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dCas13-mediated translational repression for
accurate gene silencing in mammalian cells

Antonios Apostolopoulos 1,2, Naohiro Kawamoto 2, Siu Yu A. Chow3,
Hitomi Tsuiji4, Yoshiho Ikeuchi 3,5,6, Yuichi Shichino 2 &
Shintaro Iwasaki 1,2

Current gene silencing tools based on RNA interference (RNAi) or, more
recently, clustered regularly interspaced short palindromic repeats (CRISPR)‒
Cas13 systems have critical drawbacks, such as off-target effects (RNAi) or
collateral mRNA cleavage (CRISPR‒Cas13). Thus, a more specific method of
gene knockdown is needed. Here, we develop CRISPRδ, an approach for
translational silencing, harnessing catalytically inactive Cas13 proteins
(dCas13). Owing to its tight associationwithmRNA, dCas13 serves as a physical
roadblock for scanning ribosomes during translation initiation and does not
affectmRNA stability. Guide RNAs covering the start codon lead to the highest
efficacy regardless of the translation initiation mechanism: cap-dependent,
internal ribosome entry site (IRES)-dependent, or repeat-associated non-AUG
(RAN) translation. Strikingly, genome-wide ribosome profiling reveals the
ultrahigh gene silencing specificity of CRISPRδ. Moreover, the fusion of a
translational repressor to dCas13 further improves the performance. Our
method provides a framework for translational repression-based gene silen-
cing in eukaryotes.

Since the discovery of RNA interference (RNAi)1, posttranscriptional
gene knockdown has been a common strategy for biological research
andhas shown therapeuticpromise2. Although the small RNAsused for
RNAi possess 21–22 nucleotide (nt)-long sequences, their target spe-
cificity relies mainly on the complementarity of 2–8-nt-long sequences
at the 5′ end3. Thus, RNAi has the potential to silence off-target
genes4–6. Moreover, due to the useof a double-strandedRNAduplex as
a precursor of small interfering RNA (siRNA), the induction of an
interferon responsemaybe another issue7–10. Therefore, amethodwith
higher accuracy and specificity has long been desired.

Recently, repurposing of the clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas system, a natural bacterial defense
system against infecting viruses and plasmids, has allowed more spe-
cific RNA targeting. Cas13, a single type VI protein effector (class 2),

associates with a guide RNA (gRNA) containing a 20–30-nt-long spacer
regionwith adirect repeat (DR) hairpin that anchorsCas13proteins11–16.
Hybridization of the spacer region to the target RNA activates Cas13 as
an RNase16–19. The near-perfect complementarity between the spacer
region and the targetmRNA required forCas13 activation is thebasisof
the superior specificity of this system compared to that of RNAi17–22.
Cas13 gRNAs do not require the protospacer adjacent motif (PAM),
which is necessary for Cas9 gRNAs, and haveminimal restriction of the
protospacer flanking sequence in human cells17–19,23–25, allowing flex-
ibility in the design. Although the primary substrate of Cas13 should be
the target RNA that is directly bound, Cas13 also degrades neighboring
RNA species indiscriminately due to the solvent exposure of two cat-
alytic higher eukaryotes and prokaryotes nucleotide-binding (HEPN)
domains11–16. This RNase activity toward bystander RNA species
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(collateral activity) endows the immune system with Cas1323,26. Earlier
reports suggested that this collateral activity is limited in eukaryotic
cells17–19; indeed, subsequent application of this system for targeted
knockdown aligned with these goals20,22,27–46. However, later studies
have raised concerns that bystander RNA cleavage is unleashed in a
wide variety of cells and leads to cytotoxicity21,47–57, therefore posing an
obstacle to the use of Cas13 for transcript-specific knockdown.

However, after the conversion of the catalytic residues to gen-
erate an inactive protein, Cas13 still serves as a platform to target RNA
with high specificity. The tight (dissociation constant Kd of
5–40 nM)23,24,58–60 and specific association of catalytically inert Cas13
(dead Cas13 or dCas13) can be harnessed to impede RNA-binding
protein association to control alternative splicing19,61 and to track RNA
mobility by GFP fusion17,35,62–64 and by fluorophore-labeled gRNAs65.
When fused to various effector proteins, dCas13 has also been used to
induce A-to-I and C-to-U editing18,52,66–72, m6A installation/removal73–75,
and proximity protein labeling on the defined mRNA76,77. This
expanding toolkit paves the way for the spatiotemporal manipulation
of target RNAs.

Here, we employed dCas13 to repress translation initiation in
mammalian cells for accurate gene silencing.With the use of anRNase-
inactive mutant, we reasoned that our system could circumvent the
collateral activity of Cas13 in the transcriptome. Indeed, genome-wide
ribosome profiling revealed the high specificity of our system for
suppressing protein synthesis from the target mRNA. Tiling of the
gRNAs along the target mRNA revealed the steric hindrance effect of
dCas13 on the preinitiation complex during the scanning process and/
or a stable association at the AUG start codon, ensuring the optimal
design of the gRNAs (~23-nt length and start codon coverage). Our
system applied not only to standard cap-dependent translation but
also to internal ribosome entry site (IRES)-mediated and repeat-
associated non-AUG (RAN) translation. Moreover, the fusion of the
translational suppressor, eukaryotic translation initiation factor (eIF)
4E homologous protein (4EHP), further enhanced the silencing effi-
cacy. Our method, termed CRISPRδ [delta (δ): DEpLetion of Transla-
tion byblockAde], provides a useful framework for a tool to implement
precise repression of protein expression.

Results
dCas13 represses translation initiation of target transcripts
We hypothesized that the tight binding of Cas13 to an mRNA may
abrogate the movement of ribosomes. Given the diversity of Cas13
family proteins78,79, we aimed to survey their potential for translational
repression (Fig. 1a). Considering their extensive applications in RNA
biology18,19,52,62–64,67–70,72,73,75–77, we generated catalytically inactive
(dCas13) proteins corresponding to four selected Cas13 proteins:
Leptotrichia wadei Cas13a (LwaCas13a and dLwaCas13a), Prevotella sp.
P5-125 Cas13b (PspCas13b and dPspCas13b), Porphyromonas gulae
Cas13b (PguCas13b and dPguCas13b), and Ruminococcus flavefaciens
XPD3002 Cas13d (RfxCas13d and dRfxCas13d). As subcellular locali-
zation has been reported to affect Cas13 performance17,18,57,73,80, we
expressed each of those Cas13 variants with a nuclear export signal
(NES) or nuclear localization signal (NLS). NLS tagging of Cas13 var-
iants may be advantageous for complex formation with transcribed
gRNA before degradation, while NES tagging should be more reason-
able for inhibiting translation, which occurs in the cytoplasm.

To evaluate the potential of dCas13 to repress translation in
mammalian cells, we used a dual-reporter construct in human
embryonic kidney (HEK) 293 cells. We transiently transfected a DNA
plasmid encoding Renilla luciferase (Rluc) and firefly luciferase (Fluc),
which are expressed as two different transcripts, and drove translation
through a canonical cap-dependent mechanism (Supplementary
Fig. 1a). This setup allows one luciferase to act as a direct target for
dCas13, whereas the other luciferase serves as an internal control. For
eachdCas13 protein, wedesigned a gRNAwith a 30-nt spacer targeting

the start codon of Rluc (Fig. 1b and Supplementary Fig. 1b). Transient
coexpression of the Cas13/dCas13 protein, the respective gRNA, and
thedual reporter allowedus tomonitor the efficacy of gene expression
repression.

The dCas13 effector reduced Rluc expression (Fig. 1c). The
impacts of dCas13 expression were generally correlated with those of
the wild-type (WT) variants but were weaker (Fig. 1c). Notably,
RfxCas13d required the NLS to be more functional (Fig. 1c). Since,
among the constructs tested, dPspCas13b fused to NES (dPspCas13b-
NES) showed themost robust effect, we focusedmainly on this variant
for subsequent assays (Fig. 1c). We note that Cas13 variants exhibited
differential expression levels (Supplementary Fig. 1c). Although NES-
tagged RfxCas13d was the most inefficient for gene silencing (Fig. 1c),
the expression of this protein was not the lowest (Supplementary
Fig. 1c). In contrast, NES-tagged dPspCas13b was the most inefficiently
expressed protein (Supplementary Fig. 1c) but exhibited the greatest
repression of gene expression (Fig. 1c). Thus, protein expression
explained the efficiency of the target expression reduction only
partially.

While WT PspCas13b reduced Rluc mRNA levels, dPspCas13-
induced Rluc repression was not associated with target RNA degra-
dation (Fig. 1d); hence, this repression was considered to stem from
the net reduction in translation. Importantly, translational repression
was only induced when both the gRNA and dPspCas13 were expressed
simultaneously (Supplementary Fig. 1d, e).

Given that dCas13 recruited to the start codon may physically
obstruct the scanning 40S ribosome to impede translation initiation,
we investigated the ability of dCas13 for inhibiting the elongating 80 S
ribosome. Testing of gRNAs targeting various positions along the
reporter transcript (Fig. 1e) revealed that dPspCas13-NES targeting the
open reading frame (ORF) (gRNA ORF #1, ORF#2, and stop codon) led
to weaker translational repression (Fig. 1f). We also observed similar
trends when dPspCas13b-NLS and dRfxCas13d-NLS were used for
identical target sequences (Supplementary Fig. 1f, g). Notably, the
defects in dCas13-mediated translational repression by the ORF-
targeting gRNAs were not attributed to the inactivity of the gRNAs,
since they exhibited robust knockdown capacity in the presence ofWT
Cas13 (Fig. 1f and Supplementary Fig. 1f, g). These data indicated that
dCas13 may not pose a strong enough blockade to halt the highly
processive 80S ribosome, which can displace RNA-binding proteins
from mRNAs81.

Considering the 40S scanningmechanism, we reasoned that, in
addition to gRNAs covering the start codon, those targeting the 5′
untranslated region (UTR) may also induce translational repression.
Thus, we designed gRNAs complementary to different positions in
the 5′ UTR of the reporter (Fig. 1g). Although reporter assays
revealed variation in the repressive capacity of dCas13 for the
sequences targeted by the tested gRNAs (Fig. 1h), we observed
translational repression for those gRNAs targeting the 5′ UTR.
However, the gRNA targeting the start codon ensured the highest
efficiency of translational repression. Experiments with
dRfxCas13d-NLS led to conclusions similar to those reached for
dPspCas13b-NES (Supplementary Fig. 1h). Therefore, we further
optimized the gRNA context of the start codon in the dCas13-
induced translational repression system.

