA2-g1 
and PPARG-g1 were identified in the Cas13d and hfCas13d groups. MM, mismatch number of off-target sites. Bar value, mean of the biological replicates.  
h, Statistical analysis of data from g; off-target sites with one or more mismatches were analyzed, and each point represents the mean of biological 
replicates for the corresponding gene. i,j, Biological processes of genes significantly downregulated by Cas13d-mediated or hfCas13d-mediated PPIA (i) or 
RPL4 (j) degradation. All values are presented as mean ± s.e.m., n = 3, unless otherwise noted. Two-tailed unpaired two-sample t test. Padj, adjusted P value.

Fig. 5 | Cellular and in vivo consequences of collateral cleavage and their elimination. a, Schematic diagram of the Dox-inducible dCas13d, Cas13d or 
hfCas13d and RPL4-targeting system in HEK293T cells. b, Representative bright-field images of different cell clones during the 5 days after Dox treatment. 
n = 4 independent biological replicates per group. Scale bar, 300 μm. c–e, Relative RPL4 mRNA expression (c; n = 3), growth curve (d; n = 3) and MTT 
assay (e; n = 5) for different cell clones with and without Dox treatment during 5 or 6 days. OD, optical density. f, Statistical analysis of data from c–e. For 
c, RPL4 mRNA expression, ***P < 0.0001; for d, growth curve, left to right, P = 0.0003 and ***P < 0.0001; for e, MTT assay, ***P < 0.0001. Tukey’s multiple 
comparisons test was used after one-way ANOVA. g, Schematic diagram of Cas13d-mediated or hfCas13d-mediated Tyr transcript degradation in mice 
using the piggyBac system. h, Representative F1-generation albino mice resulting from Cas13d-mediated or hfCas13d-mediated Tyr knockdown compared 
with WT (wild-type) mice at 2 weeks. i, Kaplan–Meier curve of F1 generation of WT mice (n = 5) and mice expressing only Cas13d (n = 8), Cas13d with Tyr 
gRNAs (n = 19) or hfCas13d with Tyr gRNAs (n = 5). Statistical differences in survival were evaluated by two-sided log-rank test. j, Levels of Tyr mRNA in 
3-week-old to 8-week-old mice, n = 4. k, Copy numbers of Cas13d and hfCas13d transgenic mice, n = 5. All values are presented as mean ± s.e.m. Dunnett’s 
multiple comparisons test was used after one-way ANOVA.
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gRNAs and the mCherry reporter (Supplementary Fig. 15a); the 
results were similar to those obtained for Cas13d transgenic mice 
when targeting Tyr transcripts (Supplementary Fig. 15b,c). Overall, 
these findings suggest that Cas13d not only induces off-target 
lethality by itself but causes even worse lethal effect in the presence 
of targeting gRNAs and that these adverse effects are eliminated 
when using high-fidelity hfCas13d.

We also examined the collateral effects of Cas13d in somatic cells 
by intravenous injection of AAV (adeno-associated virus)-packaged 
Cas13d. PCSK9 is secreted by hepatocytes and has shown great 
promise as a candidate drug target among all regulators of serum 
cholesterol42–44. AAV8, an efficient liver-targeted gene delivery 
system45, was used for in vivo Pcsk9 knockdown. To test the col-
lateral effects of Cas13d targeting, Cas13d or hfCas13d along with 
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Pcsk9 gRNA1 and gRNA2 was delivered into mouse livers through 
AAV8. Levels of Pcsk9 mRNA in hepatocytes and PCSK9 protein 
in serum were significantly reduced in both Cas13d-treated and 
hfCas13d-treated mice compared with AAV8-EGFP-injected mice 
4 weeks after AAV infection (Supplementary Fig. 15d,e). Liver 
injuries, as indicated by elevated levels of serum aspartate amino-
transferase and alanine aminotransferase, were detected in mice 
with AAV-Cas13d targeting Pcsk9 (Supplementary Fig. 15f,g). By 
contrast, we did not observe obvious liver injuries in mice with 
AAV-EGFP or AAV-hfCas13d targeting Pcsk9 (Supplementary Fig. 
15f,g). Thus, hfCas13d-mediated RNA knockdown in vivo carries 
significant potential for use in disease modeling and therapies.

