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Abstract 

Background: CRISPR-Cas13 is a newly emerging RNA knockdown technology that 
is comparable to RNAi. Among all members of Cas13, CasRx degrades RNA in human 
cells with high precision and effectiveness. However, it remains unclear whether the 
efficiency of this technology can be further improved and applied to gene therapy.

Results: In this study, we fuse CasRx crRNA with an antisense ribozyme to construct 
a synthetic fusion guide RNA that can interact with both CasRx protein and ribozyme 
and tested the ability of this approach in RNA knockdown and cancer gene therapy. 
We show that the CasRx-crRNA-ribozyme system (CCRS) is more efficient for RNA 
knockdown of mRNAs and non-coding RNAs than conventional methods, including 
CasRx, shRNA, and ribozyme. In particular, CCRS is more effective than wild-type CasRx 
when targeting multiple transcripts simultaneously. We next use bladder cancer as a 
model to evaluate the anticancer effects of CCRS targeting multiple genes in vitro and 
in vivo. CCRS shows a higher anticancer effect than conventional methods, consistent 
with the gene knockdown results.

Conclusions: Thus, our study demonstrates that CCRS expands the design ideas and 
RNA knockdown capabilities of Cas13 technology and has the potential to be used in 
disease treatment.

Introduction
Gene silencing technology is critical for the functional analysis of genes [1, 2]. With 
the rise of non-coding RNA research [3], RNA knockdown technology has become 
increasingly important. Antisense RNAs, ribozymes, and short hairpin RNAs (shR-
NAs) can be designed to bind specifically to any chosen target RNA, and this binding 
can block expression of the gene of interest [4, 5]. Although well-established, these tra-
ditional technologies still have many deficiencies and bottlenecks that prevent further 
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development [6]. Antisense RNA refers to an RNA molecule that has a complementary 
sequence to the target RNA and participates in the regulation of gene expression by base 
pairing and binding with the target RNA. However, in most cases, the gene suppres-
sion effect of antisense RNA is very weak [7]. Natural or in vitro-evolved ribozymes are 
RNA molecules that possess the ability to catalyze specific biochemical reactions. Their 
most common activities include the cleavage or ligation of RNA and DNA and the for-
mation of peptide bonds [8]. In order to further enhance the inhibitory effects of anti-
sense RNAs, self-cleaving hammerhead ribozymes with fast cleavage kinetics have been 
designed to be fused with antisense RNA [9], leading to the specific and targeted degra-
dation of the target RNA molecule. However, RNA molecules often form very complex 
secondary structures and may be coated with proteins or ribosomes, making it difficult 
for antisense RNA-mediated ribozymes to bind to the target sequence [10]. To overcome 
this, the construction of a library to identify optimal target sites for antisense-mediated 
gene inhibition is required. RNA interference (RNAi) is the highly efficient degrada-
tion of homologous mRNA induced by double-stranded small interfering RNA (siRNA) 
[11]. siRNAs processed in the cell combine with Ago2 and other proteins to form an 
RNA-induced silencing complex (RISC), resulting in the efficient degradation of target 
RNAs. Since the use of RNAi technology can often achieve excellent gene knockdown 
effects, this technology has been widely used in the field of gene therapy for exploring 
gene function in infectious diseases and malignant tumors [12]. However, this technol-
ogy may have large off-target effects and certain cytotoxicity, which limits its wide appli-
cation [13]. The effect of knocking down non-coding RNAs located in the nucleus is also 
not ideal, because RNAi happens in the cytoplasm.

In recent years, CRISPR/Cas9 has emerged as a powerful and convenient DNA editing 
technology [14]. In 2017, Abudayyeh et al. [15] discovered a new Cas protein Cas13a, 
which can target RNA for cleavage. Since then, the RNA-targeting molecules Cas13b 
(Cas13b1, Cas13b2 and Cas13bt), Cas13c, Cas13d, Cas13x, and Cas13y have also been 
discovered [16, 17]. Cas13 enzymes have an RNAse activity that is mediated by two 
HEPN domains and a CRISPR RNA (crRNA) maturation activity that maybe mediated 
by the HEPN2 and Helical-1 domains [18]. Because of their unique RNA-targeting capa-
bilities, Cas13 family proteins have advantages in the detection and treatment of specific 
diseases and thus have become a major research focus in the field [19]. Before the devel-
opment of CRISPR technology, RNAi was the most simple and effective way to regu-
late gene expression in cells, even though off-target effects were often reported. One of 
the major benefits of Cas13 is that it is potentially more target-specific. Furthermore, 
the CRISPR/Cas13 system is not endogenous to mammalian cells and thus is unlikely to 
disrupt the natural post-transcriptional network in the cell [20]. In contrast, RNAi uses 
an endogenous mechanism to carry out gene knockdown. The most direct application 
of Cas13 protein is to induce RNA silencing. At present, Cas13a, Cas13b, Cas13d, and 
Cas13x have been shown to interfere with RNA in mammalian cell lines to achieve gene 
silencing [16, 21]. Among them, the Cas13d family protein CasRx discovered in 2018 is 
considered to be an effective Cas13 protein to use in future applications due to its small 
size, high efficiency, and minimal protospacer flanking site (PFS) preference [22]. Some 
studies have suggested that compared with RNAi technology, CasRx-mediated gene 
silencing has a higher specificity and knockdown efficiency [22, 23]. Other studies have 
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demonstrated that the RNA silencing effects of CasRx and shRNA are only comparable 
[24–26], suggesting that the system has room for further optimization.

Since CRISPR has the ability to specifically target DNA or RNA sequences, it can be 
used as a molecular scaffold to bind different functional molecules [27]. Modifying the 
CRISPR system through rational design can enable it to have biological functions that 
it did not originally possess. One conceivable method is to fuse the functional domains 
of various proteins with the Cas protein [28], so that DNA can be transcriptionally reg-
ulated and RNA can be base-edited or epigenetically modified [20, 21]. An alternative 
method that is used more frequently in catalytically inactive dead Cas9 (dCas9) and 
dCas12 systems involves integrating some non-coding RNA functional elements into 
the guide RNA [29]. This not only retains the ability of the guide RNA to bind the tar-
get sequence and the Cas protein but also introduces new functions such as binding to 
intracellular proteins through the newly fused non-coding RNA elements.

