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The double life of CRISPR–Cas13 
Jorik F Bot1,2, John van der Oost3 and Niels Geijsen1,2   

Since the discovery of RNA-programmable nucleases from the 
prokaryotic adaptive immune system CRISPR–Cas, these 
proteins have seen rapid and widespread adoption for 
biotechnological and clinical research. A recently discovered 
system, CRISPR–Cas13, uses CRISPR RNA guides to target 
RNA. Interestingly, RNA targeting by Cas13 results in cleavage 
of both target RNA and bystander RNA. This feature has been 
used to develop innovative diagnostic tools for the detection of 
specific RNAs. Unlike in vitro detection of RNA using collateral 
RNA cleavage, however, initial studies of mammalian cells only 
revealed highly specific target RNA-knockdown activity. 
Although these findings have been confirmed subsequently, 
several recent publications do report Cas13-mediated toxicity 
and collateral RNA cleavage when using Cas13 in eukaryotes. 
Here, we review these conflicting observations and discuss its 
potential molecular basis. 
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Discovery of CRISPR–Cas13 — a promising 
new system for specific RNA knockdown? 
Clustered regularly interspaced short palindromic re-
peats (CRISPR) and their associated proteins 
(CRISPR–Cas) is a highly diverse prokaryotic adaptive 
immune system. Key players of this defense system are 
the Cas nucleases that use CRISPR-derived CRISPR 
RNA (crRNA) guides to target complementary nucleic 

acids of invading parasites [1–3]. The most recently 
discovered CRISPR–Cas system is CRISPR–Cas13 
(class 2, type VI) [4,5]. Cas13 effector proteins typically 
contain two higher eukaryote and prokar-
yote nucleotide‑binding (HEPN) RNase domains [4,6]. 
These two HEPN domains form a single catalytic site 
that cleaves RNA upon activation by base pairing of its 
guide and a matching target RNA [7–12] (see Graphical 
abstract). Several distinct subtypes have been described, 
namely Cas13a [5,7], Cas13b [8,12], Cas13c [12], Cas13d  
[9••,10], Cas13X [11•], and Cas13Y [11•]. In vitro, Cas13 
has the peculiar property that once it is activated by 
association with a specific target RNA, it uses its HEPN 
domains not only to specifically cleave its target RNA, 
but also to indiscriminately cleave any bystander RNA  
[7–11•,13,14]. This so-called collateral cleavage activity 
was immediately seized upon to develop rapid, highly 
sensitive nucleic acid detection methods [14–18], which 
has been further spurred on by the coronavirus disease 
2019 (COVID19) pandemic [19–21]. 

Cas13 collateral RNA-cleavage activity was also ob-
served in bacteria [7,8,10], where it is thought to serve 
an altruistic role by protecting the bacterial population 
by inducing dormancy after phage infection [22,23]. 
Surprisingly, initial reports did not find evidence of 
collateral cleavage in eukaryotic cells [9••,12,24]. In-
stead, Cas13 was found to specifically knock down its 
target transcripts. As such, Cas13 has been developed 
as a more specific alternative to RNAi-mediated 
knockdown, which is known to display off-target ef-
fects [25–27]. Since the first reports, many in-
dependent labs have shown that Cas13-based RNA 
knockdown indeed causes a substantial reduction in 
off-target transcriptome changes compared with si-
lencing by Argonaute proteins with short-hairpin RNA 
guides [9••,12,24,28–31]. Furthermore, Cas13 also 
outperforms silencing by Cas9-based CRISPR inter-
ference (CRISPRi) [9••,31]. Because of these pro-
mising results, Cas13-based RNA knockdown has seen 
a flurry of development. Rules that determine spacer 
efficiency have been elucidated [32•–34]. Specific 
RNA knockdown with Cas13 has been adapted for use 
in mice [28,35–37], fish [35,38], yeast [39], Drosophila  
[31], and plants [40,41]. Recently, two groups used 
Cas13d for screening the functionality of circular 
RNAs [29,30]. Finally, Cas13 has been utilized to 
neutralize viral infection by specifically knocking 
down viral RNA in animals [42–44] and plants [40,41]. 
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Yet, based on earlier findings of Cas13 in vitro and in 
bacteria, and considering the molecular architecture of 
Cas13, the lack of collateral cleavage in eukaryotic cells 
is unexpected. The two HEPN domains of Cas13 co-
operate to form a single catalytic site that is required for 
both specific and collateral cleavage [7,13]. This site is 
located on the outside of the protein, facing away from 
the crRNA-target RNA complex [45–49]. Consequently, 
the nucleotide positions where Cas13 cleaves target 
RNA are completely independent of the protospacer 
position [7–9••], instead of cleaving within the proto-
spacer such as Cas9 and Cas12 [50–52]. It seems there-
fore unlikely that Cas13 can distinguish between target 
and collateral RNA. 

This has led to a somewhat contradictory situation in the 
field. On the one hand, Cas13 has been adopted as a 
highly specific RNA-knockdown tool. On the other 
hand, in vitro, after specific detection of a target-of-in-
terest, such as the detection of COVID19 virions, the 
collateral cleavage properties of Cas13 are employed in 
highly sensitive RNA-detection methods [19–21]. Re-
cently, however, several groups did report toxicity and 
suggested collateral cleavage after utilizing Cas13 in 
eukaryotic cells, which seems inconsistent with the 
previously reported target specificity of Cas13. In this 
review, we will evaluate these reports, the common 
elements, and essential gaps in our understanding of 
Cas13 functionality in eukaryotic cells. 