Construction of an optimal gRNA for translational repression
Given that gRNAs may have differential efficacy of target
cleavage18,24,80,82,83, we conducted a systematic survey to identify a
gRNA design effective for translational inhibition. We tested the
minimal length of the spacer region. Since the DR of the gRNA for
PspCas13b is located at the 3′ end (Supplementary Fig. 1b), we retained
the 3′part of the spacer region and trimmed this region from the 5′ end
(Fig. 2a). For example, gRNAs with short spacer regions containing 16
or 17 nt haddiminished translational repression potency, and 19- to 25-
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nt-long spacers provided the most efficient translational silencing
(Fig. 2b and Supplementary Fig. 2a).

Since AUG masking served as a valid strategy, we sought to
determine whether the position of the anti-start codon within the
spacer region affects the translational repression capacity of
dCas13. For this purpose, we tiled 30-nt-long gRNAs along the start
codon of Rluc (Fig. 2c). Although we observed translational

repression of Rluc with all the gRNAs tested, central placement of
the anti-start codon (e.g., gRNA AUG9 and gRNA AUG17) in the
spacer had a positive effect on translational repression (Fig. 2d and
Supplementary Fig. 2b). A similar design principle was applied to
other dCas13 variants (dPspCas13b-NLS and dRfxCas13d-NLS)
(Supplementary Fig. 2c–f) and gRNAs targeting Fluc (Supplemen-
tary Fig. 2g, h).
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Generally, the repression potential of dPspCas13b-NES across the
tested gRNAs scaled with that of the WT counterpart (Fig. 2e), indi-
cating that the efficacy of translational repression relies on the
accessibility of the complex to the mRNA, as is the case for WT

Cas1380,82,83. However, the gRNAs with short spacers (19-25 nt) and
those masking the AUG start codon in the center of the spacer (posi-
tions 9 and 17) exhibited an advantage in translational repres-
sion (Fig. 2e).

Fig. 1 | Repurposing catalytically inactive Cas13 proteins for translational
repression. a Schematic of dCas13-induced repression of mRNA translation.
dCas13 binding to an mRNA can selectively repress its translation by sterically
hindering the translational machinery. b Schematic of the luciferase reporter and
gRNA design. gRNAs targeting the start codon of Rluc reporter mRNA were
designed for each of the dCas13 and Cas13 variants. A gRNA containing a non-
targeting spacer sequence was used as a control. Fluc expression was used as an
internal control. The start codon-targeting gRNA for PspCas13b/dPspCas13b was
the same as the gRNA AUG16 used in the experiments referenced in Fig. 2c, d.
c Relative Rluc luminescence with respect to Fluc luminescence was calculated to
quantify the repressive effects of WT Cas13 (left) and the dCas13 (right) variants
using gRNAs targeting the start codon of Rluc, as shown in (b). d Relative Rluc

mRNA abundance with respect to Fluc mRNA abundance was quantified by RT‒
qPCR under the indicated conditions. e, g Schematic of the luciferase reporter
assay and gRNA design. gRNAs targeting various positions along the Rluc reporter
mRNA were designed for both PspCas13b-NES and dPspCas13b-NES. A gRNA con-
taining a nontargeting spacer sequence was used as a control. Fluc expression was
used as an internal control. f, h Relative Rluc luminescence with respect to Fluc
luminescence was calculated to quantify the repressive effects of PspCas13b-NES
(left) and dPspCas13b-NES (right) using the gRNAs shown in (e, g). In (c, d, f, and h)
the mean (gray bar), s.d. (black line), and individual replicates (n = 3, black points)
are shown. In (c, d, and f), the p values were calculated by Student’s t test (two-
tailed) (c, d) and by the Tukey‒Kramer test (two-tailed) (f).

Fig. 2 | Optimal gRNA design for CRISPRδ. Schematic of the gRNA design for
targeting the start codon of Rluc reporter mRNA. The gRNAs with the highest
efficacies are highlighted in purple (a) and green (c). b, d Relative Rluc lumines-
cence with respect to Fluc luminescence was calculated to quantify the repressive
effect of dPspCas13b-NES using the gRNAs shown in (a, c). Themean (gray bar), s.d.
(black line), and individual replicates (n = 3, black points) are shown. The gRNAs

with the highest efficacies arehighlighted in purple (b) andgreen (d).eComparison
of the repressive effects of PspCas13b-NES and dPspCas13b-NES across the gRNAs
used in this study. The mean (gray point, n = 3), s.d. (gray line), and regression line
(black line) are shown. The gRNAs with the highest efficacies are highlighted in
purple and green. The data from Figs. 1f, h, 2b, d were replotted.
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This translational repression strategy by dPspCas13bwas effective
not only in the adherent cells (HEK293 cells) used in the experiments
above but also in suspension cells (HeLa S3 suspension, Supplemen-
tary Fig. 2i) and primary culture cells [mouse embryonic fibroblasts
(MEFs), Supplementary Fig. 2j].

Considering these observations, we termed our method of
dCas13-mediated translational silencing CRISPRδ.

The high specificity of CRISPRδ
Given that WT Cas13 shows collateral RNase activity in mammalian
cells21,47–57, we investigated the specificity of CRISPRδ. For this purpose,
we performed ribosome profiling, a technique for deep sequencing
of ribosome-protected RNA fragments generated by RNase
treatment84,85, and RNA-Seq of the same samples. We applied this
approach in a strain of HEK293 cells expressing enhanced GFP (EGFP)
from a stable genomic integrant, with transient expression of Cas13
proteins and gRNAs. Here, we designed gRNA to target EGFP (Fig. 3a)
in accordance with the configuration of the effective gRNA in the
luciferase-based assay (Fig. 2). Since the stochastic expression of Cas13
proteins in cells (Supplementary Fig. 3a, b) hampers quantitative
analysis, we sorted cells by flow cytometry to ensure the expression of
mCherry-tagged Cas13 in the cells. Indeed, we observed that the cells
with higher expression of mCherry-tagged Cas13 (WT or catalytically
dead) had more potent repression of EGFP (Supplementary Fig. 3a, c).

Combined fluorescence-activated cell sorting (FACS) and ribo-
some profiling/RNA-Seq were performed to evaluate the effects of the
Cas13 variants on gene expression in a genome-wide manner (Fig. 3b).
The hallmarks of the read features, such as the peak footprint lengths
of 29-30 nt and 21-22 nt (Supplementary Fig. 3d)86,87 and the 3-nt per-
iodicity along theORF (Supplementary Fig. 3e), validated the quality of
the ribosome profiling in the cells collected by FACS. As reported in
earlier studies21,47–57, the collateral activity of WT PspCas13b-NES
induced changes in the expression of nontarget mRNAs (987 upregu-
lated transcripts and 1498 downregulated transcripts), in addition to
the intended reduction in EGFP expression (Fig. 3c left). In contrast,
dPspCas13b-NES did not lead to any transcriptomic changes (including
EGFPmRNA) (Fig. 3d left). However, in terms of translation efficiency—
that is, the over- or underrepresentation of ribosome footprints with
respect to the changes in RNA abundance—dPspCas13b-NES sup-
pressed EGFP expression (Fig. 3d right). Importantly, this suppression
was highly specific for this gRNA-targeted transcript; we found no
significant alterations in mRNA expression across the transcriptome
(Fig. 3d right).

Notably, even WT PspCas13b-NES may induce translational
alterations in the target EGFP transcript and other transcripts (Fig. 3c
right). Translational repression of EGFP probably occurs because the
recruitment of the WT variant also results in steric hindrance of
scanning ribosomes before transcript degradation. In addition, ribo-
toxic stress88,89 due to partial cleavage of ribosomal RNA (rRNA) byWT
Cas1355 may elicit changes in the translation of nontarget mRNAs.
Again, we did not find that dPspCas13b-NES exerted such a nonspecific
effect on translation (Fig. 3d right).

As a result of WT PspCas13b- and dPspCas13b-mediated gene
silencing, we also observed a reduction in EGFP protein by Western
blotting as well (Fig. 3e and Supplementary Fig. 3f).

Taken together, these data led us to conclude that the CRISPRδ
method can be used for translational repression with ultrahigh
specificity.

CRISPRδ represses cap-independent translation
Although most mRNAs utilize the cap-dependent process to initiate
translation in eukaryotic cells90, a subset of mRNAs exploit cap-
independent mechanisms such as internal ribosome entry site (IRES)-
mediated translation91,92. To explore the ability of CRISPRδ to repress
IRES-mediatedprotein synthesis, we used anRluc reporter fused to the

hepatitis C virus (HCV) IRES93,94 (Supplementary Fig. 4a), whichdirectly
recruits the 40S ribosome to the AUG codon and bypasses the cap-
binding protein eIF4E, scaffold protein eIF4G, and RNA-binding pro-
tein eIF4A. Indeed, treatment with hippuristanol, an eIF4A
inhibitor95,96, confirmed that our reporter was translated indepen-
dently of the protein (Supplementary Fig. 4b).

dPspCas13b-NES repressed translation driven by the HCV IRES
(Figs. 4a, b). This effect was specific for the gRNA targeting the AUG
codon of the HCV IRES. The downstream AUG codon, which was
initially used as the start codon of Rluc (Fig. 4a), could not serve as a
valid target (Fig. 4b), corroborating the idea that dCas13 is not potent
for blocking translation elongation.

We also used another IRES from the intergenic region (IGR) of the
cricket paralysis virus (CrPV) (Fig. 4c and Supplementary Fig. 4c)97,98,
which does not require any translational initiation factors. In contrast
to the results of DNA transfection for reporter expression in the
experiments above, we introduced in vitro synthesized mRNA with an
A cap (Supplementary Fig. 4c), which suppressed cap-dependent
translation, into cells. The nanoluciferase (Nluc)-based reporter was
ensured to be driven by eIF4A-independent mechanisms (Supple-
mentary Fig. 4d). dPspCas13b-NES inhibitedCrPV-mediated translation
(Fig. 4d), even though the uncanonical GCU start codon was used in
this context.