Fusion of the Cas protein with a functional domain will increase the size of the 
transgene required for expression [30]. Since many gene therapy vectors, such as adeno-
associated virus (AAV), have certain capacity limitations, the transgene size may not 
be conducive to the development for gene therapy [31]. Therefore, an alternative strat-
egy is to use non-coding RNA elements, which have shorter sequences but significant 
functions. For example, ribozymes have a very high self-cleavage activity in mammalian 
cells. In antisense RNA-mediated ribozyme technology, the 5′-end of the RNA is the 
antisense sequence that binds to the target, and the 3′-end is the ribozyme. In contrast, 
in the guide RNA of the Cas13 system, the 5′-end is a hairpin structure that binds to 
the Cas13 protein, and the 3′-end is an antisense RNA [32]. Thus, we hypothesized that 
fusion of the crRNA of CasRx and the antisense ribozyme may not only retain the ability 
of crRNA to bind CasRx protein and target RNA, but also enhance the RNA knockdown 
ability of CasRx through the RNA cleavage ability of ribozymes.

In this study, we describe a new guide RNA engineering strategy for CasRx to ena-
ble additional cutting of target RNAs by fusing the guide RNA of CasRx to an antisense 
ribozyme and test the ability of this approach in RNA knockdown and cancer gene ther-
apy. We show that the CasRx-crRNA-Ribozyme system (CCRS) has much better RNA 
knockdown efficiency on both mRNAs and non-coding RNAs than those of the tradi-
tional methods, including CasRx, shRNA, and ribozyme. We then applied this strategy 
to the targeted inhibition of tumor cells both in vitro and in vivo, which also showed a 
better therapeutic potential than existing strategies.

Results
Design and construction of CCRS

First, we compared the guide RNA composition of the CRISPR/CasRx and the anti-
sense ribozyme systems. In the CasRx system, the crRNA is composed of a short hairpin 
structure for binding CasRx protein, and a target-specific antisense RNA fused at the 
3′-end of the crRNA. In the antisense RNA-mediated ribozyme system, the guide RNA 
includes a hammerhead ribozyme with a 5′-antisense RNA and a 3′-antisense RNA. In 
other words, the arrangement of CasRx crRNA and ribozyme guide RNA in the core 
functional domain and RNA recognition domain is reversed. From these features, we 
constructed a fusion guide RNA by connecting the 3′-end of the crRNA of CasRx to 
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the 5′-end of the ribozyme (Fig. 1a), with the expectation that the resultant fusion guide 
RNA would recruit both CasRx and ribozyme to its RNA target and induce double cleav-
ages (Fig. 1b). With the help of the catalytic core cassette of ribozyme, this was expected 
to further enhance the RNA degradation ability of CasRx.

Targeting luciferase reporter gene with CCRS

We next evaluated the in vivo cleavage ability of CCRS in mammalian cells, by using 
a dual luciferase reporter system, which expresses both Renilla luciferase (Rluc) and 
firefly luciferase (Fluc) driven by different promoters on a single vector. Rluc was cho-
sen as the CCRS target by designing the fusion guide RNA and Fluc was treated as the 
internal control (Fig. 2a). The CCRS expression vector and dual-luciferase construct 
were co-transfected into HEK293 cells, and the luciferase activity was measured at 
48 h post-transfection. Position-matched CasRx-crRNA, antisense ribozyme, and 
shRNA driven by the same U6 promoter were selected as positive controls and were 
also transfected into HEK293 cells and tested under the same conditions. The results 
indicated that CCRS efficiently knocked down Rluc activity by up to 90% relative to a 
non-targeting control guide (Fig. 2b). In contrast, CasRx and shRNA produced mod-
erate inhibition of Rluc levels of 78% and 66%, respectively. The effect of antisense 

Fig. 1 Design and construction of the CasRx-crRNA-Ribozyme system (CCRS). a Design of the fusion 
guide RNA construct of CCRS. The CasRx guide RNA has a 5′-scaffold sequence in front of the antisense 
RNA sequence, and the ribozyme shares the same 5′-antisense RNA with crRNA. The fusion guide RNA has 
scaffolds for CasRx and ribozyme, enabling RNA cleavage with both CasRx and ribozyme. H at position 7 
designates A, C, or U. N indicates any nucleotide. b Schematic overview of the design CCRS strategy. CCRS 
would recruit both CasRx and ribozyme to its target transcript and induce double cleavages, thus enhancing 
the RNA knockdown efficiency of CasRx
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ribozyme is the weakest, with only 20% inhibition, indicating that antisense RNA has 
a poor binding ability to Rluc mRNA. In order to further confirm that the inhibition 
of luciferase activity is caused by mRNA knockdown, we also used qRT-PCR to detect 
the expression level of Rluc mRNA at 48 h after transfection, and the result was con-
sistent with that of the dual luciferase assay (Additional file 1: Fig. S1a). We next fused 
the nuclear localization signal (NLS) with CasRx and found that NLS can further 
enhance the inhibitory effect of CCRS on Rluc (Fig. 2c) compared to CCRS without 
NLS and CCRS with the nuclear export signal (NES). mRNA levels detected by qRT-
PCR also confirmed this observation (Additional file 1: Fig. S1b).

Fig. 2 CCRS is capable of luciferase reporter transcript knockdown. a Schematic of the dual-luciferase 
reporter system used to evaluate RNA knockdown efficiency of CCRS. b Knockdown of Renilla luciferase 
(Rluc) using CCRS and other existing technologies. c Knockdown of Renilla luciferase (Rluc) using CCRS, 
CCRS-NLS, and CCRS-NES. NLS, nuclear localization signal. NES, nuclear export signal. Results are shown as the 
mean ± SD. Each experiment was performed in triplicate five independent times. *p value < 0.05, and **p 
value < 0.01, relative to the control using a two-tailed t-test
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Since CasRx has the ability to process poly crRNAs [22], we wanted to rule out the 
possibility that CasRx cleaves crRNA-ribozymes in the CCRS system. To do this, we 
designed probes and amplification primers based on the sequences of wild-type CasRx 
crRNA and crRNA-ribozyme in CCRS and detected their relative expression levels 
by qRT-PCR. We found that CasRx had no effect on crRNA-ribozyme and wild-type 
crRNA expression levels (Additional file  1: Fig. S2a). Furthermore, the biochemical 
cleavage reaction revealed that the crRNA-ribozyme remained intact in the presence of 
CasRx (Additional file 1: Fig. S2b). To further validate the cleavage mechanism of CCRS, 
we introduced point mutations into the hammerhead ribozyme to inactivate ribozyme 
activity [33], while a dead version of CasRx [22] that was unable to cleave RNA was used 
as another control. The knockdown efficiency of CCRS was significantly reduced by 
using either the dead version of the ribozyme or dCasRx (Additional file 1: Fig. S3), sug-
gesting that CCRS utilizes CasRx and the ribozyme simultaneously to cleave the targets. 
We also tried to fuse three different versions of hammerhead ribozymes [9, 33, 34] into 
the crRNA of the CasRx system and compared the knockdown efficiency of the various 
versions of the CCRS system. Although they were all able to reduce the expression of 
the target gene to varying degrees, the version we originally used had the highest knock-
down efficiency (Additional file 1: Fig. S4). Thus, we used the original ribozyme CCRS 
system for subsequent experiments.