Reports suggesting Cas13-mediated 
collateral RNA cleavage in eukaryotic cells 
Wang and colleagues first reported that Cas13 is capable 
of collateral RNA cleavage in eukaryotic cells [53•]. 
When targeting exogenously overexpressed transcripts 
using LwaCas13a in U87 cells, they observed an increase 
in quantitative reverse transcription PCR (RT-qPCR) Ct 
values of nontarget genes, cleavage of ribosomal RNA, a 
reduced mapping ratio after RNA-seq, and increased cell 
death. However, they did not account for any potential 
off-target activation of Cas13, for example, by including 
a control that did not express the target. Importantly, 
they used a different cell line (U87) from earlier pub-
lications, which used HEK293T cells. When Wang et al. 
tried to also confirm collateral cleavage in HEK293T 
cells, they were unable to detect any. In a subsequent 
publication, the same team demonstrated rRNA off- 
target cleavage after targeting a protein-coding en-
dogenous gene in two different cell lines (B16F10, 
GL261) [54]. The same group also utilized the toxic 
collateral cleavage to trigger cell death in HepG2 and 
AT2 cells that expressed a fragment of COVID19 [55]. 
Another group reported Cas13 collateral cleavage effects 
and reduced viability in U87, HepG2, and mouse em-
bryonic stem cells, but again, not in HEK293T cells 
when targeting with LwaCas13a, PspCas13b, or 

RfxCas13d [56••]. However, reduced viability was also 
observed in the latter study with a nontargeting guide, 
an indication that overexpression of Cas13 protein itself 
may be toxic. Indeed, Cas13 protein-mediated toxicity 
has also been reported in zebrafish, Drosophila, and mice  
[31,35,57,58], and one report even describes cytotoxicity 
of catalytically inactive Cas13 (dCas13) [57]. Finally, Xu 
et al. note that EGFP fluorescent intensity decreased 
when targeting mCherry with Cas13X.1, LwaCas13a, 
and RfxCas13d for some spacers [11•], hinting at a col-
lateral cleavage effect for all these proteins. However, 
they did not observe the same when targeting en-
dogenous genes. Together, these initial reports suggest 
that collateral cleavage may occur in certain cell lines for 
specific targets, however, the exact conditions required 
remain unclear and some of the observed toxicity may be 
due to (potentially HEPN-independent [57]) protein- 
mediated toxicity. 

In 2020, two papers reported the use of RfxCas13d in 
Drosophila. One describes target-specific knockdown  
[31], while the other encountered unexpected toxicity  
[57]. In the latter study, Buchman et al. found that 
RfxCas13d was lethal in D. melanogaster when targeting 
either GFP or endogenous genes. The crRNA, a com-
plementary target RNA and functional HEPN domains 
were all required for this observed lethality. Interest-
ingly, Huynh et al. claimed successful application of 
RfxCas13d for specific RNA knockdown in Drosophila  
[31]. One key difference between these studies is that 
Buchman et al. simultaneously used four guides per 
target instead of one guide per target. This potentially 
quadruples the amount of activated Cas13, but also 
could enhance specific off-target knockdown effects, 
both of which could explain why they encountered 
cellular toxicity. It is possible that Huynh and colleagues 
missed Cas13-mediated cellular toxicity due to the 
nature of their experimental setup. The transcripts they 
targeted are all known to be essential for survival, so the 
observed lethality was expected. Differentiating be-
tween lethality due to specific target knockdown versus 
collateral cleavage is difficult. 

Finally, there have been some recent preprints on 
bioRxiv in which toxicity and likely collateral cleavage is 
reported [58–60•], one of which was published during 
the preparation of this paper [61•]. Together, they shed 
more light on when and where collateral cleavage may 
occur. The first common element in these reports is that 
signs of collateral cleavage are only found when targeting 
highly expressed transcripts. This appears to mirror a 
recent report which shows that target expression must be 
above a certain threshold to induce collateral cleavage 
and dormancy in bacteria [62•]. The second common-
ality is that exogenous transcripts, including the Cas13 
mRNA itself, seem more susceptible to collateral clea-
vage than endogenous RNA. Third, HEK293T cells 
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(again) show much less, or no signs of, collateral cleavage 
when compared with other cell lines. Finally, it is im-
portant to mention that Li and colleagues found that 
mice died when targeting known nonessential genes in 
neurons [60•]. Additionally, Tong et al. found that most 
transgenic mice constitutively expressing Cas13 alone or 
with a Tyr-targeting guide RNA died within eight and 
four weeks after birth, respectively [58]. This highlights 
the potential dangers of unexpected collateral cleavage 
in clinical applications. Since others have successfully 
applied Cas13 for specific knockdown in vivo in mice 
using other targets and cell types [28,36,37], this again 
suggests toxicity depends both on cell type and on target 
RNA. Interestingly, Li et al. had tested their guides in 
N2a or HEK293T cells before in vivo experiments and 
found seemingly specific knockdown with both RT- 
qPCR and RNA-seq, illustrating that these methods may 
not be suitable for detecting collateral cleavage. 

Seemingly conflicting observations 
While aforementioned reports suggest that Cas13 is 
capable of collateral cleavage activity in eukaryotic cells, 
some questions remain. If Cas13 is indeed capable of 
collateral cleavage in eukaryotes, then why has it been 
missed initially? And why have so many groups been 
able to successfully apply Cas13 for specific RNA 
knockdown, even consistently outperforming RNAi- 
based methods? We propose there are three potential 
explanations, namely (1) the methods used to detect 
collateral cleavage have been inadequate, (2) variable 
expression levels of target RNA, and (3) cell-line-specific 
differences. 

First, the methods used to determine whether there was 
collateral cleavage were not up to the task. By far, the 
most commonly used assays to test for collateral cleavage 
are RT-qPCR and RNA-seq [9••,12,24,29,31,36,42,44]. 
However, RT-qPCR quantifies the expression of one 
transcript relative to another. If Cas13 functions as a 
nonspecific RNase, it would therefore likely cleave both 
transcripts at the same rate, resulting in identical relative 
expression. RNA-seq suffers from the same problem, 
because expression is quantified relative to the number 
of reads. Some authors argue that collateral RNA clea-
vage should cause a stress response, and therefore result 
in differential expression of stress-related genes [24]. 
While a large amount of RNA cleavage is likely to trigger 
a stress response, for example, via activation of Toll-like 
receptors or rRNA cleavage [60•], it should be taken into 
account that cells also possess endogenous en-
doribonucleases, hence, a low amount of cleavage is 
probably tolerated. A low level of cleaved RNAs is 
quickly cleaned up by the exosome or by other ribonu-
cleases, before inducing a significant stress response. 
Only when these cleanup systems are overwhelmed, an 
immune response would be activated. As many studies 

utilize Cas13 fused to a nuclear localization sequence  
[9••,24,28,32•,37,57,63–66], another potential limitation 
is that a nuclear-localized RNase could prevent cells 
from mounting a coherent transcriptional response by 
degrading most novel transcripts [59]. 