Although the secondary structure of IRES and the interacting
factorsmay ultimately affect the efficiency, CRISPRδ serves as a useful
tool to suppress cap-independent translation.

Translational silencing of pathogenic RAN translation fromALS-
and FTD-linked C9orf72
Given the potency of our method for translation repression, we next
tested its ability to suppress pathological translation. Ahexanucleotide
(GGGGCC) repeat expansion in an intronic region of chromosome 9
open reading frame 72 (C9orf72) is the most frequent cause of fron-
totemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS)99,100. One potential mechanism by which thismutation can cause
disease is that the expanded GGGGCC repeat tract becomes a sub-
strate for an unconventional form of translation called repeat-
associated non-AUG (RAN) translation101. RAN translation drives pro-
tein synthesis from multiple reading frames in GGGGCC repeats, pro-
ducing dipeptide repeat proteins (DPRs) that contain repeats such as
Gly-Arg (GR), Gly-Ala (GA), and Gly-Pro (GP). RAN translation from the
antisense transcript possessing GGCCCC repeats also generates DPRs
with Pro-Arg (PR), Pro-Ala (PA), and Gly-Pro (GP) repeats. These DPRs
are prone to aggregation and accumulate in the brain and spinal cord
of patients harboring C9orf72 mutations102–105. Thus, silencing RAN
translation could be a powerful therapeutic approach for FTD/ALS as
well as other neurodegenerative diseases in which RAN translation
plays a role (i.e., Huntington’s disease, ataxia, and others)106.

We applied CRISPRδ to a RAN translation reporter system har-
boring 66 C9orf72 GGGGCC repeats107. We fused the GGGGCC repeats
to the short HiBiT tag in three different frames to monitor poly(GR),
poly(GA), and poly(GP) translation (Fig. 5a). The introduction of this
construct did not influence cell viability due to the low expression of
these genes under our conditions (Supplementary Fig. 5a). We
designed gRNAs specific for the reported CUG subcognate start codon
(gRNA start codon) for poly(GA)108–114 and the upstream 5′ UTR (gRNA
5′ UTR #1 and 5′ UTR #2) (Fig. 5a). Although the translation start sites
for poly(GR) and poly(GP) have not been well defined108–114, these
gRNAs repressed translation from all three DPR frames (Fig. 5b–d and
Supplementary Fig. 5b).

Because G-quadruplex structures formed by GGGGCC repeats
have been demonstrated to impact RAN translation110,115, we investi-
gated the effect of direct dCas13 recruitment to GGGGCC repeats. We
tested other sets of gRNAs with perfect complementarity to single loci
at the edges of GGGGCC repeats (gRNA Unique #1 to #7) and that
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targeted multiple sites within GGGGCC repeats (gRNA Multiple #1 to
#6) (Fig. 5a). Some of these gRNAs reduced the expression of DPRs
(Fig. 5b–d and Supplementary Fig. 5c–d). This effect might be caused
by modulation of the G-quadruplex by dCas13, similar to what occurs
for other RNA-binding proteins115. Another possibility is that dCas13

may mask translation initiation sites hidden in GGGGCC repeats, such
as those for poly(GR) and poly(GP). Alternatively, dCas13 may be able
to impede slow ribosome traversal on DPR ORFs114,116, even though
dCas13 cannot serve as a strong physical obstacle to translation elon-
gation (Figs. 1f, 4b).

Fig. 3 | Ribosome profiling and RNA-Seq reveal the high specificity of CRISPRδ
for gene silencing. a Schematic of the gRNAdesign for targeting the start codonof
the EGFP reporter mRNA. b Schematic of the experimental procedures for ribo-
some profiling and RNA-Seq. PspCas13b variant expression was ensured by cell
sorting. c Volcano plots of significance and fold changes in RNA abundance (left)
and translation efficiency (right) according to the expression of the gRNA targeting

the EGFP start codon and WT PspCas13b-NES. mRNAs with significant alterations
(adjusted p value < 0.05) are highlighted. The p values were calculated by the
likelihood ratio test (two-tailed) and adjusted by Benjamini–Hochberg method.
d Same as (c) but for dPspCas13b-NES. eWestern blotting of the indicated proteins.
β-Actin was used as a loading control. Two replicates were tested.
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We note that since some gRNAs may increase DPR synthesis
(Fig. 5b–d and Supplementary Fig. 5c, d), careful design and selec-
tion of gRNAs should be important (e.g., gRNA Unique #3, #5, and
#7 should be avoided). This opposite effect may be the outcome of
the complicated effects of DPRs on global translation108,117 and
mRNA stability118. Related to this, we observed that, in addition to
WT PspCas13b, dPspCas13b also induced a reduction of target
mRNAs (Supplementary Fig. 5e). Within the set of conditions
examined (Figs. 1d, 3d and Supplementary Fig. 6c, f), this phe-
nomenon was the sole exception. Since DPRs synthesized from
C9orf72 GGGGCC repeats suppress RNA exosome activity and sta-
bilize transcripts118, dCas13-mediated translational repression may
lead to activation of themRNAdecay pathway and destabilization of
reporter mRNAs.

Together, these data provide evidence that CRISPRδ can be har-
nessed to suppress pathogenic protein synthesis independent of
template RNA degradation and raise the possibility of employing
CRISPRδ as a therapeutic strategy for nucleotide-repeat diseases such
as C9orf72 FTD/ALS.

Enhanced CRISPRδ system
Despite the high specificity of CRISPRδwith dCas13, the efficacy of this
approach was modest compared to that of WT Cas13. Whereas WT
Cas13 can catalytically degrade target mRNAs in multiple rounds of
reactions, dCas13 is required to associate with the target mRNA for a
long enough duration to suppress translation and thus needs to be
stoichiometrically abundant. To enhance the effect of dCas13 on
translational repression, we tested multiple gRNAs targeting a single
mRNA; two different gRNAs were used to increase the duration of
dCas13-mRNA association (Supplementary Fig. 6a). This strategy
enabled further downregulation of target mRNA translation by gRNAs
(Supplementary Fig. 6a), which originally showedmodest translational
repression activity.

We also tested the fusion of a translational repressor to dCas13.
This option has been successfully used to boost dCas9-mediated
transcriptional repression via CRISPR interference (CRISPRi)119–122.

Considering the steric hindrance effect of dCas13 on scanning 40S
ribosomes, another mechanism of translational repression by the
fused protein may further benefit translational repression (Fig. 6a).
Here, we tested several translational suppressor proteins, including
programmed cell death 4 (PDCD4)123–126, eIF4E-transporter protein (4E-
T)127–129, eIF6130,131, 14-3-3σ132, poly(A)-binding protein-interacting pro-
tein 2 (PAIP2)133–138, Pelota (PELO)139–143, and 4EHP144–150, on dPspCas13b-
NES, which targets the start codon of the reporter, and found that
4EHP had the most significant effects (Supplementary Fig. 6b). The
recruitment of 4EHP-fused dPspCas13b-NES not only to the start
codon but also to the 5′ UTR outperformed that of the nonfused var-
iant (Fig. 6b). Moreover, this fusion system allowed the inhibition of
protein synthesis with a gRNA targeting the 3′ UTR, which originally
could not impact translation with non-fused dCas13 (Figs. 1f, 6b).
Similar artificial tethering of 4EHP to the 3′ UTR (e.g., BoxB hairpin
RNA/λN tag andMS2 stem‒loop/MS2 binding protein) was reported to
induce translational repression147,150. dCas13 serves as a scaffold for
tethering translational repressors to defined regions of specific
mRNAs. 4EHP-enhanced translational repression by dCas13 was not
associated with mRNA instability (Supplementary Fig. 6c). We noted
that the enhanced translational repression with 4EHP fusion was
attributed to neither the global translation change, as measured by
newly synthesized proteins labeled with O-propargyl-puromycin (OP-
puro) (Supplementary Fig. 6d), nor to cell viability alteration (Sup-
plementary Fig. 6e).

CRISPRδ silences endogenous mRNA translation
To test the potency of the enhanced CRISPRδ system, we applied it to
endogenous cellularmRNAs. Here, wedesigned three gRNAs targeting
the CD46 start codon (Fig. 6c) for the PspCas13b variants and mea-
sured the abundance of the CD46 protein on the cell surface via flow
cytometry. Again, we focused on the subpopulation of HEK293 cells in
whichmCherry-tagged PspCas13b expressionwas ensured. In addition
to WT PspCas13b-NES (Fig. 6d), dPspCas13b-NES suppressed CD46
protein expression (Fig. 6e). The efficacy was further augmented by
4EHP fusion (Fig. 6f, g, gRNA CD46 #1).

Fig. 4 | CRISPRδ represses IRES-driven translation. a Schematic of the gRNA
design for targeting the start codon of Rluc reporter mRNA containing the HCV
IRES. b Relative Rluc luminescence with respect to Fluc luminescence was calcu-
lated to quantify the repressive effects activity of dPspCas13b-NES using the gRNAs
shown in (a). c Schematic of the gRNA design for targeting the start codon of Nluc

reporter mRNA containing the CrPV IGR IRES. d Relative Nluc luminescence was
calculated to quantify the repressive effects of dPspCas13b-NES using the gRNAs
shown in (c). In (b) and (d), the mean (gray bar), s.d. (black line), and individual
replicates (n = 3, black points) are shown. In (b), the p values were calculated by the
Tukey‒Kramer test (two-tailed).
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Moreover, we also applied CRISPRδ to another endogenous gene,
ANXA4, a calcium/phospholipid-binding protein, and detected trans-
lational repression via immunohistochemistry (Supplementary
Fig. 6g–i). Overall, the results of the present study confirmed the
potency of CRISPRδ for accessing genes at intermediate to high
expression levels (Supplementary Fig. 6j).

Taken together, these data established CRISPRδ as a potent and
highly specific tool for gene silencing through translational repression,
independent of RNA degradation.

Discussion
Toovercome the collateral activity and toxicity stemming from the use
of Cas13 as a gene silencing tool21,47–57, the use of engineered Cas13
proteins57, the controlled expressionof theCas13protein54, and theuse
of Cas13 variants with lower collateral activity52 have been proposed.
Despite the promising results, these approaches cannot completely
prevent RNase activity toward bystander RNA species. In contrast, the
CRISPRδ system presented in this study does not rely on RNA degra-
dation and thus allows for a reduction in gene expression without the
risk of induced collateral activity. Instead, CRISPRδ harnesses the high
specificity of targeting by the dCas13-gRNA complex and the tight
interaction of this complex with the target, resulting in steric hin-
dranceof scanning ribosomes. This approachmaybe a sensitivemeans
for general translational control since similar mechanisms are
employed by natural translational regulators151,152.