These results suggest that CCRS can knock down foreign reporter genes more effec-
tively than existing strategies.

Targeting endogenous mRNAs and non‑coding RNAs with CCRS

We next compared the ability of CCRS constructs to knockdown endogenous transcripts 
in HEK293 cells. We selected three coding RNAs (KRAS, NF-κB, KDM5B) and three 
non-coding RNAs (MALAT1, HOTTIP, circFAM120A). The relative transcript level 
was measured at 48 hours post-transfection by qRT-PCR. We observed varying levels of 
knockdown, and found that CCRS targeted all mRNAs (KRAS, NF-κB, KDM5B), linear 
lncRNAs (MALAT1, HOTTIP), and circular RNA (circFAM120A) more efficiently than 
wild-type CasRx, shRNA, and antisense ribozyme (Fig. 3a). We also conducted the same 
experiment in primary cultured fibroblasts and further confirmed the above results 
(Additional file 1: Fig. S5). We then found that addition of an NLS further enhanced the 
inhibitory effect of CCRS on endogenous transcripts (Fig.  3b). Thus, CCRS-NLS was 
used for subsequent experiments. These results suggest that CCRS can be used to more 
effectively inhibit the expression of both coding and non-coding transcripts than exist-
ing approaches.

Targeting specificity of CCRS

To determine the specificity of CCRS at targeting RNA transcripts, we addressed the 
sensitivity of the fusion guide RNA to mismatches. To assess mismatch tolerance, we 
investigated targeting effects when introducing single mismatches into the duplex 
formed between the fusion guide RNA and the RNA target. The relative luciferase 
activity assay indicated that even one mismatch in the guide region (nucleotides 1–22) 
dramatically decreased CCRS knockdown efficiency (Fig.  4). Any single mismatch of 
nucleotides 23–27 seemed to eliminate the knockdown effect of the antisense ribozyme, 
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while the most effect of CasRx might be retained. To test whether CCRS can induce the 
off-target collateral cleavage, RNA-denaturing gel electrophoresis of total RNA was per-
formed and the results showed that both targeting crRNAs and nontargeting crRNAs 
did not induce ribosomal RNA degradation 48h after transfection (Additional file 1: Fig. 
S6). According to the results of RNA-seq, Rluc mRNA was the only transcript that was 
significantly inhibited by the CCRS system (Additional file  1: Fig. S7). Similar results 
were obtained for the same comparison on the endogenous gene KRAS (Additional 
file 1: Fig. S8). In addition, the mismatch sensitivity of crRNA was also tested using the 
wild-type CasRx system. Interestingly, while single mismatches could reduce the activity 
of guide RNAs of CasRx, they rarely eliminate it completely (Additional file 1: Fig. S9). 
The crRNAs were particularly sensitive to mismatches in nucleotides 15 to 21, which 
was consistent with the result of one previous study [32]. Taken together, these data 
show that CCRS is very sensitive to mismatches in general and may have a low off-target 
potential, consistent with previous studies of CasRx [22, 23].

Simultaneous targeting of multiple endogenous RNAs with CCRS

Because CasRx is capable of processing its own CRISPR array, we next sought to extend 
the application of CCRS in a multiplexed targeting manner. We tested whether CCRS 
can be used to simultaneously target multiple transcripts (KRAS, NF-κB, KDM5B, 
MALAT1, HOTTIP, circFAM120A) in the same cell for the delivery of multiple tar-
geting fusion guide RNAs in a simple single-vector system (Fig. 5a). We also sought to 
benchmark CCRS against established technologies, including CasRx and shRNA. Rela-
tive RNA levels were detected at 48 h post-transfection by qRT-PCR. As expected, we 
observed a decrease in RNA levels across all six endogenous transcripts (Fig. 5b). Unex-
pectedly, we observed a moderate decrease in wild-type CasRx efficiency when we 

Fig. 3 Targeting endogenous transcripts with CCRS. a Knockdown of six endogenous transcripts following 
transfection of cells with CCRS and other existing technologies was assayed using qRT-PCR. b Knockdown 
of six endogenous transcripts using CCRS, CCRS-NLS, and CCRS-NES. NLS, nuclear localization signal. 
NES, nuclear export signal. Repression efficiency values are the decline percentages (%) of the transcript 
expression levels relative to the corresponding negative control. The results are shown as the mean ± SD. 
Each experiment was performed in triplicate five independent times. Each error bar indicates the variation 
between the means of five independent experiments. *p value < 0.05, and **p value < 0.01, relative to the 
control using a two-tailed t-test
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deployed several guide RNAs in the same cells, which we attribute to a possible dilution 
effect. This phenomenon does not seem to exist in shRNA, as the RNA inhibition effi-
ciency of multiple shRNAs in tandem driven by a single U6 promoter was not different 
from that of a single shRNA (Fig. 3b). Interestingly, CCRS outperformed shRNAs and 
CasRx in each case (Fig.  5b), exhibiting a median knockdown efficiency (for different 

Fig. 4 Evaluation of CCRS knockdown specificity. Knockdown of Rluc was evaluated with the fusion guides 
of CCRS containing single mismatches at varying positions across the antisense sequence. Data are expressed 
as the mean ± SD. Each experiment was performed in triplicate five independent times. Each error bar 
indicates the variation between the means of five independent experiments. *p value < 0.05, and **p value < 
0.01, relative to the control using a two-tailed t-test
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target genes) of 94% compared to 60% for shRNA and 55% for CasRx after 48 h. We fur-
ther extended the length (22 nt) of the crRNA of CasRx to make it consistent with the 
length (28 nt) of the CCRS antisense region, but the knockdown effect on these six tran-
scripts was only slightly improved (Additional file 1: Fig. S10). Several reported target 
sites [22] (EGFR, EZH2, HRAS, NRAS, RAF1, and STAT3) were also employed to com-
pare with CCRS and similar results were obtained (Additional file 1: Fig. S11a). We then 
constructed two crRNA arrays independently driven by the U6 promoter in the CCRS 
system, each targeting one of the 6-gene combinations described above. It was found 
that the knockdown effect of CCRS was reduced when the number of targets reached 
12, but its effect was still higher than that of wild-type CasRx (Additional file  1: Fig. 
S11b). These data suggest that CCRS allows for targeting multiple transcripts at once 
and achieves a higher efficiency than traditional technologies.