There are a couple of metrics from RNA-seq that could 
be helpful, which unfortunately have not been widely 
employed. For example, the mapping rates were found 
to be decreased after targeting an exogenous transcript 
with LwaCas13a in U87 cells [53•]. Because sequencing 
library preparation often contains a poly-A pull-down 
step, we expect the gene-body coverage to show a 
stronger 3’ bias if collateral endonuclease cleavage oc-
curs. Also, checking the fraction of reads that map to 
introns versus exons could be informative. Shi et al. used 
spike-in control RNA enabling them to detect an almost 
uniform 46% decrease in mRNAs, strongly suggesting 
unbiased collateral cleavage [59]. The use of specific 
sequencing protocols to detect RNA breaks (such as 5’- 
end sequencing [22] or long-read sequencing) may be 
the best approach to definitively prove if and where 
collateral RNA cleavage does occur. 

Second, another common theme in the reports de-
scribing collateral cleavage in eukaryotic cells is that 
target expression needs to be very high for this phe-
nomenon to occur [11•,53•,59–61•]. This leads to diffi-
culty in interpreting experimental results when a toxic 
effect is found, because highly expressed genes gen-
erally are abundant for a reason. It begs the question if 
the observed phenotype is the result of collateral RNA 
cleavage, or rather of the specific knockdown of an es-
sential transcript? 

Something that we think has been underappreciated 
in the discussion thus far is the relative size of eu-
karyotic cells compared with bacteria and archaea, 
the native hosts of CRISPR systems. Whereas bac-
teria can have as little as a few hundred to a few 
thousand mRNA molecules in total [67,68], mam-
malian cells typically contain about two hundred 
thousand transcripts [69]. To illustrate the con-
sequence, we performed a simple back-of-the-en-
velope calculation assuming 2000 mRNA molecules 
with an average length of 1000 nucleotides (nt) per 
bacterium, and two hundred thousand mRNA mole-
cules of 2200-nt long per mammalian cell. The 
number of active Cas13 proteins needed to achieve 
one cut per kilobase (kb) mRNA was calculated 
by =needed#Active _ Cas 13_ #mRNA mRNA

per active
* _ length

#Cuts _ _ _ Cas 13 . This 
calculation shows that in mammalian cells, Cas13 
needs to be about two orders of magnitude more ac-
tive to achieve the same number of cuts per kb 
mRNA compared with bacteria (Figure 1, horizontal 
arrow). Alternatively, at a constant level of activity, 
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the number of target transcripts needs to be sig-
nificantly higher (Figure 1, vertical arrow). Yet, the 
median mRNA copy number in mouse fibroblast is 
only seventeen [70], and thus very few transcripts 
meet the threshold for inducing collateral activity. 
Furthermore, our simple calculation does not take 
into account compartmentalization of eukaryotic 
cells, transcription rates, and the potentially sub-
optimal conditions for bacterial Cas13 protein activity 
in eukaryotic cells. The Cas13 ortholog with the 
highest reported activity to date, LbuCas13a, is cap-
able of at least 104 cuts per active molecule during a 
two-hour in vitro incubation period [13,14]. Whether 
it can reach the same activity in eukaryotic cells is 
unknown. In summary, the significant size differ-
ences between bacteria and eukaryotes could explain 
why collateral activity only becomes apparent when 
targeting very abundant transcripts, using highly ac-
tive Cas13 variants such as LwaCas13a and 
RfxCas13d. 

Finally, most of the reports that are discussed above 
suggest that HEK293T cells are unusually resilient to 
collateral cleavage. Yet, pioneering papers showing spe-
cific target knockdown are almost entirely based on this 
cell line [9••,12,24]. HEK293T cells may have a higher 
tolerance for Cas13, due to either apoptosis inhibition by 
the SV40 large T antigen [71], or due to lower levels of 
Cas13 activity in these cells. Since activated Cas13 is 
bound to its target RNA, the probability of cleaving the 

target RNA itself will likely remain relatively high with 
reduced activity, whereas potential collateral cleavage 
will decrease linearly. Taken together, the common use 
of a cell line that is remarkably resilient to collateral 
cleavage, the requirement for high target-RNA expres-
sion levels, and the use of inadequate techniques to 
detect collateral RNA cleavage could explain why highly 
specific target knockdown using Cas13 has frequently 
been reported. 

Where do we go from here? 
Recent reports raise the possibility that CRISPR–Cas13 
does not inherently behave differently in eukaryotic 
cells. This calls into question previous results and may 
explain some unexpected findings. For example, the cell 
death found by Gao et al. after targeting TERT, EZH2, 
and RELA with LwaCas13a may not have been the re-
sult of specific knockdown as the authors claim [65], but 
instead due to toxic collateral RNA cleavage. Indeed, 
the genes they target have been shown to be non-
essential in the used cell line (DepMap [72]), making it 
unlikely that specific RNA knockdown alone is lethal. In 
their crRNA screen on a viral genome, Freije and col-
leagues found some spacers to be depleted instead of 
enriched [42]. This could be explained by assuming that 
these guides triggered cytotoxic levels of collateral 
cleavage. Furthermore, Abbott et al. note that mNeon-
Green intensity was reduced even when targeting an 
RNA segment of H1N1 Influenza A virus not containing 
mNeonGreen [66]. Xu et al. purposefully included four 
mRNA targets in their LwaCas13a-knockdown screen, 
which were neither depleted nor enriched in a 
CRISPR–Cas9 gene knockout screen [64], intending to 
use them as a negative control. However, crRNAs tar-
geting two of these supposed control mRNAs showed 
depletion during specific survival challenges. While, as 
the authors suggest, it is certainly possible that the es-
sential role of these genes was only revealed during a 
drug challenge, an alternative explanation is that the 
drug challenge increased their expression to a level 
where the LwaCas13a collateral cleavage became toxic 
to the cells. This again illustrates the complications 
caused by the need for high-target expression, which 
often encodes proteins that are essential for cellular 
survival, confounding whether the effects on cell viabi-
lity are truly the result of target knockdown or collateral 
cleavage. 