Recent reports have suggested that dCas13 could be a useful tool
for modulating translation. In bacteria, targeting the Shine‒Dalgarno
(SD) sequence upstream of the start codon with dLwaCas13a or
dRfxCas13d prevents hybridization of the anti-SD sequence in 16S
rRNA and results in translational repression in vitro153 and in vivo154.

The mechanism of inhibition in the bacterial studies and this work
differed due to the different principles of translation initiation in
prokaryotes (internal recruitment of the small ribosome subunit via
the SD/anti-SD interaction) and eukaryotes (scanning by the pre-
initiation complex)90. However, all these works share the strategy of
targeting a process before the formation of elongating ribosomes.
Although those earlier studies lacked genome-wide investigations, this
strategymay alsohave high specificity for gene silencing in bacteria, as
highlighted in this work. In addition to inducing translational repres-
sion, the dCas13 approach may activate protein synthesis. Targeting
IF3-fused dRfxCas13d to the 5′ UTR may augment translation in
bacteria154. In mammals, conjugation of the SINEB2 repeat element,
which activates protein synthesis from hybridized mRNA155, to the
gRNA of dRfxCa13d enhances translation156. In further studies, the
applications of dCas13 will be expanded to translational control in a
wide range of biological contexts across diverse organisms.

We expect translational repression mediated by CRISPRδ to have
several advantages over preexisting methods. A wide array of studies
have reported small but functional micropeptides encoded by long
noncoding RNAs157,158, which were originally expected to contain no
protein-coding regions.Moreover, mRNAs have been reported to have
protein coding-independent functions159–161. Thus, our method, which
suppresses protein synthesis but leaves the target RNA intact, may be
useful for delineating the roles of the RNA in protein production or
other roles. Moreover, CRISPRδ is expected to circumvent the effects
of the genetic compensationmechanism elicited by gene knockout by
nonsensemutation162,163, allowing straightforward interpretation of the
gene expression–phenotype interaction. CRISPRδ represents a valu-
able step toward the development of a toolbox for reliable gene
silencing and a distinct clarification of gene function.

Fig. 5 | CRISPRδ represses RAN translation. a Schematic of the gRNA design for
targeting various positions in GGGGCC repeat reporter mRNAs. b–d Relative HiBiT
luminescence was calculated to quantify the repressive effects of dPspCas13b-NES

using the gRNAs shown in (a). The mean (point) and s.d. (error) from three repli-
cates are shown. The same data were used in Supplementary Fig. 5b–d.
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The relatively modest gene silencing is one of the caveats of the
current CRISPRδ approach. Compared to RNAi-mediated knockdown,
the efficiency and specificity of these methods are now in trade-offs:
RNAi, high efficiency butmoderate specificity; CRISPRδ, high specificity
butmoderate efficiency.Given that the stoichiometric abundanceof the
gRNA-Cas13 complex over target mRNAs is key for CRISPRδ, improving
the low and stochastic expression of dCas13 proteins (Supplementary
Figs. 1c, 3b) should be a promising avenue for increasing the efficiency
of gene expression repression. Alternatively, direct introductionof an in
vitro-assembled complex of recombinant dCas13 and gRNA to cellsmay
be another approach, as described in earlier studies34,43,45,62,64.

Although we focused mainly on NES-tagged dCas13 as a steric
hindrance for scanning ribosomes in this study, NLS-tagged dCas13
may have extended the rationales for translational repression. We
observed that ORF-targeting dPspCas13 with an NLS may have weak

potential for translation repression (Supplementary Fig. 1f), as if
nuclear-enriched dCas13 (Supplementary Fig. 1i) may partially
sequester the targetmRNA into the nucleus and reduce accessibility to
the translation machinery in the cytoplasm. Thus, NLS-tagged
dPspCas13 may have dual functions in translational repression: steric
hindrance for scanning by a fraction leaked in the cytoplasm and
physical sequestration by a fraction enriched in the nucleus. Further
study is required for the expansion of the CRISPRδ application and
improvement of its performance.

Methods
Ethical statement
All animal care and experiments complied with the guidelines for
animal experiments of the University of Tokyo and were approved by
the animal research committee of the University of Tokyo.

Fig. 6 | Fusion of translational repressors to dPspCas13b enhances transla-
tional repression efficacy. a Schematic showing the enhancement of dCas13-
induced repression of mRNA translation by fusion with a translational repressor.
Fused translational repressors provide an alternative mode of suppression.
b Relative Rluc luminescence with respect to Fluc luminescence was calculated to
quantify the repressive effects of dPspCas13b-NES and dPspCas13b-4EHP-NES
using the gRNAs shown in Fig. 1e. c Schematic of the gRNAdesign for targeting the
start codon of CD46 mRNA with PspCas13b-NES/dPspCas13b-NES/dPspCas13b-

4EHP-NES. d–f Representative distribution of APC-labeled CD46 with the expres-
sionof the indicatedPspCas13 variants andgRNAs. Typically, 4000–5000cells that
passed the expression threshold of mCherry fused to PspCas13 variants were
considered. g Quantification of CD46 expression by FACS. The average values for
the distributions (d–f) were used. In (b) and (g), the mean (gray bar), s.d. (black
line), and individual replicates (n = 3, black points) are shown. In (b) and (g), p
values were determined by Student’s t test (two-tailed).
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Cell cultures
The human embryonic kidney (HEK) 293 [American Type Culture
Collection (ATCC), CRL-1573, female] line was cultured in high-glucose
DMEM supplemented with GlutaMAX (Thermo Fisher Scientific) and
10% fetal bovine serum (FBS; Sigma–Aldrich) at 37 °Cwith 5% CO2. Cell
cultures were routinely tested for contamination with Mycoplasma
spp. (e-Myco VALiD Mycoplasma PCR Detection Kit, iNtRON
Biotechnology).

To establish a stable cell line expressing EGFP, HEK293 Flp-In T-
REx cells (Thermo Fisher Scientific, R78007) were transfected with
pcDNA5/FRT/TO-GFP (see below) and pOG44 (Thermo Fisher Scien-
tific) using X-tremeGENE9 (Roche) and cultured in the presence of
blasticidin S (InvivoGen) and hygromycin B (InvivoGen).

The human HeLa S3 (provided by RIKEN BioResource Research
Center through the National Bio-Resource Project of theMEXT/AMED,
Japan, RCB019, female) line was cultured in DMEM/Ham’s F-12 (nacalai
tesque) and 10% FBS (Sigma–Aldrich) on a shaker (EYELA) at 37 °Cwith
5% CO2.

Mouse embryonic fibroblasts (MEFs) were isolated from E13 CD-1
mice (ICR, RRID:IMSR_CRL:22, Sankyo Labo Service Corporation).
Embryos of either sex were eviscerated in HBSS and collected in a 50-
ml tube. Small pieces of tissue were digested with 0.25% trypsin-EDTA
(Fujifilm Wako Pure Chemical Corporation) for 20min at 37 °C and
plated for culture. MEFs were cultured in DMEM (Thermo Fisher Sci-
entific) supplemented with 10% FBS, 1% GlutaMAX, and 1% penicillin‒
streptomycin (Thermo Fisher Scientific).

Construction of pXR-LwaCas13a-NLS, LwaCas13a-NES, dLwa-
Cas13a-NLS, and dLwaCas13a-NES
The DNA fragment encoding dLwaCas13a was PCR-amplified using
pC035-dLwaCas13a-msfGFP (a gift fromFeng Zhang; Addgene plasmid
#91925; RRID: Addgene_91925)17 as a template and inserted into
pXR002: EF1a-dCasRx-2A-EGFP (a gift from Patrick Hsu; Addgene
plasmid #109050; RRID: Addgene_109050)19 between the C-terminal
and N-terminal NLSs in the plasmid. To generate the plasmid that
contained theNES, the DNA fragment encoding dLwaCas13a fused to a
C-terminal NES sequence was PCR–amplified and inserted into
pXR002: EF1a-dCasRx-2A-EGFP, eliminating the NLSs. To convert
dLwaCas13a to the catalytically active WT LwaCas13a, the A474R, and
A1046R substitutions were generated by site-directed mutagenesis.

Construction of pXR-PguCas13-NLS, PguCas13-NES, dPguCas13-
NLS, and dPguCas13-NES
The DNA fragment encoding PguCas13b was PCR-amplified, using
pC0045-EF1a-PguCas13b-NES-HIV (a gift from Feng Zhang; Addgene
plasmid #103861; RRID: Addgene_103861)18 as a template and inserted
into pXR002: EF1a-dCasRx-2A-EGFP19 between the C-terminal and
N-terminal NLSs in the plasmid. To generate the plasmid that con-
tained the NES, the DNA fragment encoding PguCas13b fused to a
C-terminal NES sequence was PCR-amplified and inserted into
pXR002: EF1a-dCasRx-2A-EGFP, eliminating the NLSs. To convert
PguCas13b to catalytically inactive dPguCas13b mutant, the H151A and
H1121A substitutions were generated by site-directed mutagenesis.

Construction of pXR-RfxCas13d-NLS, RfxCas13d-NES,
dRfxCas13d-NLS, and dRfxCas13d-NES
pXR-dRfxCas13d-NLS was reported in the earlier study (originally
namedpXR002: EF1a-dCasRx-2A-EGFP)19. To generate the plasmid that
contained the NES, the DNA fragment encoding dRfxCas13d fused to a
C-terminal NES sequence was PCR-amplified and inserted into
pXR002: EF1a-dCasRx-2A-EGFP, eliminating the NLSs. To convert
dRfxCas13d to catalytically active WT RfxCas13d, the A239R, A244H,
A858R, and A863H substitutions were generated by site-directed
mutagenesis.