AAV‑mediated delivery of CCRS into cancer cells

Since CCRS allows for multiple endogenous transcripts to be simultaneously regulated, 
this opens up new possibilities for cancer gene therapy by targeting multiple oncogenic 
genes at once (Fig. 6a). Another core advantage of CCRS is the small size, which should 
permit efficient AAV packaging and delivery. To showcase the possibility of AAV-medi-
ated CCRS delivery, we packaged the CCRS expression plasmid into the AAV delivery 
vehicle. We chose bladder cancer as a model and found that transduction of bladder can-
cer T24 cells with the generated AAV recapitulates the knockdown efficiency of CCRS 
on the six endogenous targets (Additional file  1: Fig. S12), confirming AAV-delivered 
CCRS is still functional and provides an approach towards clinical usage.

Next, we tested the anticancer effects of AAV-mediated CCRS on bladder cancer and 
compared the efficiency of CCRS with the existing approaches including CasRx and 
shRNA. Cell proliferation was determined at various time points using the CCK-8 assay. 
We found that CCRS resulted in approximately 70% inhibition of T24 cell prolifera-
tion, while CasRx and shRNA had a moderate affect (Fig. 6b). In the CCRS system, the 

Fig. 5 Multiplexed targeting of diverse human coding and non-coding transcripts with CCRS. a Multiple 
fusion guide RNAs targeting diverse target transcripts can be expressed as a single array and processed by 
CasRx protein into individual guide RNAs within the same cell. b qRT-PCR analysis of relative target RNA 
knockdown by CCRS-array, CasRx crRNA-array, and shRNA-array. Repression efficiency values were the decline 
percentages (%) of transcript expression levels relative to the corresponding negative control. Data are 
expressed as the mean ± SD. Each experiment was performed in triplicate five independent times. Each error 
bar indicates the variation between the means of five independent experiments. *p value < 0.05, and **p 
value < 0.01, relative to the control using a two-tailed t-test
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6-mer array also showed a stronger and more significant effect than individual guides 
and smaller arrays in inhibiting cell proliferation (Additional file 1: Fig. S13a). To rule out 
the possibility that the ability of CCRS to inhibit cell viability is caused by cytotoxicity 
of ribozyme, we treated T24 cells with AAVs expressing crRNA-ribozyme array without 
CasRx and observed no significant inhibitory effect on cell viability (Additional file  1: 
Fig. S13b). Consistent with these findings, CCRS also induced T24 cell apoptosis and 
mediated a significantly greater effect than CasRx and shRNA, as determined by cas-
pase-3/ELISA (Additional file 1: Fig. S14). In addition, the wound healing assay indicated 
that CCRS attenuated migration of bladder cancer cells (Additional file 1: Fig. S15) and 
that CCRS outperformed CasRx and shRNA in suppressing T24 cell migration.

To further explore the potential applications of AAV-mediated CCRS, we conducted 
in  vivo experiments with subcutaneous tumor models, where AAVs were injected 
directly into tumors ten days after inoculation of T24 cells expressing luciferase. We 
found that the volume, weight and fluorescence intensity of xenografted tumors injected 
with AAVs were decreased compared with that of the control group (Fig. 6c and Addi-
tional file 1: Fig. S16). In addition, CCRS outperformed CasRx and shRNA in suppress-
ing tumor growth in vivo. The T24 cell line stably expressing luciferase was then used to 
develop an in vivo bladder cancer lung metastasis model. The telomerase reverse tran-
scriptase (TERT) promoter, a tumor-specific promoter, was used to drive CCRS expres-
sion. After injecting AAVs through the tail vein, CCRS significantly suppressed the 
growth of lung metastases and was found to be more effective than CasRx and shRNA 
(Fig. 6d). Hematoxylin-eosin staining was then performed on the lung tissue to observe 
the metastases in the groups. CCRS indeed significantly reduced the number and size 

Fig. 6 Multiple gene targeting and adeno-associated virus (AAV) delivery of CCRS in cancer cells. a A 
schematic diagram of CCRS delivered by AAV, which effectively inhibits tumors by targeting multiple 
oncogenes. DR, direct repeat. fgRNA, fusion guide RNA. b Growth curves of bladder cancer T24 cells treated 
with CCRS and other existing technologies. The curves of cell proliferation were compared using analysis 
of variance (ANOVA). The results at each time point are shown as the mean ± SD. Each experiment was 
independently performed in triplicate five independent times. Each error bar indicates the variation between 
the means of five independent experiments. c AAV-CCRS efficiently inhibited in vivo tumor growth. The 
luminescent signal intensities for AAV-CCRS, AAV-CasRx and AAV-shRNA and their corresponding negative 
controls are shown. Data are shown as the mean ± SD. **p < 0.01, between the groups, using a two-tailed 
t-test. d Quantification for bioluminescence imaging of a metastatic model. The luminescent signal intensities 
for AAV-CCRS, AAV-CasRx and AAV-shRNA are shown. Data are shown as the mean ± SD. **p < 0.01, between 
the groups, using a two-tailed t-test
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of pulmonary metastases, while CasRx and shRNA only partially exerted such effects 
(Additional file 1: Fig. S17).

Together, these results suggest that CCRS can be used to strongly inhibit the growth 
and metastasis of bladder cancer cells in vivo and achieves a higher efficiency than tradi-
tional technologies.

Discussion
Although RNAs, including mRNA, lncRNA, and circular RNAs are abundant and play 
important and diverse roles in mammalian cells, the molecular tools available to reg-
ulate RNA expression are limited [35]. Several approaches, such as antisense RNAs, 
ribozymes, and RNAi, have been developed to study the biological roles of RNAs and 
target RNAs for therapeutic purposes. Each of these approaches has its own challenges 
in terms of efficiency, specificity, immunogenicity, toxicity, and delivery [36, 37]. There-
fore, an efficient RNA knockdown strategy is still required. Recently, CRISPR/Cas13, a 
novel RNA-guided RNA-targeting CRISPR-Cas effector system was reported to target 
and cleave mRNAs, lncRNAs, and circular RNAs in cells [38]. All available Cas13-related 
proteins (LwaCas13a, PguCas13b, PspCas13b, RanCas13b, AdmCas13d, EsCas13d, and 
RfxCas13d) provided comparable levels of knockdown as RNAi. CasRx (also named Rfx-
Cas13d) exhibited excellent knockdown efficiency with less off-target effects on RNAs 
[39]. Apart from the complementarity between crRNA and target RNA, CasRx does not 
show a PFS preference and no obvious off-target effects have been detected in previous 
studies [40]. The efficiency of CasRx is dramatically decreased or even eliminated if 1–2 
mismatches occur in the seed region of crRNA. A question worthy of in-depth study is 
whether the RNA knockdown function of CasRx can be optimized further and applied 
to gene therapy of diseases.