If Cas13-based collateral cleavage indeed exists in eu-
karyotic cells, this probably limits the utility of Cas13 for 
transcriptome-wide screens, as expression levels are 
likely to be the main determinant of depletion [62•]. 
Furthermore, great care needs to be taken when uti-
lizing Cas13 in vivo, since this system can even be lethal 
under certain circumstances [57,58,60•]. Importantly, 
promising results from cell culture do not guarantee in 

Figure 1  

Current Opinion in Biotechnology

Schematic exemplification of the effect of total number of transcripts 
and number of active Cas13 molecules on collateral cleavage. The 
calculation assumes 2000 mRNA molecules of 1000-nt per bacterium, 
and two hundred thousand molecules of 2200-nt long in mammalian 
cells. With this simple calculation, a target abundance of 10 molecules 
per cell requires only 200 cuts per active Cas13 molecule in a bacterium, 
but forty-four thousand cuts per molecule in mammalian cells to achieve 
one cut per kb mRNA.   
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vivo success. Cas13 may still be useful as an antiviral but 
will likely kill infected cells. This may become dan-
gerous at high viral loads. Although Cas13 could be 
useful for specifically knocking down transcripts with 
low expression levels, careful experiments must be 
performed to confirm the absence of collateral cleavage. 
On the other hand, collateral RNA cleavage in eu-
karyotes by Cas13 may be useful in cancer therapy, 
specifically activating lethal amounts of collateral RNase 
activity only in cells that (over)express a unique onco-
gene [7]. Similarly, it could potentially be used as a 
counterselection tool, eliminating unwanted cells from a 
heterogeneous population. 

There are still many unanswered questions. First, 
sensitive tools are needed to detect collateral RNA 
cleavage. Since it appears that Cas13 preferentially 
cleaves exogenous RNA [11•,59–61•], including its 
own mRNA, these may be used to provide an indica-
tion of collateral RNA cleavage in past and future 
experiments. Perhaps, endogenous RNAs interact 
with more RNA-binding proteins, or contain (more) 
RNA nucleotide modifications, both of which could 
hinder cleavage by Cas13. Ultimately, specific se-
quencing methods are needed to determine the ex-
tend at which Cas13 cleaves nontarget RNAs, which 
RNAs get cleaved, and where they get cleaved. 
Second, exploring why HEK293T cells exhibit no, or 
much less collateral cleavage, could help improve 
target specificity in other settings. Third, there may be 
differences in the rate at which different Cas13 or-
thologs cleave target RNA versus nontarget RNA. 
Fourth, it has been noticed that some spacers trigger 
collateral cleavage and/or toxicity, while other spacers 
targeting the same RNA do not [53•,58,62•]. It is 
worth exploring whether certain guide-design rules 
can bias Cas13 toward target cleavage or collateral 
activity somehow. Finally, the mechanism by which 
widespread RNA cleavage triggers cytotoxicity is 
currently unknown. 

Finally, there are some promising new alternatives for 
Cas13 that avoid any potential collateral cleavage con-
cerns altogether. First, recently, a novel RNA-targeting, 
type-III CRISPR–Cas system called Cas7–11, was de-
scribed [56••,73•]. Unlike Cas13, and unlike previously 
characterized type-III systems [23], this system seems to 
only cleave the target RNA itself, even in vitro and in 
bacteria. Second, the collateral cleavage of Cas13 can 
also be prevented by using a catalytically inactive Cas13 
to guide an endogenous RNA-degradation-promoting 
protein to a specific transcript. Rauch and colleagues 
have shown that this approach works well utilizing m6A 
reader proteins [74]. They took this approach a step 
further by engineering RNA-guided RNA tools com-
pletely from human proteins, sidestepping concerns 
about immunogenicity, and greatly reducing the size 

compared with Cas13 [75••]. Although these approaches 
are still in infancy, these tools demonstrate the tre-
mendous potential and interest in RNA-targeting sys-
tems and may hold more promise for specific RNA 
knockdown in the long term. 

Conflict of interest statement 
The authors declare not to have conflict of interest. N.G. 
and J.vdO. are cofounders and scientific advisors of 
NTrans Technologies. 

Data availability 

No data were used for the research described in the ar-
ticle. 

Acknowledgements 
This work was supported by The Novo Nordisk Foundation Center for 
Stem Cell Medicine — reNEW, which is supported by Novo Nordisk 
Foundation grant (NNF21CC0073729). 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest.  

1. Van Der Oost J, Westra ER, Jackson RN, Wiedenheft B: 
Unravelling the structural and mechanistic basis of CRISPR – 
Cas systems. Nat Rev Microbiol 2014, 12:479-492. 

2. Mohanraju P, Makarova KS, Zetsche B, Zhang F, Koonin EV, van 
der Oost J: Diverse evolutionary roots and mechanistic 
variations of the CRISPR-Cas systems. Science 2016, 
353:aad5147. 

3. Marraffini LA: CRISPR-Cas immunity in prokaryotes. Nature 
(7571) 2015, 526:55-61, https://doi.org/10.1038/nature15386 

4. Makarova KS, Wolf YI, Iranzo J, Shmakov SA, Alkhnbashi OS, 
Brouns SJJ, Charpentier E, Cheng D, Haft DH, Horvath P, et al.: 
Evolutionary classification of CRISPR–Cas systems: a burst of 
class 2 and derived variants. Nat Rev Microbiol 2020, 18:67-83. 

5. Shmakov S, Abudayyeh OO, Makarova KS, Wolf YI, Gootenberg 
JS, Semenova E, Minakhin L, Joung J, Konermann S, Severinov K, 
et al.: Discovery and functional characterization of diverse 
Class 2 CRISPR-Cas systems. Mol Cell 2015, 60:385-397. 

6. Shmakov S, Smargon A, Scott D, Cox D, Pyzocha N, Yan W, 
Abudayyeh OO, Gootenberg JS, Makarova KS, Wolf YI, et al.: 
Diversity and evolution of class 2 CRISPR–Cas systems. Nat 
Rev Microbiol 2017, 15:169-182. 

7. Abudayyeh OO, Gootenberg JS, Konermann S, Joung J, Slaymaker 
IM, Cox DBT, Shmakov S, Makarova KS, Semenova E, Minakhin L, 
et al.: C2c2 is a single-component programmable RNA-guided 
RNA-targeting CRISPR effector. Science 2016, 353:aaf5573. 

8. Smargon AA, Cox DBT, Pyzocha NK, Zheng K, Slaymaker IM, 
Gootenberg JS, Abudayyeh OA, Essletzbichler P, Shmakov S, 
Makarova KS, et al.: Cas13b is a type VI-B CRISPR-associated 
RNA-guided RNase differentially regulated by accessory 
proteins Csx27 and Csx28. Mol Cell 2017, 65:618-630. 

9.
••

Konermann S, Lotfy P, Brideau NJ, Oki J, Maxim N: Transcriptome 
engineering with RNA-targeting Type VI-D CRISPR effectors. 
Cell (3) 2018, 173:665-676, https://doi.org/10.1016/j.cell.2018.02. 
033. 