Generation of hfCas13X by mutagenesis. To generalize the strat-
egy that we had successfully used to markedly diminish the col-
lateral effects of Cas13d, we chose to engineer Cas13X, a newly 
identified miniature Cas13 protein (775 amino acids) that is 
more applicable for in vivo applications20. Based on the construc-
tion of Cas13d mutant variants and the predicted structure of 
Cas13X (Methods), we also developed a mutagenesis library for 
Cas13X. Mutations were mainly located in the HEPN1 and HEPN2 
domains (Fig. 6a,b and Supplementary Table 3), similar to the 
case of Cas13d. After screening these mutant variants, we found 
that Cas13X-M17YY (carrying Y672A and Y676A) exhibited low 
and high percentages of EGFP+ and mCherry+ cells, respectively, 
indicating high on-target activity but low collateral activity (Fig. 
6c,d). Further studies using different EGFP gRNAs showed that 
Cas13X-M17YY, abbreviated hereafter as hfCas13X, exhibited effi-
cient on-target degradation activity with no detectable collateral 
effects (Supplementary Fig. 16). In addition, the in vitro cleavage 
assay revealed that Casl3X exhibited lower collateral cleavage activ-
ity than Cas13d, and hfCas13X showed essentially no collateral 
cleavage activity (Fig. 6e–g and Supplementary Fig. 17). Moreover, 
when targeting different endogenous transcripts, hfCas13X exhib-
ited robust degradation of targeted transcripts (Fig. 6h) but with 
minimal collateral effects (Supplementary Fig. 18).

Similarly, hfCas13X could efficiently degrade endogenous tran-
scripts without affecting cell growth and eliminated the adverse col-
lateral effects induced by Cas13X (Fig. 6i–l). Cas13X overexpression 
in transgenic mice did not lead to lethality, but these mice had lower 
body weight compared with wild-type mice; this side effect was elimi-
nated in hfCas13X transgenic mice (Supplementary Fig. 19). Notably, 
collateral damage in cell lines and transgenic mice with Cas13d over-
expression was more severe than that in those with Cas13X overex-
pression, probably owing to the high collateral activity of Cas13d.

Together, these results demonstrate that hfCas13X could be gen-
erated by mutagenesis of the HEPN1 or HEPN2 domain of Cas13X, 
similar to the generation of hfCas13d, and that hfCas13X has mini-
mal collateral effects.

Comparison of different Cas13 proteins. To further support the 
use of hfCas13d and hfCas13X, we systematically compared the 

high-fidelity versions hfCas13d and hfCas13X with the wild-type ver-
sions Cas13d, Cas13X, PspCas13b and RanCas13b (Supplementary 
Fig. 20a) with respect to their on-target and collateral activity. First, 
using the dual-fluorescence approach as described above, we trans-
fected these variants individually into HEK293T cells and analyzed 
the reporter fluorescence by FACS (Supplementary Fig. 20b,c). 
We found that hfCas13d and hfCas13X showed higher on-target 
activity on EGFP transcripts than PspCas13b or RanCas13b. 
Moreover, hfCas13X induced lower collateral activity on mCherry 
transcripts than Cas13d, Cas13X, PspCas13b or RanCas13b, and 
hfCas13d induced lower collateral activity than Cas13d, Cas13X or 
PspCas13b. We also targeted different endogenous transcripts using 
these Cas13 proteins (Supplementary Fig. 20d,e). In general, the 
Cas13 proteins showed comparable on-target activity across endog-
enous transcripts. However, hfCas13X and hfCas13d showed lower 
collateral activity than Cas13d, Cas13X, PspCas13b or RanCas13b. 
In addition, hfCas13X induced even lower collateral activity than 
hfCas13d in some loci. Overall, these results suggest that hfCas13d 
and hfCas13X are superior to Cas13d, Cas13X, PspCas13b and 
RanCas13b.