Here, we connected the 3′-end of the crRNA of CasRx to the 5′-end of the ribozyme, 
thus developing CCRS technology. Our results show that the RNA knockdown effect 
of CCRS is more effective than wild-type CasRx, ribozyme, and shRNA when target-
ing luciferase reporter genes and endogenous RNAs. Examining single base substitu-
tions revealed that CCRS not only improves the RNA cleavage efficiency of CasRx but 
also maintains the targeting specificity, thereby indicating that CCRS is a reliable RNA 
knockdown strategy with more application potential than previous strategies.

It is important to note that although CasRx can be used to simultaneously target 
multiple transcripts, its knockdown efficiency decreases with an increasing number of 
guides targeting different transcripts. This phenomenon may be related to the dilution 
effect, because the CasRx protein not only processes the precursor crRNA but also binds 
and cleaves a variety of different transcripts. Indeed, increasing the number of knock-
down targets to 12 slightly reduced the effectiveness of CCRS.

Our results show that the performance of CCRS in this case is more effective than that 
of wild-type CasRx, which may be attributed to the ribozyme activity and the longer 
complementary antisense sequence of CCRS that enhances the binding of CasRx to 
target RNA. However, the performance of CasRx was only slightly improved when we 
used crRNA with the same length as the antisense sequence of CCRS, suggesting that 
the ribozyme and antisense sequences may synergistically promote the binding of RNA 
targets. The knockdown efficiency of CCRS was significantly affected by using either the 
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dead version of the ribozyme or dCasRx, which further suggest that CCRS should utilize 
both CasRx and ribozyme activities to cleave the targets.

Next, we used bladder cancer as a model to evaluate the anticancer effects of CCRS 
targeting multiple genes both in vitro and in vivo. We selected several endogenous tar-
gets that are commonly used as cancer treatment targets. CCRS showed a higher anti-
cancer effect than CasRx, ribozyme, and shRNA, consistent with our findings from the 
in  vitro gene knockdown studies. Compared with the CasRx system, CCRS contains 
only one extra ribozyme and, therefore, can be easily loaded into AAV for gene therapy. 
This demonstrates the feasibility of CCRS for the treatment of cancers or other diseases.

The antisense ribozyme can also be applied to guide RNAs of other Cas13 enzymes 
besides CasRx. Many Cas13 variants, such as Cas13bt, Cas13x, and Cas13y, have been 
shown to be very efficient. As Cas13bt, Cas13x, and Cas13y are compact Cas13 mem-
bers, they may have advantages compared to CasRx [16, 17, 41, 42]. Indeed, if new nucle-
ases of the Cas13 family with higher RNA knockdown efficiency are found, the CCRS 
strategy will have better application prospects.

CCRS may also be used to regulate gene expression in bacteria, due to the high bio-
logical activity of CasRx nuclease and ribozyme in prokaryotes [43, 44]. As RNAi is non-
functional in prokaryotic systems [45], CCRS may be a promising tool in the regulation 
of prokaryotic gene expression in the future.

Although our results suggested that CCRS is conceptually simpler than the independ-
ent CasRx/ribozyme system to design, the target sequences of CasRx and ribozyme in 
the CCRS are stringently associated and may be selected carefully. In order to optimize 
the effectiveness of the CCRS system, further research is needed to determine how to 
select the best targets.

Conclusions
In conclusion, this study describes an alternative RNA targeting tool that can knock 
down gene expression with higher efficiency than existing approaches. CCRS can be 
used not only for gene function research but can also be potentially used in gene therapy 
of diseases.

Methods
Cell lines and cell culture

The HEK-293, HEK-293T, and T24 cell lines used in this study were purchased from 
American Type Culture Collection (ATCC). Normal human primary fibroblasts derived 
from the epidermis were kindly provided by Dr. T. Chen (Shantou University, Shan-
tou, China). All cell lines were grown in DMEM medium supplemented with 10% fetal 
bovine serum (Invitrogen, Carlsbad, CA, USA) in the presence of 5%  CO2. Cell cultures 
were also confirmed to be free of Mycoplasma contamination by using 16S rRNA-based 
Mycoplasma group-specific polymerase chain reaction (PCR).

Construction of plasmids

The backbone plasmid expressing human codon-optimized CasRx protein was pur-
chased from Addgene (# 109049). The shRNA-expressing plasmids were purchased from 
Syngentech Co., Ltd. (Beijing, China). crRNA sequences and crRNA-ribozymes that 
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exactly match the corresponding shRNA sequences were designed. The cDNA sequences 
for crRNA, ribozyme, crRNA-ribozyme, and shRNA were then synthesized and inserted 
into corresponding backbone plasmids digested with restriction endonucleases. All vec-
tors were transformed into One Shot TOP10 Chemically Competent E. coli cells. The 
desired expression clones were identified using PCR amplification and electrophoresis 
and then confirmed with Sanger sequencing. The sequence information of the related 
elements is shown in Additional file 2: Table S1.

DNA transfection into cells

HEK-293, HEK-293T, and T24 cells were cultured in plates until they reached 70% con-
fluence. Cells were transiently transfected with the constructed plasmids using Lipo-
fectamine 3000 (Invitrogen) according to the manufacturer’s protocol.

Dual‑luciferase reporter assay

Both the Renilla luciferase and firefly luciferase activities were measured in a 1.5-ml 
Eppendorf tube using the Promega Dual-Luciferase Reporter Assay kit (Promega E1980) 
according to the manufacturer’s protocol 48 h after DNA transfection. The relative lucif-
erase activity was calculated as the Renilla luciferase value normalized to that of the 
firefly luciferase value. The assays were performed in triplicate and experiments were 
repeated five times.

RNA extraction and real‑time quantitative PCR

Total RNAs were isolated from cells using TRIzol reagent (Invitrogen) according to the 
manufacturer’s protocol. The concentration and purity of total RNA were measured 
using UV spectrophotometric analysis at 260 nm. cDNAs were synthesized using the 
Superscript III First Strand Synthesis System (Invitrogen). Real-time quantitative reverse 
transcription PCR (qRT-PCR) was performed using a SYBR Green PCR Master Mix 
(Invitrogen). GAPDH was chosen as the endogenous control. PCR mixtures were pre-
pared according to the manufacturer’s protocol and amplification was performed under 
the following PCR parameters on an ABI PRISM 7300 Fluorescent Quantitative PCR 
System (Applied Biosystems, Foster City, CA, USA): 40 cycles of 15 s at 95  °C, 20 s at 
55 °C, and 30 s at 70 °C. All primer sequences are shown in Additional file 3: Table S2. 
Expression fold changes were calculated using the  2−△△ct method.