Construction of pXR-PspCas13b-NLS, PspCas13b-NES,
dPspCas13b-NLS, and dPspCas13b-NES
The DNA fragment encoding dPspCas13b was PCR-amplified, using
pC0049-EF1a-dPSPCas13b-NES-HIV, H133A/H1058A (a gift from Feng
Zhang; Addgene plasmid #103865; RRID: Addgene_103865)18 as a
template and inserted into pXR002: EF1a-dCasRx-2A-EGFP19 between
the C-terminal and N-terminal NLSs in the plasmid. To generate the
plasmid that contained the NES, the DNA fragment encoding
dPspCas13b fused to a C-terminal NES sequence was PCR-amplified
and inserted into pXR002: EF1a-dCasRx-2A-EGFP, eliminating the
NLSs. To convert dPspCas13b to catalytically activeWT PspCas13b, the
A133H and A1058H substitutions were generated by site-directed
mutagenesis.

Construction of pXR-dPspCas13b-PDCD4-NES, 4E-T-NES, eIF6-
NES, 14-3-3σ-NES, PAIP2-NES, PELO-NES, and 4EHP-NES
The DNA fragments encoding the translational repressor proteins
(PDCD4, 4E-T, eIF6, 14-3-3σ, PAIP2, PELO, or 4EHP) were synthesized
(Eurofins Genomics), used as templates for PCR amplification, and
fused to an XTEN10 linker164,165. The amplified fragments were then
inserted between the dPspCas13b and NES sequences in pXR-
dPspCas13b-NES.

Construction of pCAGEN-PspCas13b-NES-mCherry, dPspCas13b-
NES-mCherry, and PspCas13b-4EHP-NES-mCherry
The DNA fragments encoding PspCas13b-NES, dPspCas13b-NES, and
dPspCas13b-4EHP-NESwerePCR-amplified, using pXR-PspCas13b-NES,
pXR-dPspCas13b-NES, and pXR-dPspCas13b-4EHP-NES, respectively,
as templates and inserted into the pCAGEN vector (a gift from Dr.
Yukihide Tomari at The University of Tokyo)166, along with a PCR-
amplified DNA fragment encoding mCherry.

Construction of pXR-dPspCas13b-NLS-mCherry and pXR-
dPspCas13b-NES-mCherry
To construct the pXR-dPspCas13b-NLS-mCherry plasmid, a PCR-
amplified DNA fragment encoding mCherry was inserted into the
pXR-dPspCas13b-NLS plasmid at the C-terminus of dPspCas13b-
NLS. To construct the pXR-dPspCas13b-NES-mCherry plasmid, a
PCR-amplified DNA fragment encoding mCherry was inserted into
the pXR-dPspCas13b-NES plasmid at the C-terminus of
dPspCas13b-NES.

Construction of gRNA-expression plasmids
To construct the gRNA-expressing plasmids, the DR corresponding to
each Cas13 ortholog, along with the respective spacer sequence, was
inserted into the pC016-LwCas13a guide expression backbonewith the
U6promoter (a gift fromFeng Zhang; Addgene plasmid #91906; RRID:
Addgene_91906). The gRNA expression plasmids used are listed in
Supplementary Data 1.

Construction of psiCHECK2-PTGES3
psiCHECK2-PTGES3, which contains the Rluc ORF fused to the PTGES3
5′ UTR, was a kind gift from Dr. Nicholas T. Ingolia at University of
California, Berkeley152.

Construction of pCDNA5/FRT/TO-GFP
The PCR-amplified fragment encoding EGFP was inserted between the
Hind III and BamH I sites in pcDNA5/FRT/TO (Thermo Fisher Scientific,
V6520-20).

Construction of psiCHECK2-HCV IRES
The psiCHECK2-HCV IRES, which contains the Rluc ORF fused to the
HCV IRES, was a kind gift from Dr. Nicholas T. Ingolia at University of
California, Berkeley152.

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 10

http://n2t.net/addgene:91925
http://n2t.net/addgene:109050
http://n2t.net/addgene:103861
http://n2t.net/addgene:103865
http://n2t.net/addgene:91906


Construction of psiCHECK2-CrPV IRES-Nluc
The PCR-amplified DNA fragments encoding the CrPV IGR IRES and
Nluc [using the pNL1.1 vector (Promega) as a template] were inserted
into psiCHECK2 (Promega).

Construction of pAG3-(GGGGCC)66-HiBiT-GR frame, GA frame,
and GP frame
A DNA fragment encoding the HiBiT tag (Promega) was inserted
downstream of the (GGGGCC)66 repeat in the plasmid pAG3-
(GGGGCC)66

107 [used as a poly(GR) frame construct], which was a kind
gift fromDr. Leonard Petrucelli at the Mayo Clinic Jacksonville and Dr.
Aaron D. Gitler at Stanford University. A single A nucleotide or AA
dinucleotide was inserted upstream of the HiBiT tag to generate the
GA frame and GP frame constructs.

Construction of pAG3-empty
The DNA fragment encoding the (GGGGCC)66 repeat was removed
from the pAG3-(GGGGCC)66 plasmid.

Rluc and Fluc dual assay
Approximately 1 × 105 HEK293 cells were seeded in flat-bottom 24-
well plates (Thermo Fisher Scientific or FALCON) and incubated
overnight. For MEFs, 2.5 × 104 cells were seeded in 0.1% gelatin-
coated flat-bottom 24-well plates (Thermo Fisher Scientific) and
incubated overnight. The following day, the cells were cotransfected
with the Cas13 variant-expressing plasmid (HEK293 cell, pXR series,
150 ng; MEFs, pCAGEN series, 150 ng), the gRNA-expressing plasmid
(pC016 series, 300 ng), and the luciferase reporter plasmid (psi-
CHECK2-PTGES3, 5 ng; psiCHECK2-HCV IRES, 10 ng) using Lipo-
fectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. To assess the effects of sole gRNA and
sole protein, the gRNA-expressing plasmid and the Cas13 variant-
expressing plasmid were omitted. Forty-eight hours posttransfec-
tion, the cells were lysed with 100μl of Passive Lysis Buffer (Pro-
mega). Then, 10 μl of lysate from each well was transferred to a 96-
well flat-bottom white assay plate (Corning), and luminescence was
measured by the Dual-Luciferase Reporter Assay System (Promega)
and GloMax Navigator System (Promega).

For the HeLa S3 suspension cells, ~3 × 106 HeLa S3 cells were
seeded in Erlenmeyer flasks (Corning) in 15ml of DMEM/Ham’s F-12
(nacalai tesque) supplemented with 10% FBS (Sigma–Aldrich) and
incubated overnight on a shaker (EYELA). The following day, the cells
were cotransfected with the Cas13 variant-expressing plasmid (pCA-
GEN series, 4.5μg), the gRNA-expressing plasmid (pC016 series, 9μg),
and the luciferase reporter plasmid (psiCHECK2-PTGES3, 150ng) using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Forty-eight hours posttransfection, the
cells were collected by centrifugation at 800× g for 3min. The cells
were washed with PBS (nacalai tesque) and centrifuged at 800× g for
3min. The supernatant was removed, and the cells were lysed with
300μl of Passive Lysis Buffer (Promega). Then, 10μl of lysate was
analyzed as described above.

For confirmation of IRES-mediated translation initiation, 10 ng of
psiCHECK2-PTGES3 or psiCHECK2-HCV IRES was used. Hippuristanol
(1μM with 0.1% DMSO as a stock solvent) (a gift from Dr. Junichi
Tanaka at the University of the Ryukyus) or DMSO (0.1%) was added to
the cells 10 h before lysis.

Nluc assay
The template DNA fragments for in vitro transcription were PCR-
amplified using psiCHECK-CrPV IRES-NLuc with primers (5′-TAA-
TACGACTCACTATAGG-3′ and 5′-CACACAAAAAACCAACACACAG-3′).
The A-capped reporter RNAwas transcribed with a T7-Scribe Standard
RNA IVT Kit (CELLSCRIPT) in the presence of 6mMG(5′)ppp(5′)A RNA
Cap Structure Analog (Jena Bioscience), 7.5mM ATP, 7.5mM CTP,

7.5mM UTP, and 1.5mM GTP. Then, the mRNA was polyadenylated
with an A-Plus Poly(A) Polymerase Tailing Kit (CELLSCRIPT).

Approximately 1 × 105 HEK293 cells were seeded inflat-bottom24-
well plates (Thermo Fisher Scientific) and incubated overnight. The
following day, the cells were cotransfected with the Cas13 variant-
expressing plasmid (pCAGEN-dPspCas13b-NES-mCherry, 150 ng) and
the gRNA-expressing plasmid (pC016 series, 300ng) using Lipofecta-
mine 3000. Forty-eight hours posttransfection, the cells were trans-
fected with the reporter mRNA (50ng) using the TransIT-mRNA
Transfection Kit (Mirus). After incubating for 16 h, the cell lysis was
performed as described above. Luciferase activity was measured by
the Nano-Glo Luciferase Assay System (Promega) and GloMax Navi-
gator System (Promega).

For preparation of the m7G-capped mRNA, the DNA fragments
were PCR-amplified from psiCHECK-CrPV IRES-NLuc with primers
(5′-TAATACGACTCACTATAGGCCATGGAAGACGCCAAAAACATAAA-
3′ and 5′-CACACAAAAAACCAACACACAG-3′). The reporter RNA was
transcribed, capped, and polyadenylated using T7-Scribe Standard
RNA IVT Kit (CELLSCRIPT), ScriptCap m7G Capping System (CELL-
SCRIPT), ScriptCap 2′-O-Methyltransferase Kit (CELLSCRIPT), and
A-Plus Poly(A) Polymerase Tailing Kit (CELLSCRIPT). The cells were
transfected with 50 ng of mRNAs and treated with hippuristanol (1μM
with 1.0%DMSO as a stock solvent) or DMSO (1.0%) at 12 h before lysis.

HiBiT assay
Approximately 1 × 105 HEK293 cells were seeded in flat-bottom 24-well
plates (Thermo Fisher Scientific) and incubated overnight. The fol-
lowing day, the cells were cotransfected with the Cas13 variant-
expressing plasmid (pCAGEN series, 150ng), the gRNA-expressing
plasmid (pC016 series, 300 ng), and theHiBiT reporter plasmid [pAG3-
(GGGGCC)66-HiBiT-GR frame and GP frame, 400ng; pAG3-
(GGGGCC)66-HiBiT-GA frame, 75 ng] using TransIT-293 (Mirus)
according to the manufacturer’s instructions. Forty-eight hours post-
transfection, 400μl of the medium was removed from each well, and
100μl of HiBiT Lytic Reagent (Nano Glo HiBiT Lytic Detection System,
Promega) was added to the remaining 100μl of the medium. After
incubating for 10min on an orbital shaker, the total lysate was trans-
ferred to a 96-well flat-bottom white microplate (Greiner Bio-One or
Corning), and luminescence was measured by the GloMax Navigator
System (Promega).