Discussion
Based on the dual-fluorescence reporter system, transcriptome-wide 
RNA-seq and cell growth assays, our study demonstrates severe 
Cas13-induced collateral RNA cleavage in mammalian cells, lead-
ing to significant retardation of cell growth. Moreover, we found 
that Cas13d alone was toxic in mice, possibly owing to the toxicity 
of the protein or to its collateral activity; Cas13d with a nontarget 
gRNA showed collateral activity in the in vitro cleavage assay, and 
some small RNAs in the cellular context may function as nontarget 
gRNAs. Therefore, current versions of the CRISPR–Cas13 system 
have a critical deficiency for in vivo applications. After a compre-
hensive mutagenesis screening of Cas13 variants, we obtained sev-
eral high-fidelity Cas13 variants that retained high on-target RNA 
cleavage activity but showed minimal collateral cleavage activity. We 
found that many variants exhibited either low dual cleavage activity 
(Fig. 2d, upper right) or high on-target cleavage activity but low col-
lateral cleavage activity (Fig. 2d, upper left). However, we found no 
variant exhibiting low on-target cleavage but high collateral cleav-
age activity (Fig. 2d, bottom right). Previous structural studies have 
elucidated the mechanism of target-activated RNA degradation35–39, 
but the precise mechanism of dual cleavage remains unclear.

Our findings suggest a distinct binding mechanism for dual 
cleavage of Cas13. As depicted in the model for targeted and col-
lateral cleavage (Supplementary Fig. 21), we propose that Cas13 
contains two types of separated binding domain proximal to HEPN 
domains, one specifically for on-target cleavage, both of which are 
required for collateral cleavage. In support of this model, muta-
tions in N1V7, N2V7, N2V8 and N15V4 variants that surround 
the cleavage site cause steric hindrance or changes in electrostatic 
interaction (Supplementary Fig. 5), weakening binding between 
activated Cas13 and promiscuous RNAs without affecting binding  

Fig. 6 | Generation of hfCas13X by rational mutagenesis and its efficacy in vivo. a, Predicted Cas13X structure in ribbon representation. RxxxxH motifs 
define the catalytic site, shown in red. b, The 21 regions selected for subsequent mutagenesis. Hel, helical. c,d, Quantification of relative percentage 
of EGFP+ and/or mCherry+ cells among initially screened Cas13X mutants (c) and mutants with different combinations of mutation sites (d). Relative 
percentages of positive cells were normalized to dCas13X (dead Cas13X). WT, wild-type Cas13X. Each dot represents the mean of three biological 
replicates. e,f, Representative denaturing gel depicting Cas13X or hfCas13X cleavage activity without target RNA (e) and with target RNA (f). ssRNA, 
single-stranded RNA. Red arrows show the gRNA band. g, Quantified time-course data of collateral cleavage by Cas13X or hfCas13X. Exponential fits are 
shown as solid lines with 10:1 molar ratio of nontarget (NT) to target (T) RNA, or NT RNA only. h, Relative expression of 12 endogenous transcripts for 
Cas13X and hfCas13X. dCas13X was used as a control, n = 3. i–k, Relative RPL4 mRNA expression (i), growth curve (j) and MTT assay (k) for dCas13X, 
Cas13X and hfCas13X cell clones with and without Dox treatment during 5 or 6 days, n = 3. l, Statistical analysis of data from i–k. For i, RPL4 mRNA 
expression, P = 0.0003 for hfCas13X (Dox−) versus hfCas13X (Dox+), P < 0.0001 for dCas13X (Dox+) versus hfCas13X (Dox+), otherwise ***P = 0.0001; 
for j, growth curve, left to right, P = 0.0490 and *P = 0.0301; for e, MTT assay, ***P < 0.0001. Tukey’s multiple comparisons test was used after one-way 
ANOVA. All values are presented as mean ± s.e.m.
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between activated Cas13 and target RNAs. Consistent with this 
model, some variants exhibited increased dual cleavage activity 
(bottom left of Fig. 2d and Fig. 6c). These variants with high col-
lateral cleavage activity could facilitate nucleic acid detection9–11. 
Although our screening strategy was effective, it was far from sat-
urating the potential mutant repertoire. It would be worth deter-
mining whether there might exist mutations that reduce collateral 
activity in other positions of Cas13 (that is, helical-1 or helical-2) 
that could be screened by optimizing our mutagenesis scheme or 
using other high-throughput approaches. Furthermore, a crystal 
structural model would help to further elucidate the mechanism of 
high-fidelity Cas13 variants.