The double life of CRISPR-Cas13 Bot, van der Oost and Geijsen 5 

www.sciencedirect.com Current Opinion in Biotechnology 78 (2022) 102789 

http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref1
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref1
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref1
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref2
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref2
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref2
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref2
https://doi.org/10.1038/nature15386
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref4
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref4
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref4
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref4
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref5
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref5
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref5
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref5
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref6
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref6
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref6
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref6
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref7
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref7
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref7
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref7
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref8
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref8
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref8
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref8
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref8
https://doi.org/10.1016/j.cell.2018.02.033
https://doi.org/10.1016/j.cell.2018.02.033


This paper describes RfxCas13d, which is now the most utilized Cas13 
protein for specific knockdown, due to its high efficiency and specificity. 
They also show Cas13 can be used to manipulate splicing. 

10. Yan WX, Chong S, Zhang H, Makarova KS, Koonin EV, Cheng DR, 
Scott DA: Cas13d is a compact RNA-targeting Type VI CRISPR 
effector positively modulated by a WYL-domain-containing 
accessory protein. Mol Cell (2) 2018, 70:327-339, https://doi.org/ 
10.1016/j.molcel.2018.02.028 

11.
•

Xu C, Zhou Y, Xiao Q, He B, Geng G, Wang Z, Cao B, Dong X, Bai 
W, Wang Y, et al.: Programmable RNA editing with compact 
CRISPR–Cas13 systems from uncultivated microbes. Nat 
Methods 2021, 18:499-506. 

Reports novel small Cas13 proteins. Suggests collateral cleavage when 
targeting overexpressed exogenous genes using various Cas13 ortho-
logs, but not when targeting endogenous genes. 

12. Cox DBT, Gootenberg JS, Abudayyeh OO, Franklin B, Kellner MJ, 
Joung J, Zhang F: RNA editing with CRISPR-Cas13. Science 
2017, 358:1019-1027. 

13. East-Seletsky A, O’Connell MR, Knight SC, Burstein D, Cate JHD, 
Tjian R, Doudna JA: Two distinct RNase activities of CRISPR- 
C2c2 enable guide-RNA processing and RNA detection. Nature 
2016, 538:270-273. 

14. East-Seletsky A, O’Connell MR, Burstein D, Knott GJ, Doudna JA, 
O’Connell MR, Burstein D, Knott GJ, Doudna JA, O’Connell MR, 
et al.: RNA targeting by functionally orthogonal Type VI-A 
CRISPR-Cas enzymes. Mol Cell 2017, 66:373-383.e3. 

15. Gootenberg JS, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, 
Joung J, Verdine V, Donghia N, Daringer NM, Freije CA, et al.: 
Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 
2017, 356:438-442. 

16. Gootenberg JS, Abudayyeh OO, Kellner MJ, Joung J, Collins JJ, 
Zhang F: Multiplexed and portable nucleic acid detection 
platform with Cas13, Cas12a, and Csm6. Science 2018, 
360:439-444. 

17. Myhrvold C, Freije CA, Gootenberg JS, Abudayyeh OO, Metsky 
HC, Kellner MJ, Barnes KG, Chak B, Yozwiak NL, MacInnis BL, 
et al.: Field-deployable viral diagnostics using CRISPR-Cas13. 
Science 2018, 448:444-448. 

18. Harrington LB, Burstein D, Chen JS, Paez-Espino D, Ma E, Witte IP, 
Cofsky JC, Kyrpides NC, Banfield JF, Doudna JA: Programmed 
DNA destruction by miniature CRISPR-Cas14 enzymes. 
Science 2018, 4294:eaav4294. 

19. Fozouni P, Son S, Derby MD, de L, Knott GJ, Gray CN, D’Ambrosio 
MV, Zhao C, Switz NA, Kumar GR, Stephens SI, et al.: 
Amplification-free detection of SARS-CoV-2 with CRISPR- 
Cas13a and mobile phone microscopy. Cell 2021, 184:323-333. 

20. Arizti-sanz J, Freije CA, Stanton AC, Boehm CK, Petros BA, 
Siddiqui S, Shaw BM, Adams G, Kosoko-Thoroddsen T-SF, 
Kemball ME, Uwanibe JN, Ajogbasile FV, Eromon PE, Gross R, 
Wronka L, Caviness K, Hensley LE, Bergman NH, MacInnis BL, 
Happi CT, Lemieux JE, Sabeti PC, Myhrvold C: Streamlined 
inactivation, amplification, and Cas13-based detection of 
SARS-CoV-2. Nat Commun (5921) 2020, 11, https://doi.org/10. 
1038/s41467-020-19097-x 

21. Patchsung M, Jantarug K, Pattama A, Aphicho K, Suraritdechachai 
S, Meesawat P, Sappakhaw K, Leelahakorn N, Ruenkam T, 
Wongsatit T, et al.: Clinical validation of a Cas13-based assay for 
the detection of SARS-CoV-2 RNA. Nat Biomed Eng (12) 2020, 
4:1140-1149, https://doi.org/10.1038/s41551-020-00603-x 

22. Meeske AJ, Nakandakari-Higa S, Marraffini LA: Cas13-induced 
cellular dormancy prevents the rise of CRISPR-resistant 
bacteriophage. Nature (7760) 2019, 570:241-245, https://doi.org/ 
10.1038/s41586-019-1257-5 

23. Mohanraju P, Saha C, van Baarlen P, Louwen R, Staals RHJ, van 
der Oost J: Alternative functions of CRISPR–Cas systems in the 
evolutionary arms race. Nat Rev Microbiol 2022, 20:351-364, 
https://doi.org/10.1038/s41579-021-00663-z    

24. Abudayyeh OO, Gootenberg JS, Essletzbichler P, Han S, Joung J, 
Belanto JJ, Verdine V, Cox DBT, Kellner MJ, Regev A, et al.: RNA 
targeting with CRISPR–Cas13. Nature (7675) 2017, 550:280-284, 
https://doi.org/10.1038/nature24049 

25. Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, Mao 
M, Li B, Cavet G, Linsley PS: Expression profiling reveals off- 
target gene regulation by RNAi. Nat Biotechnol 2003, 
21:635-637. 