Data analysis of luciferase assays
The average of the background luminescence signals (Rluc, Fluc, Nluc,
and HiBiT) from triplicate wells of nontransfected cells was subtracted
from the luminescence values of the experimental wells. The lumi-
nescence values were normalized to the average of the corresponding
triplicate control wells.

Labeling of nascent peptides by O-propargyl-puromycin
(OP-puro)
Approximately 1 × 105 HEK293 cells were seeded in flat-bottom 24-well
plates (Thermo Fisher Scientific) and incubated overnight. The fol-
lowing day, the cells were cotransfected with the Cas13 variant-
expressing plasmid (pXR series, 150ng), the gRNA-expressing plasmid
(pC016-gPsp-Control, 300ng), and the luciferase reporter plasmid
(psiCHECK2-PTGES3, 5 ng) using Lipofectamine 3000 according to the
manufacturer’s instructions. Forty-eight hours posttransfection, the
cells were treated with 20μMOP-puro (Jene Bioscience) for 30min at
37 °C with 5% CO2, washed with PBS, lysed in OP-puro lysis buffer
(20mM Tris-HCl pH 7.5, 150mM NaCl, 5mM MgCl2, and 1% Triton X-
100), and then clarified via centrifugation at 20,000× g for 10min at
4 °C. The lysates were incubated with 1μM IRDye800CW Azide (LI-
COR Bioscience) for 30min at 25 °C using a Click-it cell reaction kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions and subsequently subjected to SDS‒PAGE. Images from the gels

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 11



were acquired and quantified using an ODYSSEY CLx (LI-COR Bios-
ciences). Total protein staining was subsequently performed on the
gels using GelCode Blue Safe Protein Stain (Thermo Fisher Scientific).
The proteins were quantified using an ODYSSEY CLx (LI-COR Bios-
ciences) and used for the normalization of OP-puro-labeled nascent
protein signals.

RT‒qPCR
Approximately 4 × 105 cells were seeded in flat-bottom six-well plates
(ThermoFisher Scientific) and incubated overnight. The following day,
the cells were cotransfected with the Cas13 variant-expressing plasmid
(pXR series, 600ng), the gRNA-expressing plasmid (pC016 series,
1200ng), and the luciferase reporter plasmid (psiCHECK2-PTGES3,
20 ng) using Lipofectamine 3000 (ThermoFisher Scientific) according
to the manufacturer’s instructions. RNA was harvested 48 h post-
transfection using TRIzol reagent (Thermo Fisher Scientific) and a
Direct-zol RNA MicroPrep Kit (Zymo Research) according to the
manufacturer’s instructions. Then, the RNA was treated with DNase
(TURBO DNA-free Kit, Thermo Fisher Scientific), purified with RNA-
Clean XP beads (Beckman Coulter), and reverse-transcribed using
ReverTra AceqPCRRTMasterMix (TOYOBO). qPCRwasperformedon
a thermal cycler (TaKaRa or Bio-Rad) using TBGreen Premix Ex TaqTM
II (TaKaRa) or iTaq Universal SYBR Green Supermix (Bio-Rad) with the
following primers: Rluc, 5′-TCGTCCATGCTGAGAGTGTC-3′ and 5′-CT
AACCTCGCCCTTCTCCTT-3′; Fluc, 5′-TTCGCTAAGAGCACCCTGAT-3′
and 5′-GTAATCAGAATGGCGCTGGT-3′; CD46, 5′-GGGATCCCCCAGT
TCCAAAG-3′ and 5′-GCACTGGACGCTGGAGATTT-3′; HiBiT, 5′-TAACCA
GAAGAAAACAAGGAGGGA-3′ and 5′-TCAGGAGTCGCGCGC-3′; and β-
Actin, 5′-AGAGCTACGAGCTGCCTGAC-3′ and 5′-AGCACTGTGTTG
GCGTACAG-3′.

Western blot
Anti-HA (Roche, 3F10, 11867423001, 1:1000), anti-GFP (Cell Signaling
Technology, 2956, 1:1000), and anti-β-Actin (LI-COR Biosciences, 926-
42212, 1:1000) were used as primary antibodies. As secondary anti-
bodies, anti-rat IgG IRDye 800CW (LI-COR Biosciences, 926-32219,
1:10,000), anti-mouse IgG IRDye 680CW (LI-COR Biosciences, 926-
68070, 1:10,000), anti-mouse IgG IRDye 800CW (LI-COR Biosciences,
925-32210, 1:10,000), and anti-rabbit IgG IRDye680CW (LI-COR Bios-
ciences, 925-68071, 1:10,000)wereused. Imageswere acquiredwith an
Odyssey CLx (LI-COR Biosciences) and Image Studio (LI-COR Bios-
ciences, version 5.2). Antibodies were validated by the manufacturers.

Microscopic analysis
HEK293 cells were seeded onto poly-D-lysine-coated dishes (35-mm
glassbottom,MatTek) and incubatedovernight. The followingday, the
cells were cotransfected with the Cas13 variant-expressing plasmid
(pXR-dPspCas13b-NLS-mCherry or pXR-dPspCas13b-NES-mCherry,
300ng), the gRNA-expressing plasmid (pC016 series, 600 ng), and the
luciferase reporter plasmid (psiCHECK2-PTGES3, 10 ng) using TransIT-
293 (Mirus) according to the manufacturer’s instructions. The cells
were incubated with 0.5 µg/ml Hoechst 33342 (nacalai tesque) for
15min and observed under an LSM 710 (Carl Zeiss) confocal micro-
scope with an Objective Plan-Apochromat 63×/1.4 Oil DIC M27
(Carl Zeiss).

FACS for assessment of EGFP expression
Approximately 4 × 106 HEK293 Flp-In T-Rex cells with EGFP integrants
were seeded in 15-cm dishes (Thermo Fisher Scientific) and incubated
overnight. The following day, the cells were cotransfected with the
Cas13 variant-expressing plasmid (pCAGEN-PspCas13b-NES-mCherry
or pCAGEN-dPspCas13b-NES-mCherry, 8μg) and the gRNA-expressing
plasmid (pC016-gPsp-Control or pC016-gPsp-EGFP start codon, 12 μg)
using TransIT-293 (Mirus) according to the manufacturer’s instruc-
tions. The cells were then incubated for 48 h prior to FACS. To induce

EGFP expression, the cells were treated with tetracycline (1μg/ml) for
24 h prior to FACS.

The cells were washed with PBS (nacalai tesque) and trypsinized
(Thermo Fisher Scientific). Then, the cells were resuspended in high-
glucose DMEM supplemented with GlutaMAX (Thermo Fisher Scien-
tific) and 10% FBS (Sigma–Aldrich) and centrifuged at 800 × g for
3min. After the supernatant was removed, the cells were washed with
PBS and centrifuged again at 800 × g for 3min. The cell pellet was
resuspended in 1.5ml of PBS. After passing through a 35-μmmeshfilter
(FALCON), the cells were analyzed via a FACSAria II Special Order
system (BD) with FACSDiva ver. 6.1.3 software (BD) to measure EGFP
and mCherry expression. The data from 1 × 104 cells were used for
analysis. The gating strategy can be found in Supplementary Fig. 7.

FACS for assessment of CD46 expression
Approximately 4 × 105 HEK293 cells were seeded in flat-bottom 6-well
plates (Thermo Fisher Scientific) and incubated overnight. The fol-
lowing day, the cells were cotransfected with the Cas13 variant-
expressing plasmid (pCAGEN-PspCas13b-NES-mCherry, pCAGEN-
dPspCas13b-NES-mCherry, or pCAGEN-dPspCas13b-4EHP-NES-
mCherry, 800ng) and the gRNA-expressing plasmid (pC016-gPsp-
Control, pC016-gPsp-CD46 #1, pC016-gPsp-CD46 #2, or pC016-gPsp-
CD46 #3, 1200ng) using TransIT 293 (Mirus) according to the manu-
facturer’s instructions. The cells were then incubated for 48 h prior
to FACS.

The cells were washed with PBS (nacalai tesque) and trypsinized
(Thermo Fisher Scientific). Then, the cells were resuspended in high-
glucose DMEM supplemented with GlutaMAX (Thermo Fisher Scien-
tific) and 10% FBS (Sigma–Aldrich) and centrifuged at 800 × g for
3min. After the supernatant was removed, the cells were washed with
FACS Buffer [2% FBS and 0.1% NaN3 (nacalai tesque) in PBS (nacalai
tesque)] and centrifuged at 800× g for 3min. The cells were resus-
pended in 10μl of FACS Buffer and incubated with 1μl of allophyco-
cyanin (APC)-conjugated anti-CD46 antibody (BioLegend, clone TRA-
2–10, 352405, validated by the manufacturer) for 30min at 4 °C with
rotation. Then, the cells were washed twice with FACS Buffer and
resuspended in 1ml of FACS Buffer. After passing through a 35-μm
mesh filter (FALCON), the cells were analyzed via a FACSAria II Special
Order system (BD) with FACSDiva 8.0.2 software (BD) to measure APC
signals and mCherry expression. The background signal for mCherry
was measured in cells not transfected with an mCherry-fused Cas13
variant expression plasmid and used for the identification of mCherry-
positive cells (a value of 103 or higher). The gating strategy can be
found in Supplementary Fig. 7.

FACS for assessment of ANXA4 expression
Approximately 4 × 106 HEK293 cells were seeded in 10-cm dishes
(ThermoFisher Scientific) and incubated overnight. The following day,
the cells were cotransfected with the Cas13 variant-expressing plasmid
(pCAGEN-dPspCas13b-NES-mCherry, 4μg) and the gRNA-expressing
plasmid (pC016-gPsp-Control or pC016-gPsp-ANXA4#1, 6μg) using
TransIT 293 (Mirus) according to the manufacturer’s instructions. The
cells were then incubated for 48 h prior to FACS.