Collateral effects have been reported in vitro and in bacterial 
cells, although multiple studies have claimed there is no observ-
able collateral effect in mammalian cells for Cas13a, Cas13b 
or Cas13d5–7. In addition, Powell et al. recently showed that 
RfxCas13d could knock down SOD1 expression and alleviate 
amyotrophic lateral sclerosis without apparent toxicity in mice 
carrying ~25 copies of human mutant SOD1G93A transgenes24. 
Transient administration of Cas13d ribonucleoprotein and mRNA 
was also shown to be effective without obvious toxicity in zebraf-
ish embryos14. By contrast, several published studies and recent 
preprints reported collateral activity elicited by Cas13 in flies28, 
mammalian cells19,20,29–34 and mammals34, supporting our findings 
with different Cas13 orthologs in cell and mice. This controversial 
phenomenon may be explained by the differences in target genes 
with different expression levels, gRNA sequences, Cas13 proteins 
(Cas13 orthologs with different collateral activity, expression lev-
els and activation duration), and cell-type-specific susceptibil-
ity to collateral activity. Although collateral activity can happen, 
the molecular mechanisms that modulate this response are still 
unclear. In this study, we markedly reduced the collateral activ-
ity of Cas13d and Cas13X by mutagenesis and demonstrated the 
feasibility of hfCas13d and hfCas13X for efficient on-target RNA 
degradation with almost no collateral damage in cell lines, trans-
genic animals and somatic cells. Although hfCas13d showed mild 
collateral cleavage activity under conditions where hfCas13d or 
targeted transcripts were expressed at extremely high concentra-
tions (Fig. 2g,h and Supplementary Figs. 6 and 9), we could bypass 
this side effect in most applications.

In short, the hfCas13 variants, Cas13d-N2V8 and Cas13X- 
M17YY, with minimal collateral effects developed in this study are 
expected to be more competitive for in vivo RNA editing and future 
therapeutic applications.
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Methods
Construction of plasmids. The Cas13d (RfxCas13d) and Cas13a (LwaCas13a)  
genes and gRNA backbone sequences were synthesized by the HuaGene Company.  
Then, vectors CAG-Cas13d/Cas13a-p2A-EGFP and U6-DR-BpiI-BpiI-DR-EF1α- 
mCherry were generated to knock down target genes by transient transfection.  
The gRNA oligos were annealed and ligated into BpiI sites.

Unbiased all-in-one vectors Cbh promoter-NLS-Cas13 (PspCas13b/dPsp 
Cas13b/RanCas13b/dRanCas13b/Cas13d/dCas13d/Cas13X/dCas13X)-NLS- 
SV40 polyA-U6-gRNA-SV40 promoter-EGFP-SV40 polyA-SV40 promoter- 
mCherry-SV40 polyA were generated to evaluate the on-target activity and 
collateral activity of different Cas13 proteins and used throughout the study, 
except in the experiments generating the results shown in Fig. 6c,d,h and 
Supplementary Fig. 6c,d. In the experiments referred to in Fig. 6c,d,h, the plasmids 
used were constructed as follows: CMV promoter-NLS-Cas13X-NLS-bGH 
polyA-SV40 promoter-EGFP-SV40 polyA-SV40 promoter-mCherry-SV40 
polyA-U6-DR-gRNA-DR. In the experiments referred to in Supplementary  
Fig. 6c,d, Cbh promoter-Cas13d/dCas13d/hfCas13d-SV40 polyA-U6-gRNA-SV40 
promoter-EGFP-SV40 polyA-SV40 promoter-mCherry-SV40 polyA were used 
to determine the influence of NLS exclusion on collateral activity. The spacer 
sequences of gRNAs are listed in Supplementary Table 4.