26. Smith I, Greenside PG, Wadden D, Tirosh I, Natoli T, Narayan R, 
Root DE, Golub TR, Subramanian A, Doench JG: Evaluation of 
RNAi and CRISPR technologies by large-scale gene expression 
profiling in the Connectivity Map. PLoS Biol 2017, 15:e2003213, 
https://doi.org/10.1101/147504 

27. Stojic L, Lun ATL, Mangei J, Mascalchi P, Quarantotti V, Barr AR, 
Bakal C, Marioni JC, Gergely F, Odom DT: Specificity of RNAi, 
LNA and CRISPRi as loss-of-function methods in 
transcriptional analysis. Nucleic Acids Res 2018, 46:5950-5966. 

28. He B, Peng W, Huang J, Zhang H, Zhou Y, Yang X, Liu J, Li Z, Xu C, 
Xue M, et al.: Modulation of metabolic functions through 
Cas13d-mediated gene knockdown in liver. Protein Cell 2020, 
11:518-524. 

29. Zhang Y, Nguyen TM, Zhang XO, Wang L, Phan T, Clohessy JG, 
Pandolfi PP: Optimized RNA-targeting CRISPR/Cas13d 
technology outperforms shRNA in identifying functional 
circRNAs. Genome Biol 2021, 22:1-22. 

30. Li S, Li X, Xue W, Zhang L, Yang LZ, Cao SM, Lei YN, Liu CX, Guo 
SK, Shan L, et al.: Screening for functional circular RNAs using 
the CRISPR–Cas13 system. Nat Methods 2021, 18:51-59. 

31. Huynh N, Depner N, Larson R, King-Jones K: A versatile toolkit for 
CRISPR-Cas13-based RNA manipulation in Drosophila. 
Genome Biol 2020, 21:1-29. 

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, 38:722-727. 

Screened crRNAs to elucidate guide design rules for Cas13d. They 
provide a valuable tool for designing guide RNAs. 

33. Tambe A, East-seletsky A, Knott GJ, Doudna JA, O’Connell MR: 
RNA-binding and HEPN-nuclease activation are decoupled in 
CRISPR-Cas13a. Cell Rep 2018, 24:1025-1036. 

34. Meeske AJ, Marraffini LA: RNA guide complementarity prevents 
self-targeting in Type VI CRISPR systems. Mol Cell 2018, 
71:791-801, https://doi.org/10.1016/j.molcel.2018.07.013 

35. Kushawah G, Hernandez-Huertas L, Abugattas-Nuñez del Prado J, 
Martinez-Morales JR, DeVore ML, Hassan H, Moreno-Sanchez I, 
Tomas-Gallardo L, Diaz-Moscoso A, Monges DE, et al.: CRISPR- 
Cas13d induces efficient mRNA knockdown in animal embryos. 
Dev Cell 2020, 54:805-817.e7. 

36. Zhou H, Su J, Hu X, Zhou C, Li H, Chen Z, Xiao Q, Wang B, Wu W, 
Sun Y, et al.: Glia-to-neuron conversion by CRISPR-CasRx 
alleviates symptoms of neurological disease in mice. Cell 2020, 
181:590-603. 

37. Powell JE, Lim CKW, Krishnan R, Mccallister TX, Saporito-magriña 
C, Zeballos MA, Mcpheron GD, Gaj T: Targeted gene silencing in 
the nervous system with CRISPR-Cas13. Sci Adv 2022, 
8:eabk2485. 

38. Wang Q, Liu Y, Han C, Yang M, Huang F, Duan X, Wang S, Yu Y, 
Liu J, Yang H, et al.: Efficient RNA virus targeting via CRISPR/ 
CasRx in fish. J Virol 2021, 95:e00461-21. 

39. Jing X, Xie B, Chen L, Zhang N, Jiang Y, Qin H, Wang H, Hao P, 
Yang S, Li X: Implementation of the CRISPR-Cas13a system in 
fission yeast and its repurposing for precise RNA editing. 
Nucleic Acids Res 2018, 46:e90. 

40. Mahas A, Aman R, Mahfouz M: CRISPR-Cas13d mediates robust 
RNA virus interference in plants. Genome Biol 2019, 20, https:// 
doi.org/10.1186/s13059-019-1881-2 

6 Pharmaceutical Biotechnology  

www.sciencedirect.com Current Opinion in Biotechnology 78 (2022) 102789 

https://doi.org/10.1016/j.molcel.2018.02.028
https://doi.org/10.1016/j.molcel.2018.02.028
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref11
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref11
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref11
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref11
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref12
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref12
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref12
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref13
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref13
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref13
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref13
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref14
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref14
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref14
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref14
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref15
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref15
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref15
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref15
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref16
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref16
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref16
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref16
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref17
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref17
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref17
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref17
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref18
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref18
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref18
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref18
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref19
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref19
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref19
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref19
https://doi.org/10.1038/s41467-020-19097-x
https://doi.org/10.1038/s41467-020-19097-x
https://doi.org/10.1038/s41551-020-00603-x
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41579-021-00663-z
https://doi.org/10.1038/nature24049
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref25
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref25
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref25
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref25
https://doi.org/10.1101/147504
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref27
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref27
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref27
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref27
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref28
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref28
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref28
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref28
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref29
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref29
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref29
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref29
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref30
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref30
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref30
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref31
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref31
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref31
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref32
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref32
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref32
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref33
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref33
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref33
https://doi.org/10.1016/j.molcel.2018.07.013
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref35
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref35
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref35
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref35
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref35
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref36
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref36
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref36
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref36
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref37
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref37
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref37
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref37
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref38
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref38
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref38
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref39
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref39
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref39
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref39
https://doi.org/10.1186/s13059-019-1881-2
https://doi.org/10.1186/s13059-019-1881-2


41. Aman R, Ali Z, Butt H, Mahas A, Aljedaani F, Khan MZ, Ding S, 
Mahfouz M: RNA virus interference via CRISPR/Cas13a system 
in plants. Genome Biol 2018, 19:1. 

42. Freije CA, Myhrvold C, Boehm CK, Lin AE, Welch NL, Carter A, 
Metsky HC, Luo CY, Abudayyeh OO, Gootenberg JS, et al.: 
Programmable inhibition and detection of RNA viruses using 
Cas13. Mol Cell (5) 2019, 76:826-837, https://doi.org/10.1016/J. 
MOLCEL.2019.09.013 

43. Tng PYL, Carabajal Paladino L, Verkuijl SAN, Purcell J, Merits A, 
Leftwich PT, Fragkoudis R, Noad R, Alphey L: Cas13b-dependent 
and Cas13b-independent RNA knockdown of viral sequences 
in mosquito cells following guide RNA expression. Commun Biol 
2020, 3:413. 