RNA‑denaturing gel electrophoresis

Total RNAs were obtained using TRIzol reagent (Invitrogen) according to the manufac-
turer’s protocol. One gram of agarose was heated in 72 ml water until dissolved and then 
cooled to 60 °C. Ten milliliters of 10X MOPS running buffer and 18 ml 37% formalde-
hyde (12.3 M) were then added to prepare the gel. The gel was prerun for 10 min at 80 
V, and 5 μg of total RNA was then loaded and separated until the bromophenol blue 
migrated 3 cm into the gel. The gel was visualized on a UV transilluminator.

Analysis of the specificity of CCRS

Total RNA was isolated, mixed with oligo (dT)25 Dynabeads, and mRNA was purified 
according to the manufacturers’ instructions (Invitrogen). The purified mRNA was first 
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fragmented by using divalent cations before being subjected to library preparation. 
Adapters were ligated to fragmented RNAs by using truncated T4 RNA ligase 2 (NEB) 
according to the manufacturer’s instructions, and RNA was reverse transcribed to DNA 
by using SuperScript® III (Thermo Scientific, Scotts Valley, CA, USA) and circularized 
by using Circligase™ (EpiBio/Illumina Madison, WI, USA). Barcodes were added by 
PCR using Phusion® polymerase (Thermo Scientific). DNA libraries were sequenced on 
an Illumina HiSeq 2500 (Illumina). Reads were processed by Cufflinks v2.1.1 and fold 
changes were then calculated according to fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) values.

AAV packaging, purification and titer detection

The pAAV packaging plasmid, pHelper plasmid, and pAAV plasmid were co-transfected 
into HEK-293T cells using Lipofectamine 3000. The culture supernatants were collected 
at 48 hours after plasmid transfection, concentrated, and used as virus stocks for sub-
sequent AAV infection experiments. The AAV titer was calculated by qPCR using 2× 
EvaGreen Master Mix (Syngentech).

Cell proliferation assay

Cell proliferation was assayed using the Cell Counting Kit-8 (CCK-8) (Beyotime, Shang-
hai, China) according to the manufacturer’s instructions. At various time points (0, 24, 
48, or 72 h) post-transduction, 10 μl of CCK-8 reagent was added to each well of the 
96-well plates, and the cells were incubated for an hour. Absorbance was read at a wave-
length of 450 nm using a microplate reader (Bio-Rad, Hercules, CA). The assays were 
performed in triplicate and experiments were repeated five times.

Cell apoptosis assay

According to the manufacturer’s protocol, cell apoptosis was determined by the cas-
pase-3/ELISA (enzyme-linked immunosorbent assay) assay (Cusabio, China). Caspase-3 
is a marker for inflammation and apoptosis signaling. The experiment for each sample 
was repeated five times independently.

Cell migration assay

Cell migration was determined by the wound healing assay. Briefly, cells were seeded 
into 12-well plates at equal density and cultured to 80% confluency. Artificial gaps were 
generated using a sterile pipette tip. Areas of wound were marked and photographed 
using a digital camera system. Cell migration distance (mm) was calculated using the 
software program HMIAS-2000. Each experiment was repeated five times.

Tumor xenografts

The mice were housed under standard laboratory conditions. BALB/c-Nude mice were 
randomly assigned into either the experimental group or control groups (five mice for 
each group). Bladder cancer T24 cells (5 ×  107) were hypodermically injected on the 
backs of BALB/c-Nude mice. Next, intratumoral injection of AAV (100 μl, 2 ×  1011 vp/
ml) was performed. Tumor volumes were calculated using the formula: V = L × W2/2, 
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where L is the length and W is the width of the tumor. The mice were sacrificed and 
tumors were removed at the end of the experiment.

For in  vivo imaging experiments, BALB/c-Nude mice were randomly assigned into 
either the experimental group or control groups (three mice for each group). Blad-
der cancer T24 cells (5 ×  107) were hypodermically injected on the backs of BALB/c 
-Nude mice, and then a single injection of AAV (100 μL, 2 ×  1011 vp/mL) via tail vein 
was conducted 10 days after inoculation. Four weeks later, mice were anaesthetized 
with isoflurane and injected with D-luciferin sodium salt (150 mg/kg) intraperitoneally. 
Subcutaneous tumor was then monitored by an in vivo imaging system, Xenogen IVIS 
(PerkinElmer, MA, USA).

Experimental metastasis mouse model

T24 bladder cancer cells stably expressing luciferase (1 ×  105) were suspended in 200 
μL PBS and injected into the lateral tail veins of 5-week-old male B-NDG mice (BIO-
CYTOGEN, Beijing, China). Four weeks later, mice were anaesthetized with isoflurane, 
and D-luciferin sodium salt (150 mg/kg) was injected intraperitoneally. Bladder cancer 
cells were detected with an in vivo imaging system, Xenogen IVIS (PerkinElmer, MA, 
USA). The total flux in photons per second was calculated for the lung region using Liv-
ing Image 4.3.1 (PerkinElmer/Caliper).

H&E staining of lung tissues

Mouse lung tissues were fixed in 10% formalin and dehydrated in ethanol. Paraffin 
embedding, sectioning, and hematoxylin and eosin staining were performed according 
to the manufacturer’s procedures, and then slides were imaged on a Nikon Ci-L bright 
field microscope.

Statistical analyses

Data were expressed as the mean ± standard deviation (SD). Significance tests were per-
formed using the SPSS version 20.0 software (SPSS, Chicago, IL, USA). Statistical signifi-
cance was determined using Student’s t-test or ANOVA and assigned at p < 0.05.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s13059- 023- 02852-w.