Design and construct of Cas13 mutants. Unbiased all-in-one vectors encoding 
Cas13 (Cas13d or Cas13X), EGFP, mCherry and an EGFP-targeting gRNA were 
generated first. I-TASSER40 was used for protein structure prediction. To design 
and generate a Cas13d mutagenesis library for screening, we initially divided 
Cas13d into 21 segments of 36 amino acids in length. Twenty-one BpiI-harboring 
Cas13d mutants were introduced via site-directed mutagenesis by PCR and the 
Gibson assembly method using NEBuilder HiFi DNA Assembly Master Mix (New 
England Biolabs). The 21 segments covered the HEPN1-I (N1–N6), helical-1 (N7), 
HEPN1-II (N8–N10), helical-2 (N10–N14) and HEPN2 (N14–N21) domains. We 
first singly mutated all Y to A. Other amino acids (KSGTDNVQLCHMIFEPWR) 
were replaced with A. To cover all the residues in the segments mentioned here, 
we also mutated A to V. Then, we randomly chose four or five mutation sites 
distributed near-uniformly in distance for each variant. A schematic of the 
mutagenesis and screening approach is provided in Supplementary Fig. 3. For 
Cas13d, more than 150 mutants with four or five random amino acid substitutions 
(replacing all nonalanine with alanine, X>A, and alanine with valine, A>V) were 
designed and generated by ligating two pairs of phosphorylated oligos (one pair 
of wild-type oligos and another pair of mutant oligos) treated with PNK (New 
England Biolabs) into corresponding BpiI-digested backbones. To identify roles of 
the 17 amino acid residues at and near the mutant sites in both N2V8 and N2V7 
variants, one BpiI-harboring mutant construct named N2C was generated; then, 
single, double, triple or quadruple mutations were introduced by ligating annealed 
mutant oligos with the corresponding BpiI-digested backbones. For Cas13X, 
rationally designed mutants with four or five random amino acid substitutions in 
two regions (M17 and M18) were generated by ligating annealed mutant oligos 
into the corresponding BpiI-digested backbones. The mutant sequences and 
corresponding nucleotide sequences used are listed in Supplementary Table 1 (for 
Cas13d) and Supplementary Table 3 (for Cas13X).

Cell culture, transfection and flow cytometry analysis. HEK293T and HEK293 
cell lines were purchased from the Stem Cell Bank, Chinese Academy of Sciences, 
and cultured with DMEM (Gibco) supplemented with 10% fetal bovine serum 
(Gibco), 1% penicillin–streptomycin (Thermo Fisher Scientific) and 0.1 mM 
nonessential amino acids (Gibco) in an incubator at 37 °C with 5% CO2.

Cas13 mutant screening was conducted in 48-well plates, and consolidation 
was performed in 24-well plates. The day before transfection, 3 × 104 HEK293 
cells per well were plated in 0.25 ml of complete growth medium. After 12 h, 0.5 μg 
plasmids were transfected into cells with 1.25 μg Polyethylenimine (PEI) (DNA/
PEI ratio of 1:2.5). In the 24-well plates, 2 × 105 cells were plated per well in 0.5 ml 
of complete growth medium, and 0.8 μg plasmids were transfected into HEK293 
cells with 2.5 μg PEI. Forty-eight hours after transfection, EGFP expression and 
mCherry fluorescence were analyzed by BD FACS Aria III, BD LSRFortessa X-20 
or Beckman CytoFLEX S. For the experiment to examine the collateral effects 
of Cas13d when targeting endogenous genes in HEK293 cells (Fig. 3b,c), we 
introduced another construct coding for blue fluorescent protein (BFP), driven by 
the CMV promoter. The BFP vector was cotransfected (in a 1:1 molar ratio) with a 
dual-fluorescence reporter (EGFP and mCherry) vector carrying Cas13 to confirm 
uniform transfection efficiency among the different gRNA groups. Flow cytometry 
results were analyzed with FlowJo v.10.5.3.

Harvest of total RNA and quantitative PCR. Forty-eight hours after transfection, 
50,000 of both EGFP+ and mCherry+ cells were sorted by BD FACS Aria III 
for RNA extraction. For the mCherry knockdown groups, total cells from the 
12-well plate were collected for RNA extraction. For the in vivo Tyr knockdown 
groups, RNA was extracted from mouse skin tissue. Total RNA was extracted 
by adding 500 μl TRIzol (Invitrogen) and 200 μl chloroform to the cells. After 
centrifuging at 12,000 r.p.m. for 15 min at 4 °C, the supernatant was transferred to 
a 1.5 ml RNase-free tube. Then, 100% isopropanol and 75% alcohol were added to 

precipitate and purify the RNA. Complementary DNA was prepared using HiScript 
Q RT SuperMix for qPCR (Vazyme, Biotech) according to the manufacturer’s 
instructions. qPCR reactions were performed with AceQ qPCR SYBR Green 
Master Mix (Vazyme, Biotech). All the reagents were precooled. qPCR results were 
analyzed by Roche LC 480 II with the −ΔΔCt method. All the primers used for 
qPCR reactions are listed in Supplementary Table 5.