44. Blanchard EL, Vanover D, Bawage SS, Tiwari PM, Rotolo L, 
Beyersdorf J, Peck HE, Bruno NC, Hincapie R, Michel F, et al.: 
Treatment of influenza and SARS-CoV-2 infections via mRNA- 
encoded Cas13a in rodents. Nat Biotechnol 2021, 39:717-726. 

45. Liu L, Li X, Wang J, Wang M, Chen P, Yin M, Li J, Sheng G, Wang Y: 
Two distant catalytic sites are responsible for C2c2 RNase 
activities. Cell 2017, 168:121-134.e12. 

46. Zhang C, Konermann S, Brideau NJ, Griffin PR, Hsu PD, Lyumkis D, 
Zhang C, Konermann S, Brideau NJ, Lotfy P, et al.: Structural 
basis for the RNA-guided ribonuclease activity of CRISPR- 
Cas13d article structural basis for the RNA-guided 
ribonuclease activity of CRISPR-Cas13d. Cell 2018, 
175:212-223.e17. 

47. Slaymaker IM, Mesa P, Kellner MJ, Kannan S, Brignole E, Koob J, 
Feliciano PR, Stella S, Abudayyeh OO, Gootenberg JS, et al.: High- 
resolution structure of Cas13b and biochemical 
characterization of RNA targeting and cleavage. Cell Rep 2019, 
26:3741-3751.e5. 

48. Knott GJ, East-Seletsky A, Cofsky JC, Holton JM, Charles E, 
O’Connell MR, Doudna JA: Guide-bound structures of an RNA- 
targeting A-cleaving CRISPR–Cas13a enzyme. Nat Struct Mol 
Biol (10) 2017, 24:825-833, https://doi.org/10.1038/nsmb.3466 

49. Liu L, Li X, Ma J, Li Z, You L, Wang J, Wang M, Zhang X, Wang Y: 
The molecular architecture for RNA-guided RNA cleavage by 
Cas13a. Cell 2017, 170:714-726.e10. 

50. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier 
E: A programmable dual-RNA–guided DNA endonuclease in 
adaptive bacterial immunity. Science 2012, 337:816-821. 

51. Gasiunas G, Barrangou R, Horvath P, Siksnys V: Cas9-crRNA 
ribonucleoprotein complex mediates specific DNA cleavage for 
adaptive immunity in bacteria. Proc Natl Acad Sci USA 2012, 
109:E2579-E2586. 

52. Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, 
Makarova KSKS, Essletzbichler P, Volz SE, Joung JJK, Van Der 
Oost J, Regev A, et al.: Cpf1 is a single RNA-guided 
endonuclease of a class 2 CRISPR-Cas system. Cell 2015, 
163:759-771. 

53.
•

Wang Q, Liu X, Zhou J, Yang C, Wang G, Tan Y, Wu Y, Zhang S, Yi 
K, Kang C: The CRISPR-Cas13a gene-editing system induces 
collateral cleavage of RNA in glioma cells. Adv Sci 2019, 
6:1901299. 

First description of collateral cleavage by Cas13 in mammalian cells. 

54. Zhang Z, Wang Q, Liu Q, Zheng Y, Zheng C, Yi K: Dual-locking 
nanoparticles disrupt the PD-1 / PD-L1 pathway for efficient 
cancer immunotherapy. Adv Mater 2019, 1905751:1-10. 

55. Wang L, Zhou J, Wang Q, Wang Y, Kang C: Rapid design and 
development of CRISPR-Cas13a targeting SARS-CoV-2 spike 
protein. Theranostics 2021, 11:649-664, https://doi.org/10.7150/ 
thno.51479 

56.
••

Özcan A, Krajeski R, Ioannidi E, Lee B, Gardner A, Makarova KS, 
Koonin EV, Abudayyeh OO, Gootenberg JS: Programmable RNA 
targeting with the single-protein CRISPR effector Cas7-11. 
Nature (7878) 2021, 597:720-725, https://doi.org/10.1038/s41586- 
021-03886-5. 

First use of Cas7-11 in mammalian cells, a single protein, Class 1!, RNA 
targeting CRISPR effector that seems to lack collateral RNA cleavage. 
They further show toxicity and transcriptome changes when using var-
ious Cas13 orthologues, which Cas7-11 seems to lack. 

57. Buchman AB, Brogan DJ, Sun R, Yang T, Hsu PD, Akbari OS: 
Programmable RNA targeting using CasRx in flies. Cris J 2020, 
3:164-176. 

58. Tong H, Huang J, Xiao Q, He B, Dong X, Liu Y, Yang X, Wang Z, Yin 
W, Zhang R, et al.: High-fidelity Cas13 variants for targeted RNA 
degradation with minimal collateral effect. bioRxiv 2021,. 

59. Shi P, Murphy MR, Aparicio AO, Kesner JS, Fang Z, Chen Z, Trehan 
A, Wu X: RNA-guided cell targeting with CRISPR/RfxCas13d 
collateral activity in human cells. bioRxiv 2021,. 

60.
•

Li Y., Xu J., Guo X., Li Z., Cao L., Liu S., Guo Y., Wang G., Luo Y., 
Zhang Z., et al.: Collateral cleavage of 28s rRNA by RfxCas13d 
causes death of mice. bioRxiv 2022.. 

This paper highlights the potential dangers of unexpected collateral 
cleavage in therapeutic application of CRISPR-Cas13 as a specific RNA 
knockdown tool. 

61.
•

Ai Y, Liang D, Wilusz JE: CRISPR/Cas13 effectors have differing 
extents of off-target effects that limit their utility in eukaryotic 
cells. Nucleic Acids Res 2022, 50:1-16. 

Reports that collateral cleavage depends on target RNA expression, cell 
type, and the Cas13 ortholog used. The commonly used RfxCas13d 
showed stronger collateral cleavage than PspCas13b. 

62.
•

Vialetto E, Yu Y, Collins SP, Wandera KG, Barquist L, Beisel CL: A 
target expression threshold dictates invader defense and 
prevents autoimmunity by CRISPR-Cas13. Cell Host Microbe 
2022, 30:1151-1162, https://doi.org/10.1016/j.chom.2022.05.013. 

Shows that the target RNA of Cas13 must be expression above a certain 
threshold for dormancy induction in bacteria. 