Additional file 1: Figure S1. The expression level of Renilla luciferase (Rluc) mRNA in HEK293 cells. Figure S2. 
Detection of the potential influence of CasRx on the engineered crRNAs. Figure S3. Knockdown of Renilla luciferase 
(Rluc) using CCRS, CCRS-mutants and other related technologies. Figure S4. Comparison of knockdown effects of 
different versions of hammerhead ribozymes in the CCRS system. Figure S5. Targeting endogenous transcripts with 
CCRS in primary cultured cells. Figure S6. RNA-denaturing gel electrophoresis examining RNA integrity. Figure S7. 
Analysis of the specificity of CCRS-mediated knockdown. Figure S8. Evaluation of CCRS knockdown specificity on 
endogenous gene. Figure S9. Evaluation of CasRx knockdown specificity on luciferase gene. Figure S10. qRT-PCR 
analysis of relative target RNA knockdown by CasRx and shRNA. Figure S11. Targeting other endogenous transcripts 
with CCRS. Figure S12. qRT-PCR analysis of relative target RNA knockdown by AAV-CCRS and other existing tech-
nologies. Figure S13. The inhibition rate (%) of T24 cell proliferation. Figure S14. ELISA assay on Caspase-3 activity 
in T24 cells treated by AAV-CCRS and other existing technologies. Figure S15. AAV-CCRS efficiently inhibited T24 cell 
migration. Figure S16. AAV-CCRS efficiently inhibited in vivo tumor growth. Figure S17. Histopathological inspec-
tion of the mouse lungs treated with AAVs.

Additional file 2: Table S1. The cDNA sequences of the engineered elements used in this study.

Additional file 3: Table S2. Primer sequences used in real-time quantitative PCR.

Additional file 4. Review history.

https://doi.org/10.1186/s13059-023-02852-w


Page 16 of 17Zhan et al. Genome Biology            (2023) 24:9 

Acknowledgements
Not applicable.

Peer review information
Kevin Pang was the primary editor of this article and managed its editorial process and peer review in collaboration with 
the rest of the editorial team.

Review history
The review history is available as Additional file 4.

Authors’ contributions
Y. L. designed the project, wrote the paper, and provided financial support for the project. Y.Z., C.C., A.L., and H.M. per-
formed the experiments and analyzed the data. The authors read and approved the final manuscript.

Funding
This work was supported by the National Key R&D Program of China (2021YFA0911600), the National Natu-
ral Science Foundation of China (81972867 and 82272961), and the Shenzhen Municipal Government of China 
(RCYX20200714114701035).

Availability of data and materials
The data generated or analyzed during this study are included in this article and its additional files. The data supporting 
the findings in the main text can be found in Figures S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16 and 
S17. The sequences of elements used in this study are listed in Tables S1 and S2. The RNA-seq data have been submitted 
to the GenBank Sequence Read Archive under the accession number PRJNA891500 [46].

Declarations

Ethics approval
The animal study was approved by the Ethics Committee of Shenzhen University

Competing interests
The authors declare no competing interests.

Received: 22 February 2022   Accepted: 6 January 2023

References
 1. Ledford H. Gene-silencing technology gets first drug approval after 20-year wait. Nature. 2018;560(7718):291–2.
 2. Brioschi M, Banfi C. The application of gene silencing in proteomics: from laboratory to clinic. Expert Rev Proteomics. 

2018;15(9):717–32.
 3. Goodall GJ, Wickramasinghe VO. RNA in cancer. Nat Rev Cancer. 2021;21(1):22–36.
 4. Zhou LY, Qin Z, Zhu YH, He ZY, Xu T. Current RNA-based therapeutics in clinical trials. Curr Gene Ther. 

2019;19(3):172–96.
 5. Pan WH, Clawson GA. Antisense applications for biological control. J Cell Biochem. 2006;98(1):14–35.
 6. Kolniak TA, Sullivan JM. Rapid, cell-based toxicity screen of potentially therapeutic post-transcriptional gene silenc-

ing agents. Exp Eye Res. 2011;92(5):328–37.
 7. Piwecka M, Rolle K, Wyszko E, Żukiel R, Nowak S, Barciszewska MZ, et al. Nucleic acid-based technologies in therapy 

of malignant gliomas. Curr Pharm Biotechnol. 2011;12(11):1805–22.
 8. Fedor MJ, Williamson JR. The catalytic diversity of RNAs. Nat Rev Mol Cell Biol. 2005;6(5):399–412.
 9. Abounader R, Montgomery R, Dietz H, Laterra J. Design and expression of chimeric U1/ribozyme transgenes. Meth-

ods Mol Biol. 2004;252:209–19.
 10. Scherer LJ, Rossi JJ. Approaches for the sequence-specific knockdown of mRNA. Nat Biotechnol. 

2003;21(12):1457–65.
 11. Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded RNA. Nature. 2004;431(7006):343–9.
 12. Saw PE, Song EW. siRNA therapeutics: a clinical reality. Sci China Life Sci. 2020;63(4):485–500.
 13. Meng Z, Lu M. RNA Interference-induced innate immunity, off-target effect, or immune adjuvant? Front Immunol. 

2017;8:331.
 14. Doudna JA, Charpentier E, Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science. 

2014;346(6213):1258096.
 15. Abudayyeh OO, Gootenberg JS, Essletzbichler P, Han S, Joung J, Belanto JJ, et al. RNA targeting with CRISPR-Cas13. 

Nature. 2017;550(7675):280–4.
 16. Xu C, Zhou Y, Xiao Q, He B, Geng G, Wang Z, et al. Programmable RNA editing with compact CRISPR-Cas13 systems 

from uncultivated microbes. Nat Methods. 2021;18(5):499–506.
 17. Kannan S, Altae-Tran H, Jin X, Madigan VJ, Oshiro R, Makarova KS, et al. Compact RNA editors with small Cas13 

proteins. Nat Biotechnol. 2022;40(2):194–7.
 18. Abudayyeh OO, Gootenberg JS, Konermann S, Joung J, Slaymaker IM, Cox DB, et al. C2c2 is a single-component 

programmable RNA-guided RNA-targeting CRISPR effector. Science. 2016;353(6299):aaf5573.
 19. Terns MP. CRISPR-based technologies: impact of RNA-targeting systems. Mol Cell. 2018;72(3):404–12.



Page 17 of 17Zhan et al. Genome Biology            (2023) 24:9  

 20. Wilson C, Chen PJ, Miao Z, Liu DR. Programmable m6A modification of cellular RNAs with a Cas13-directed methyl-
transferase. Nat Biotechnol. 2020;38(12):1431–40.

 21. Wang F, Wang L, Zou X, Duan S, Li Z, Deng Z, et al. Advances in CRISPR-Cas systems for RNA targeting, tracking and 
editing. Biotechnol Adv. 2019;37(5):708–29.

 22. Konermann S, Lotfy P, Brideau NJ, Oki J, Shokhirev MN, Hsu PD. Transcriptome engineering with RNA-targeting type 
VI-D CRISPR effectors. Cell. 2018;173(3):665–676.e14.