Purification of Cas13 protein. Cas13 protein purification was performed 
according to a protocol previously described46. Humanized codon-optimized 
genes for Cas13d, hfCas13d, Cas13X and hfCas13X were synthesized (Huagene) 
and cloned into bacterial expression vectors (pC013-Twinstrep-SUMO-huLwCas
13a from the laboratory of F. Zhang; plasmid no. 90097) after plasmid digestion 
by BamHI and NotI with an NEBuilder HiFi DNA Assembly Cloning Kit (New 
England Biolabs). The expression constructs were transformed into BL21(DE3) 
cells (TIANGEN). One liter of LB growth medium (Tryptone 10.0 g, yeast 
extract 5.0 g, NaCl 10.0 g; Sangon Biotech) was inoculated with 10 ml for 12 h 
culture. Cells were then grown to a cell density OD600 of 0.6 at 37 °C, and then 
SUMO-Cas13 protein expression was induced by supplementation with 0.5 mM 
IPTG. The induced cells were grown at 16 °C for 16–18 h before being harvested 
by centrifugation (4,000 r.p.m., 20 min). The collected cells were resuspended 
in Buffer W (Strep-Tactin Purification Buffer Set, IBA) and lysed using an 
ultrasonic homogenizer (Scientz). Cell debris was removed by centrifugation, 
and the clear lysate was loaded onto a Strep-Tactin Sepharose High Performance 
Column (StrepTrap HP, GE Healthcare). Nonspecific binding proteins and 
contaminants were flowed through. The target proteins were eluted with elution 
buffer (Strep-Tactin Purification Buffer Set, IBA). The amino-terminal 6x His/
Twinstrep-SUMO tag was removed by SUMO protease (4 °C, >20 h). Then, Cas13 
proteins were subjected to a final polishing step by gel filtration (Sephacryl 200, 
GE Healthcare). The purity of >95% was confirmed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. Proteins were collected and concentrated to 
about 5 mg ml−1 and stored at −80 °C until use.

In vitro transcription and purification of RNA. The gRNA, target RNA and 
nontarget RNA were transcribed in vitro. For gRNA transcription, equimolar 
concentrations of complementary oligos were mixed in RNase-free water and 
heated to 95 °C for 5 min and then slowly cooled to 4 °C by a touch-down procedure 
using a Bio-Rad PCR instrument. PCR products were used as templates for in vitro 
transcription using a MEGA shortscript T7 kit (Life Technologies) and then 
purified using a MEGA clear kit (Life Technologies). In vitro transcription and 
purification of target and nontarget RNAs followed the same protocols as those used 
for gRNA, except that the template for transcription was produced by adding series 
of primers by a PCR program. All the target RNAs, nontarget RNAs and gRNAs 
were eluted in RNase-free water. Sequences of the target RNAs, nontarget RNAs, 
gRNAs and primers used for RNA transcription are listed in Supplementary Table 6.

In vitro RNA cleavage assay. Cleavage assays were conducted in cleavage buffer 
(20 mM HEPES pH 7.0, 50 mM KCl, 2 mM MgCl2, 5 mM DTT, 5% glycerol) at 
37 °C. Cas13 proteins and gRNAs, at a molar ratio of 1:1, were incubated at 37 °C 
for 20 min in cleavage buffer before reactions. In all cleavage assays, a reaction 
mixture without Cas13–gRNA complex was used as a noncleavage blank control. 
For the concentration course of cleavage assays, 1 μg nontarget RNA was added to 
the target RNA–Cas13–gRNA mixture (1:1:1) with final concentrations of Cas13 
protein of 17 nM, 34 nM, 68 nM, 136 nM, 550 nM, 1.10 μM and 2.75 μM. Then, the 
cleavage reaction was performed at 37 °C for 15 min. Reactions were terminated by 
adding 2× RNA loading dye and quenched at 95 °C for 10 min. For the time course 
of cleavage assays with different gRNAs, final concentrations of Cas13 protein and 
gRNAs were 550 nM. Nontargeted RNA (1 μg) was added to the Cas13–gRNA 
complex, together with target RNAs at different molar ratios of nontarget to target. 
Then, the mixture was incubated for different time periods at 37 °C. Samples were 
analyzed using 15% denaturing TBE-urea gels. For data analysis, products were 
quantified with ImageJ (National Institutes of Health). The background for each 
measured substrate was first normalized using ImageJ. The cleavage percentage was 
calculated as the ratio of residual band intensity to the uncleaved band intensity of 
the blank control. The minimum calculated negative values were replaced by zero 
as no observed cleavage event occurred. Kinetics data were fitted with a one-phase 
exponential association curve using Prism (GraphPad).