The cells were washed with PBS (nacalai tesque) and trypsinized
(Thermo Fisher Scientific). Then, the cells were resuspended in high-
glucose DMEM supplemented with GlutaMAX (Thermo Fisher Sci-
entific) and 10% FBS (Sigma–Aldrich) and centrifuged at 300 × g for
3min. After the supernatant was removed, the cells were washed
with PBS (nacalai tesque). For fixation, the cells were treated with 4%
PFA (nacalai tesque) and incubated for 15min on ice. The cells were
then centrifuged at 300 × g for 3min, after which the supernatant
was removed. For permeabilization, the cells were incubated with
0.1% (v/v) Triton X-100 in PBS for 5min at room temperature. The
cells were resuspended in 10μl of Intercept (TBS) Blocking Buffer (LI-
COR) with 1 μl of anti-ANXA4 antibody (Abcam, ab153883, validated
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by the manufacturer) for 30min at 4 °C with rotation. Following
centrifugation at 1000 × g for 3min, the cells were resuspended in
10μl of Intercept (TBS) Blocking Buffer with anti-rabbit Alexa Fluor
488 secondary antibody (Thermo Fisher Scientific, SA5-10323,
1:1000, validated by the manufacturer) and incubated for 1 h at 4 °C
with rotation. Then, the cells were washed twice with PBS and
resuspended in 500 μl of PBS. After passing through a 35-μm mesh
filter (FALCON), the cells were analyzed via a FACSAria II Special
Order system (BD) with FACSDiva 8.0.2 software (BD) to measure
Venus-A signals and mCherry expression. The background signal for
mCherry was measured in cells not transfected with an mCherry-
fused Cas13 variant expression plasmid and used for the identifica-
tion of mCherry-positive cells (a value of 102 or higher). The gating
strategy can be found in Supplementary Fig. 7.

The specificity of the anti-ANXA4 antibody used for immunohis-
tochemistry was further validated by siRNA-mediated knockdown
(Dharmacon, L-010742-00-0005).

Library preparation of ribosome profiling and RNA-Seq
The preparatin of ribosome profiling library followed the method
reported previously167 with modifications. Cell seeding, transfection,
and sortingwereperformed as described in the “FACS for assessment of
EGFP expression”. Cycloheximide (100μg/ml, Sigma–Aldrich) was
added to PBS, trypsin solution, andDMEMto halt ribosomemovement
along mRNAs in the harvested cells. Then, the cells were subjected to
FACS as described in the “FACS for assessment of EGFP expression”.
Based on the result of cells without mCherry-containing plasmids, we
collected cells with a value of 102 or higher as mCherry-positive cells.
The sorted 1 × 106 cells were pelleted by centrifugation at 800 × g for
3min and subsequently lysed in lysis buffer (20mM Tris-HCl pH 7.5,
150mM NaCl, 5mM MgCl2, 1mM DTT, 1% Triton X-100, 100μg/ml
cycloheximide, and 100μg/ml chloramphenicol). The lysates were
treated with Turbo DNase (Thermo Fisher Scientific) for 10min at 4 °C
and then clarified by removal of cellular debris by centrifugation at
20,000× g for 10min at 4 °C. The total RNA concentration in each
lysate was measured using a Qubit RNA BR Assay Kit (Thermo Fisher
Scientific). Lysates containing 3μg of total RNAwere treated with 20U
of RNase I (Lucigen) for 45min at 25 °C and then subjected to sucrose
cushion ultracentrifugation at 542000 × g for 1 h at 4 °C with an
Optima MAX-TL ultracentrifuge and a TLA-110 rotor (Beckman Coul-
ter). The RNA fragments in the resulting pellet were recovered using
TRIzol reagent (Thermo Fisher Scientific) and a Direct-zol RNA
MicroPrep Kit (Zymo Research) and subjected to denaturing poly-
acrylamide gel electrophoresis (PAGE). RNA fragments with lengths
ranging between 17 and 34 nt were excised from the gel. After pur-
ification, the RNA fragments were dephosphorylated by incubation
with T4 polynucleotide kinase (New England Biolabs) for 1 h at 37 °C
and ligated to preadenylated linker oligonucleotides (5′-App
NNNNNIIIIIAGATCGGAAGAGCACACGTCTGAA-ddC-3′, where App
indicates preadenylation, ddC indicates 2′,3′-dideoxycytidine, Ns
indicates a random sequence for the unique molecular index, and Is
indicates the index sequenceused formultiplexing) by incubationwith
T4RNALigase 2, truncatedKQ (NewEnglandBiolabs) for 3 h at 22 °C in
17.5% PEG-8000. The linker-ligated RNA was subjected to denaturing
PAGE and gel extraction. rRNA was removed from the purified RNA
using a Ribo-Zero Gold rRNA Removal Kit (Human/Mouse/Rat)
accompanied by a TruSeq Stranded Total RNA Kit (Illumina). RNA was
then reverse-transcribed for 30min at 50 °C using ProtoScript II (New
England Biolabs) with the primer 5′-Phos-NNAGATCGGAAG
AGCGTCGTGTAGGGAAAGAG-iSp18-GTGACTGGAGTTCAGACGTGT
GCTC-3′, where Phos indicates 5′monophosphate and iSp18 indicates
an 18-atom hexaethylene glycol spacer. The template RNA was
hydrolyzed with 1M NaOH and subjected to denaturing PAGE and gel
extraction. The purified cDNAwas then circularized using CircLigase II
ssDNA ligase (Epicenter) for 1 h at 60 °C and was subsequently PCR-

amplified using the primers 5′-AATGATACGGCGACCACCGAGATCTAC
ACTCTTTCCCTACACGACGCTC-3′ and 5′-CAAGCAGAAGACGGCA-
TACGAGATJJJJJJGTGACTGGAGTTCAGACGTGTG-3′ (where Js indicates
the 6-mer index sequence for Illumina sequencing).

For RNA-Seq library preparation, total RNA was extracted from
the same lysate used for ribosome profiling using TRIzol LS reagent
(Thermo Fisher Scientific) and a Direct-zol RNA MiniPrep Kit (Zymo
Research). The library was prepared using a TruSeq RNA Library Pre-
parationKit v2 (Illumina) according to themanufacturer’s instructions.

DNA libraries were sequenced on the HiSeq X (Illumina) platform
with the paired-end 150-nt option.

Data analysis of ribosome profiling and RNA-Seq
Sequencing data analysis followed the reported pipelines168,169 with the
deposited codes (Zenodo, https://zenodo.org/records/7477706). To
perform read quality filtering and adapter trimming, we used fastp
(ver. 0.21.0)170. STAR (ver. 2.7.0a)171 was used to remove reads aligned
to noncoding RNAs. The remaining reads were mapped to the hg38
human genome by STAR and annotated with the GENCODE Human
Release 32 reference obtained via the UCSC Genome Browser (https://
genome.ucsc.edu/index.html).

We determined the offset of the A site in the reads according to
the metagene analysis conducted with a custom script (https://
github.com/ingolia-lab/RiboSeq) to be 15 for 25–33-nt reads. For
RNA-Seq, we used an offset of 15 for all mRNA fragments. To cal-
culate the changes in RNA abundance and translation efficiency,
which were calculated as ribosome profiling counts normalized to
RNA-Seq counts, we used the DESeq2 package (ver. 1.32.0)172 with R
software (ver. 4.1.1) in the RStudio interface (ver. 2021.09.0 + 351).
We calculated the significance with the likelihood ratio test in a
generalized linear model. The reads that corresponded to the first
five codons and the last five codons in the ORF were excluded from
our analyses.

Cell viability assay
Approximately 2 × 103 HEK293 cells were seeded in flat-bottom 96-
well plates (Greiner) and incubated overnight. For Supplementary
Fig. 5a, the following day, the cells were cotransfected with the
Cas13 variant-expressing plasmid (pCAGEN series, 30 ng), the
gRNA-expressing plasmid (pC016 series, 60 ng), and the HiBiT
reporter plasmid [pAG3-(GGGGCC)66-HiBiT-GR frame, 80 ng];
alternatively, the cells were transfected with either an empty
reporter plasmid vector (pAG3-empty, 80 ng) or the HiBiT reporter
plasmid [pAG3-(GGGGCC)66-HiBiT-GR frame, 80 ng) alone. For
Supplementary Fig. 6e, the following day, the cells were transfected
with the Cas13 variant-expressing plasmid (pXR series, 30 ng), the
gRNA-expressing plasmid (pC016-gPsp-Control, 60 ng), and the
luciferase reporter plasmid (psiCHECK2-PTGES3, 1 ng). Both trans-
fections were performed using TransIT-293 (Mirus) according to the
manufacturer’s instructions. Cell viability was assessed at 48 h
posttransfection using RealTime-GloMTCell Viability Assay reagent
(Promega) according to the manufacturer’s instructions. The lumi-
nescence was detected by a GloMax Navigator.

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

Data availability
The ribosome profiling and RNA-Seq data (GSE232383) obtained in
this study were deposited in the National Center for Biotechnology
Information (NCBI) database. Gene annotation (GENCODE Human
Release 32 reference) was obtained via the UCSC Genome Browser
(https://genome.ucsc.edu/index.html). Source data are provided
with this paper.
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Code availability
For ribosome profiling and RNA-Seq data analysis, we used the
deposited codes (Zenodo 7477706)169 and amended themaccordingly.

References
1. Fire, A. et al. Potent and specific genetic interference by double-

stranded RNA in Caenorhabditis elegans. Nature 391,
806–811 (1998).

2. Rossi, J. J. & Rossi, D. J. siRNA drugs: here to stay. Mol. Ther. 29,
431–432 (2021).

3. Iwakawa, H.-O. & Tomari, Y. Life of RISC: formation, action, and
degradation of RNA-induced silencing complex. Mol. Cell 82,
30–43 (2022).

4. Jackson, A. L. et al. Expression profiling reveals off-target gene
regulation by RNAi. Nat. Biotechnol. 21, 635–637 (2003).

5. Birmingham, A. et al. 3′UTR seedmatches, but not overall identity,
are associated with RNAi off-targets. Nat. Methods 3,
199–204 (2006).

6. Jackson, A. L. et al. Widespread siRNA ‘off-target’ transcript
silencing mediated by seed region sequence complementarity.
RNA 12, 1179–1187 (2006).