63. Zhou C, Hu X, Tang C, Liu W, Wang S, Zhou Y, Zhao Q, Bo Q, Shi L, 
Sun X, et al.: CasRx-mediated RNA targeting prevents choroidal 
neovascularization in a mouse model of age-related macular 
degeneration. Natl Sci Rev 2020, 7:835-837. 

64. Xu D, Cai Y, Tang L, Han X, Gao F, Cao H, Qi F, Kapranov P: A 
CRISPR/Cas13-based approach demonstrates biological 
relevance of vlinc class of long non-coding RNAs in anticancer 
drug response. Sci Rep 2020, 10:1-13. 

65. Gao J, Luo T, Lin N, Zhang S, Wang J: A new tool for CRISPR- 
Cas13a-based cancer gene therapy. Mol Ther – Oncolytics 2020, 
19:79-92. 

66. Abbott TR, Dhamdhere G, Liu Y, Lin X, Goudy L, Zeng L, 
Chemparathy A, Chmura S, Heaton NS, Debs R, et al.: 
Development of CRISPR as an antiviral strategy to combat 
SARS-CoV-2 and influenza. Cell 2020, 181:865-876.e12. 

67. Moran MA, Satinsky B, Gifford SM, Luo H, Rivers A, Chan L, Meng 
J, Durham BP, Shen C, Varaljay VA, et al.: Sizing up 
metatranscriptomics. ISME J 2012, 7:237-243. 

68. Bartholomäus A, Fedyunin I, Feist P, Sin C, Zhang G, Valleriani A, 
Ignatova Z: Bacteria differently regulate mRNA abundance to 
specifically respond to various stresses. Philos Trans R Soc A 
(2063) 2016, 374, https://doi.org/10.1098/rsta.2015.0069 

69. Shapiro E, Biezuner T, Linnarsson S: Single-cell sequencing- 
based technologies will revolutionize whole-organism science. 
Nature Reviews Genetics (9) 2013, 14:618-630, https://doi.org/10. 
1038/nrg3542 

70. Schwanhäusser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, 
Chen W, Selbach M: Global quantification of mammalian gene 
expression control. Nature 2011, 473:1-8. 

71. Ahuja D, Sáenz-Robles MT, Pipas JM: SV40 large T antigen 
targets multiple cellular pathways to elicit cellular 
transformation. Oncogene 2005, 24:7729-7745. 

72. Tsherniak A, Vazquez F, Montgomery PG, Golub TR, Boehm JS, 
Hahn WC, Tsherniak A, Vazquez F, Montgomery PG, Weir BA, 
et al.: Defining a cancer dependency map. Cell 2017, 
170:564-570.e16.   

The double life of CRISPR-Cas13 Bot, van der Oost and Geijsen 7 

www.sciencedirect.com Current Opinion in Biotechnology 78 (2022) 102789 

http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref41
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref41
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref41
https://doi.org/10.1016/J.MOLCEL.2019.09.013
https://doi.org/10.1016/J.MOLCEL.2019.09.013
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref43
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref43
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref43
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref43
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref43
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref44
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref44
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref44
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref44
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref45
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref45
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref45
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref46
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref47
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref47
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref47
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref47
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref47
https://doi.org/10.1038/nsmb.3466
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref49
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref49
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref49
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref50
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref50
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref50
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref51
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref51
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref51
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref51
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref52
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref52
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref52
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref52
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref52
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref53
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref53
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref53
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref53
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref54
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref54
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref54
https://doi.org/10.7150/thno.51479
https://doi.org/10.7150/thno.51479
https://doi.org/10.1038/s41586-021-03886-5
https://doi.org/10.1038/s41586-021-03886-5
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref57
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref57
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref57
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref58
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref58
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref58
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref59
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref59
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref59
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref60
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref60
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref60
https://doi.org/10.1016/j.chom.2022.05.013
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref62
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref62
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref62
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref62
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref63
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref63
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref63
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref63
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref64
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref64
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref64
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref65
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref65
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref65
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref65
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref66
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref66
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref66
https://doi.org/10.1098/rsta.2015.0069
https://doi.org/10.1038/nrg3542
https://doi.org/10.1038/nrg3542
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref69
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref69
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref69
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref70
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref70
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref70
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref71
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref71
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref71
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref71


73.
•

Beljouw SPB, van, Haagsma AC, Rodriguez-Molina A, Berg DF, van 
den, Vink JNA, Brouns SJJ: The gRAMP CRISPR-Cas effector is 
an RNA endonuclease complexed with a caspase-like 
peptidase. Science (6561) 2021, 373:1349-1353, https://doi.org/ 
10.1126/science.abk2718. 

First report describing Cas7-11, a single protein CRISPR effector that 
only cleaves RNA specifically. Intriguingly, they also describe an inter-
action between Cas7-11 and a caspase like protein. 

74. Rauch S, He C, Dickinson BC: Targeted m 6 A reader proteins to 
study epitranscriptomic regulation of single RNAs. J Am Chem 
Soc 2018, 140:11974-11981. 

75.
••

Rauch S, He E, Srienc M, Zhou H, Zhang Z, Dickinson BC: 
Programmable RNA-guided RNA effector proteins built from 
human parts. Cell (1) 2019, 178:122-134, https://doi.org/10.1016/j. 
cell.2019.05.049. 

Constructed modular, CRISPR inspired, RNA-guided, RNA-targeting 
effectors entirely from human parts.  

8 Pharmaceutical Biotechnology  

www.sciencedirect.com Current Opinion in Biotechnology 78 (2022) 102789 

https://doi.org/10.1126/science.abk2718
https://doi.org/10.1126/science.abk2718
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref73
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref73
http://refhub.elsevier.com/S0958-1669(22)00123-9/sbref73
https://doi.org/10.1016/j.cell.2019.05.049
https://doi.org/10.1016/j.cell.2019.05.049

	The double life of CRISPR–Cas13
	Discovery of CRISPR–Cas13 — a promising new system for specific RNA knockdown?
	Reports suggesting Cas13-mediated collateral RNA cleavage in eukaryotic cells
	Seemingly conflicting observations
	Where do we go from here?
	Conflict of interest statement
	Data availability
	Acknowledgements
	References and recommended reading