RNA-seq and off-target analysis. For transcriptome sequencing, 35 μg all-in-one 
plasmids containing Cas13 (dCas13d, Cas13d or hfCas13d), EGFP, mCherry 
and a targeting gRNA for each endogenous gene were transfected into HEK293 
cells cultured in 10-cm dishes. Forty-eight hours after transfection, 600,000 
dual-positive EGFP+ mCherry+ cells (those in the top 15% for fluorescence 
intensity) were sorted to form a pool for sequencing by BD FACS Aria III, MoFlo 
Astrios EQ or Moflo XDP. Total RNA was extracted with a TRIzol-based method, 
fragmented and reverse transcribed to cDNAs with HiScript Q RT SuperMix 
for qPCR (Vazyme, Biotech) according to the manufacturer’s instructions. Total 
RNA integrity was quantified using an Agilent 2100 Bioanalyzer. The RNA-seq 
library was qualified using the Illumina NovaSeq 6000 platform (Novogene Co. 
Ltd.) or GENEWIZ. Illumina adapter sequences and low-quality sequences (phred 
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score <20) at the 3′ end were trimmed, and paired reads were removed if either 
of the two reads did not meet the minimum length (30 bp). Cleaned reads after 
trimming were aligned to a human genome (GRCH38) using HISAT2 (v.2.2.1). For 
each sample, we count the reads hit on each gene using htseq-count. Differential 
analysis among cell groups (PPIA gRNA1, PPIA gRNA2, RPL4 gRNA3, CA2 
gRNA1 and PPARG gRNA1) was performed using limma, a count-based method 
implemented in R with voom for normalization47,48. Benjamini–Hochberg adjusted 
P < 0.05 and at least twofold change in expression were the criteria used to screen 
the significantly expressed genes. Functional analysis was performed using 
DAVID to identify the enriched biological terms associated with the significantly 
changed genes49,50. Biological processes from the Gene Ontology database with 
false discovery rate values less than 0.05 were selected as significantly enriched 
biological terms. Functional classification was performed through the Term 
Enrichment Service offered by amiGO (based on the Panther database v.16.0). 
Scatter plots were produced by basic function plot in R. Bubble plots of the 
enriched terms were produced using ggplot2 in R.

Off-targets of the gRNAs were predicted using a sequence-based approach. 
First, gRNAs with length of 30 base pairs (bp) were aligned to the human 
transcriptome (GRCH38 precursor mRNA and cDNA sequences of the genes from 
Ensembl release 100) using blastn (megablast). Flexible options were set to capture 
potential off-targets, tolerating up to seven mismatches in this step, that is, max_
target_seqs = 10000, evalue = 10000, word_size = 5, perc_identity = 0.6. Second, 
the candidates were further filtered with the requirement that a perfect match of at 
least 10 bp should exist in each alignment. HOMER (v.4.11) was used to annotate 
the off-targets. Code for predicting off-targets is provided as ‘offinder_cas13.sh’ in 
Supplementary Note 1.

Growth curve. Single-cell clones with dCas13d, Cas13d or hfCas13d and 
RPL4 gRNA were plated on a 24-well plate at 2 × 105 cells ml−1 with or without 
Dox treatment (1 μg ml−1). Cells were collected at 24, 48, 72, 96 and 120 h. Cell 
numbers were determined using an automated cell counter (C10311, Invitrogen). 
Experiments were performed for three replicates.