 23. Li S, Li X, Xue W, Zhang L, Yang LZ, Cao SM, et al. Screening for functional circular RNAs using the CRISPR-Cas13 
system. Nat Methods. 2021;18(1):51–9.

 24. Zhang Y, Nguyen TM, Zhang XO, Wang L, Phan T, Clohessy JG, et al. Optimized RNA-targeting CRISPR/Cas13d tech-
nology outperforms shRNA in identifying functional circRNAs. Genome Biol. 2021;22(1):41.

 25. Buchman AB, Brogan DJ, Sun R, Yang T, Hsu PD, Akbari OS. Programmable RNA targeting using CasRx in flies. CRISPR 
J. 2020;3(3):164–76.

 26. Bi D, Yao J, Wang Y, Qin G, Zhang Y, Wang Y, et al. CRISPR/Cas13d mediated efficient KDM5B mRNA knockdown 
in porcine cells and parthenogenetic embryos. Reproduction. 2021;162(2):149–60. https:// doi. org/ 10. 1530/ 
REP- 21- 0053.

 27. Zalatan JG, Lee ME, Almeida R, Gilbert LA, Whitehead EH, La Russa M, et al. Engineering complex synthetic transcrip-
tional programs with CRISPR RNA scaffolds. Cell. 2015;160(1-2):339–50.

 28. Oakes BL, Nadler DC, Savage DF. Protein engineering of Cas9 for enhanced function. Methods Enzymol. 
2014;546:491–511.

 29. Shechner DM, Hacisuleyman E, Younger ST, Rinn JL. Multiplexable, locus-specific targeting of long RNAs with 
CRISPR-Display. Nat Methods. 2015;12(7):664–70.

 30. Wang D, Zhang F, Gao G. CRISPR-Based Therapeutic Genome Editing: Strategies and In vivo delivery by AAV vectors. 
Cell. 2020;181(1):136–50.

 31. Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ, et al. In vivo genome editing using Staphylococcus aureus 
Cas9. Nature. 2015;520(7546):186–91.

 32. Wessels HH, Méndez-Mancilla A, Guo X, Legut M, Daniloski Z, Sanjana NE. Massively parallel Cas13 screens reveal 
principles for guide RNA design. Nat Biotechnol. 2020;38(6):722–7.

 33. Kato Y, Kuwabara T, Warashina M, Toda H, Taira K. Relationships between the activities in vitro and in vivo of various 
kinds of ribozyme and their intracellular localization in mammalian cells. J Biol Chem. 2001;276(18):15378–85.

 34. Conaty J, Hendry P, Lockett T. Selected classes of minimised hammerhead ribozyme have very high cleavage rates 
at low Mg2+ concentration. Nucleic Acids Res. 1999;27(11):2400–7.

 35. Green AA, Silver PA, Collins JJ, Yin P. Toehold switches: de-novo-designed regulators of gene expression. Cell. 
2014;159(4):925–39.

 36. McBride JL, Boudreau RL, Harper SQ, Staber PD, Monteys AM, Martins I, et al. Artificial miRNAs mitigate shRNA-
mediated toxicity in the brain: implications for the therapeutic development of RNAi. Proc Natl Acad Sci U S A. 
2008;105(15):5868–73.

 37. Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, Mao M, et al. Expression profiling reveals off-target gene 
regulation by RNAi. Nat Biotechnol. 2003;21(6):635–7.

 38. He AT, Liu J, Li F, Yang BB. Targeting circular RNAs as a therapeutic approach: current strategies and challenges. 
Signal Transduct Target Ther. 2021;6(1):185.

 39. Huynh N, Depner N, Larson R, King-Jones K. A versatile toolkit for CRISPR-Cas13-based RNA manipulation in Dros-
ophila. Genome Biol. 2020;21(1):279.

 40. Kushawah G, Hernandez-Huertas L, Abugattas-Nuñez Del Prado J, Martinez-Morales JR, DeVore ML, Hassan H, et al. 
CRISPR-Cas13d induces efficient mRNA knockdown in animal embryos. Dev Cell. 2020;54(6):805–817.e7.

 41. Nakagawa R, Kannan S, Altae-Tran H, Takeda SN, Tomita A, Hirano H, et al. Structure and engineering of the minimal 
type VI CRISPR-Cas13bt3. Mol Cell. 2022;82(17):3178–3192.e5.

 42. Xiao Q, Xu Z, Xue Y, Xu C, Han L, Liu Y, et al. Rescue of autosomal dominant hearing loss by in vivo delivery of mini 
dCas13X-derived RNA base editor. Sci Transl Med. 2022;14(654):eabn0449.

 43. Lin P, Qin S, Pu Q, Wang Z, Wu Q, Gao P, et al. CRISPR-Cas13 inhibitors block RNA editing in bacteria and mammalian 
cells. Mol Cell. 2020;78(5):850–861.e5.

 44. Brantl S. Bacterial gene regulation: from transcription attenuation to riboswitches and ribozymes. Trends Microbiol. 
2004;12(11):473–5. https:// doi. org/ 10. 1016/j. tim. 2004. 09. 008.

 45. Brantl S. Antisense-RNA regulation and RNA interference. Biochim Biophys Acta. 2002;1575(1-3):15–25.
 46. Zhan Y, Cao C, Li A, Mei H, Liu Y. The specificity of CCRS regulating target genes transcription-1. Datasets. NCBI SRA. 

2022. https:// www. ncbi. nlm. nih. gov/ biopr oject/ PRJNA 891500.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1530/REP-21-0053
https://doi.org/10.1530/REP-21-0053
https://doi.org/10.1016/j.tim.2004.09.008
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA891500

	Enhanced RNA knockdown efficiency with engineered fusion guide RNAs that function with both CRISPR-CasRx and hammerhead ribozyme
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Design and construction of CCRS
	Targeting luciferase reporter gene with CCRS
	Targeting endogenous mRNAs and non-coding RNAs with CCRS
	Targeting specificity of CCRS
	Simultaneous targeting of multiple endogenous RNAs with CCRS
	AAV-mediated delivery of CCRS into cancer cells

	Discussion
	Conclusions
	Methods
	Cell lines and cell culture
	Construction of plasmids
	DNA transfection into cells
	Dual-luciferase reporter assay
	RNA extraction and real-time quantitative PCR
	RNA-denaturing gel electrophoresis
	Analysis of the specificity of CCRS
	AAV packaging, purification and titer detection
	Cell proliferation assay
	Cell apoptosis assay
	Cell migration assay
	Tumor xenografts
	Experimental metastasis mouse model
	H&E staining of lung tissues
	Statistical analyses

	Acknowledgements
	References