Determination of cell proliferation. Cell proliferation was assessed by 
colorimetric thiazolyl blue (MTT) assay. Briefly, single-cell clones with dCas13d, 
Cas13d or hfCas13d and RPL4 gRNA were treated with or without Dox (1 μg ml−1) 
for 0, 24, 48, 72, 96 or 120 h. Then, each group of cells was collected and further 
plated on a 24-well plate at 2 × 105 cells ml−1 with or without Dox treatment 
(1 μg ml−1). After an incubation period of 24 h at 37 °C, the tetrazolium salt MTT 
(Sigma-Chemie) was added to a final concentration of 2 µg ml−1, and incubation 
was continued for 4 h. Cells were washed three times and finally lysed with 
dimethyl sulfoxide. Metabolization of MTT directly correlates with cell number 
and was quantitated by measuring the absorbance at 550 nm (reference wavelength, 
690 nm) using a microplate reader (type 7500, Cambridge Technology). 
Experiments were performed for five replicates.

Generation of Cas13 transgenic mice. The zygotes injected to generate transgenic 
mice were obtained from 8-week-old female B6D2F1 (C57BL/6 X DBA2J) mice. 
Female ICR mice (8 weeks of age) were used as recipients. Donor plasmids 
(100 ng μl−1) PB arm-U6 promotor-DR- Tyr gRNA 1-DR- Tyr gRNA2-DR- CAG 
promotor -Cas13 (Cas13d, hfCas13d, Cas13X or hfCas13X)-p2A-GFP-PB arm 
and PBase mRNA (80 ng μl−1) were injected into mouse zygotes. All mice used in 
this study were housed in a room with a 12 h light/dark cycle at a temperature of 
20–24 °C and relative humidity of 45–65%. All animal experiments were approved 
by the Animal Care and Use Committee of the Institute of Neuroscience, Chinese 
Academy of Sciences, Shanghai, China.

Relative quantification of transposon copy numbers of transgenic mice. qPCR 
on DNA from mouse tails was used to determine the transposon copy numbers of 
individual mouse lines. En2SA DNA amounts were quantified and normalized to 
β-actin DNA levels. Transposon copy numbers were determined by normalizing 
values obtained from Cas13d, hfCas13d, Cas13X or hfCas13X mice to those from 
wild-type mice that only possessed endogenous En2SA (two copies). Primer 
sequences are shown in Supplementary Table 5.

Hydrodynamic tail vein injection, serum biochemistry and hepatocyte 
isolation. Male C57BL/6 (SLAC laboratory) mice aged 8 weeks were subjected to 
hydrodynamic tail vein injection. Mice were infected with 1.0 × 1011 transducing 
units of AAV in 150 μl phosphate-buffered saline by intravenous injection. 
Mice were euthanized 4 weeks after injection of AAV. Before whole blood 
collection, mice were fasted for 4 h. Whole blood was collected at the time of 
euthanasia. Whole blood was allowed to stand at room temperature for 1 h and 
centrifuged at 2,000g for 20 min. The serum was transferred into new tubes for 
further analysis. Serum PCSK9 protein was measured with a Mouse Proprotein 
Convertase9/PCSK9 Quantikine ELISA Kit (R&D Systems) according to the 
manufacturer’s instructions. Serum parameters of liver function, including alanine 
aminotransferase and aspartate transaminase, were measured using an automatic 
biochemical analyzer at Adicon Clinical Laboratories Inc. (Shanghai, China). 
Mouse primary hepatocytes were isolated by standard two-step collagenase 

perfusion and purified using 40% Percoll (Sigma) with low-speed centrifugation 
(1,000 r.p.m., 10 min). Hepatocytes were resuspended in DMEM plus 10% 
fetal bovine serum for FACS, and specific cell populations were used for RNA 
extraction.

Statistical analysis. Statistical tests were performed using GraphPad Prism 8 and 
included two-tailed paired two-sample t-tests, two-tailed unpaired two-sample 
t-test, Dunnett’s multiple comparisons test after one-way analysis of variance 
(ANOVA), Tukey’s multiple comparisons test after one-way ANOVA and log-rank 
Mantel–Cox test. The statistical test used for the data shown in each figure is noted 
in the corresponding figure legend, and significant statistical differences are noted 
as *P < 0.05, **P < 0.01, ***P < 0.001. All values are reported as mean ± s.e.m.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Publicly available datasets used in this study were as follows: GRCh38.p5. RNA-seq 
data are available under GEO accession number GSE168246. Source data are 
provided with this paper. Any other data can be obtained from the corresponding 
author upon reasonable request.

Code availability
Code that supports the findings of this study is available in the Supplementary 
Information.
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