7. Judge, A. D. et al. Sequence-dependent stimulation of the mam-
malian innate immune response by synthetic siRNA. Nat. Bio-
technol. 23, 457–462 (2005).

8. Hornung, V. et al. Sequence-specific potent induction of IFN-α by
short interfering RNA in plasmacytoid dendritic cells through
TLR7. Nat. Med. 11, 263–270 (2005).

9. Sioud, M. Induction of inflammatory cytokines and interferon
responses by double-stranded and single-stranded siRNAs is
sequence-dependent and requires endosomal localization. J. Mol.
Biol. 348, 1079–1090 (2005).

10. Reynolds, A. et al. Induction of the interferon response by siRNA
is cell type- and duplex length-dependent. RNA 12,
988–993 (2006).

11. Knott, G. J. et al. Guide-bound structures of an RNA-targeting A-
cleaving CRISPR-Cas13a enzyme. Nat. Struct. Mol. Biol. 24,
825–833 (2017).

12. Liu, L. et al. The molecular architecture for RNA-guided RNA
cleavage by Cas13a. Cell 170, 714–726.e10 (2017).

13. Liu, L. et al. Two distant catalytic sites are responsible for C2c2
RNase activities. Cell 168, 121–134.e12 (2017).

14. Zhang, C. et al. Structural basis for the RNA-guided ribonuclease
activity of CRISPR-Cas13d. Cell 175, 212–223.e17 (2018).

15. Slaymaker, I. M. et al. High-resolution structure of Cas13b and
biochemical characterization of RNA targeting and cleavage. Cell
Rep. 26, 3741–3751.e5 (2019).

16. Zhang, B. et al. TwoHEPNdomainsdictateCRISPRRNAmaturation
and target cleavage in Cas13d. Nat. Commun. 10, 2544
(2019).

17. Abudayyeh, O. O. et al. RNA targeting with CRISPR–Cas13. Nature
550, 280–284 (2017).

18. Cox, D. B. T. et al. RNA editing with CRISPR-Cas13. Science 358,
1019–1027 (2017).

19. Konermann, S. et al. Transcriptome engineering with RNA-
targeting type VI-D CRISPR effectors. Cell 173,
665–676.e14 (2018).

20. Zhang, Y. et al. Optimized RNA-targeting CRISPR/Cas13d tech-
nology outperforms shRNA in identifying functional circRNAs.
Genome Biol. 22, 41 (2021).

21. Özcan, A. et al. Programmable RNA targeting with the single-
protein CRISPR effector Cas7-11. Nature 597, 720–725 (2021).

22. Zhan, Y., Cao, C., Li, A., Mei, H. & Liu, Y. EnhancedRNA knockdown
efficiency with engineered fusion guide RNAs that function with
bothCRISPR-CasRx and hammerhead ribozyme.GenomeBiol. 24,
9 (2023).

23. Abudayyeh, O. O. et al. C2c2 is a single-component program-
mable RNA-guided RNA-targeting CRISPR effector. Science 353,
aaf5573 (2016).

24. Smargon, A. A. et al. Cas13b Is a typeVI-BCRISPR-associated RNA-
guided RNase differentially regulated by accessory proteins
Csx27 and Csx28. Mol. Cell 65, 618–630.e7 (2017).

25. Meeske, A. J. & Marraffini, L. A. RNA guide complementarity pre-
vents self-targeting in type VI CRISPR systems. Mol. Cell 71,
791–801.e3 (2018).

26. Meeske, A. J., Nakandakari-Higa, S. & Marraffini, L. A. Cas13-
induced cellular dormancy prevents the rise of CRISPR-resistant
bacteriophage. Nature 570, 241–245 (2019).

27. Aman, R. et al. RNAvirus interference viaCRISPR/Cas13a system in
plants. Genome Biol. 19, 1 (2018).

28. Zhao, X. et al. A CRISPR-Cas13a system for efficient and specific
therapeutic targeting of mutant KRAS for pancreatic cancer
treatment. Cancer Lett. 431, 171–181 (2018).

29. Freije, C. A. et al. Programmable inhibition and detection of RNA
viruses using Cas13. Mol. Cell 76, 826–837.e11 (2019).

30. Abbott, T. R. et al. Development of CRISPR as an antiviral strategy
to combat SARS-CoV-2 and influenza. Cell 181,
865–876.e12 (2020).

31. He, B. et al. Modulation of metabolic functions through Cas13d-
mediated gene knockdown in liver. Protein Cell 11,
518–524 (2020).

32. Huynh,N., Depner, N., Larson, R.&King-Jones, K. A versatile toolkit
forCRISPR-Cas13-basedRNAmanipulation inDrosophila.Genome
Biol. 21, 279 (2020).

33. Jiang,W. et al. Precise and efficient silencing ofmutant KrasG12D by
CRISPR-CasRx controls pancreatic cancer progression. Ther-
anostics 10, 11507–11519 (2020).

34. Kushawah, G. et al. CRISPR-Cas13d induces efficient mRNA
knockdown in animal embryos. Dev. Cell 54, 805–817.e7 (2020).

35. Zhang, N., Bewick, B., Xia, G., Furling, D. & Ashizawa, T. A CRISPR-
Cas13a based strategy that tracks and degrades toxic RNA in
myotonic dystrophy type 1. Front. Genet. 11, 594576 (2020).

36. Zhou, C. et al. CasRx-mediated RNA targeting prevents choroidal
neovascularization in a mouse model of age-related macular
degeneration. Natl Sci. Rev. 7, 835–837 (2020).

37. Zhou, H. et al. Glia-to-neuron conversion by CRISPR-CasRx alle-
viates symptoms of neurological disease in mice. Cell 181,
590–603.e16 (2020).

38. Li, C. et al. CRISPR-CasRx targeting lncRNA LINC00341 inhibits
tumor cell growth in vitro and in vivo. Front Mol. Biosci. 8,
638995 (2021).

39. Li, S. et al. Screening for functional circular RNAs using the
CRISPR-Cas13 system. Nat. Methods 18, 51–59 (2021).

40. Wu, Q.-W. & Kapfhammer, J. P. The bacterial enzyme RfxCas13d is
less neurotoxic than PspCas13b and could be a promising RNA
editing and interference tool in the nervous system. Brain Sci. 11,
1054 (2021).

41. Zhuang, C. et al. Engineered CRISPR/Cas13d sensing hTERT
selectively inhibits the progression of bladder cancer in vitro.
Front Mol. Biosci. 8, 646412 (2021).

42. Cui, Z. et al. Cas13d knockdown of lung protease Ctsl prevents
and treats SARS-CoV-2 infection. Nat. Chem. Biol. 18,
1056–1064 (2022).

43. Méndez-Mancilla, A. et al. Chemically modified guide RNAs
enhance CRISPR-Cas13 knockdown in human cells. Cell Chem.
Biol. 29, 321–327.e4 (2022).

44. Powell, J. E. et al. Targeted gene silencing in the nervous system
with CRISPR-Cas13. Sci. Adv. 8, eabk2485 (2022).

45. Tian, S. et al. Targeted intracellular delivery of Cas13 and Cas9
nucleases using bacterial toxin-based platforms. Cell Rep. 38,
110476 (2022).

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 14

https://doi.org/10.5281/zenodo.7477706


46. Zeng, L. et al. Broad-spectrum CRISPR-mediated inhibition of
SARS-CoV-2 variants and endemic coronaviruses in vitro. Nat.
Commun. 13, 2766 (2022).

47. Wang, Q. et al. The CRISPR-Cas13a gene-editing system induces
collateral cleavage of RNA in glioma cells. Adv. Sci. 6,
1901299 (2019).

48. Buchman, A. B. et al. Programmable RNA targeting using CasRx in
flies. CRISPR J. 3, 164–176 (2020).

49. Blanchard, E. L. et al. Treatment of influenza and SARS-CoV-2
infections via mRNA-encoded Cas13a in rodents. Nat. Biotechnol.
39, 717–726 (2021).

50. Wang, L.-L. et al. Revisiting astrocyte to neuron conversion with
lineage tracing in vivo. Cell 184, 5465–5481.e16 (2021).

51. Wang, L., Zhou, J.,Wang,Q.,Wang, Y. & Kang,C. Rapid designand
development of CRISPR-Cas13a targeting SARS-CoV-2 spike pro-
tein. Theranostics 11, 649–664 (2021).

52. Xu, C. et al. Programmable RNA editing with compact CRISPR-
Cas13 systems from uncultivated microbes. Nat. Methods 18,
499–506 (2021).

53. Ai, Y., Liang, D. & Wilusz, J. E. CRISPR/Cas13 effectors have dif-
fering extents of off-target effects that limit their utility in eukar-
yotic cells. Nucleic Acids Res. 50, e65 (2022).

54. Kelley, C. P., Haerle, M. C. & Wang, E. T. Negative autoregulation
mitigates collateral RNase activity of repeat-targeting CRISPR-
Cas13d in mammalian cells. Cell Rep. 40, 111226 (2022).

55. Li, Y. et al. The collateral activity of RfxCas13d can induce lethality
in aRfxCas13d knock-inmousemodel.GenomeBiol.24, 20 (2023).

56. Shi, P. et al. Collateral activity of the CRISPR/RfxCas13d system in
human cells. Commun. Biol. 6, 334 (2023).

57. Tong, H. et al. High-fidelity Cas13 variants for targeted RNA
degradation with minimal collateral effects. Nat. Biotechnol. 41,
108–119 (2023).

58. East-Seletsky, A. et al. Two distinct RNase activities of CRISPR-
C2c2 enable guide-RNA processing and RNA detection. Nature
538, 270–273 (2016).

59. Tambe, A., East-Seletsky, A., Knott, G. J., Doudna, J. A. & O’Con-
nell, M. R. RNA binding and HEPN-nuclease activation are
decoupled in CRISPR-Cas13a. Cell Rep. 24, 1025–1036 (2018).

60. Yang, J. et al. Engineered LwaCas13a with enhanced collateral
activity for nucleic acid detection. Nat. Chem. Biol. 19,
45–54 (2023).

61. Du, M., Jillette, N., Zhu, J. J., Li, S. & Cheng, A. W. CRISPR artificial
splicing factors. Nat. Commun. 11, 2973 (2020).

62. Yang, L.-Z. et al. Dynamic imagingof RNA in living cells byCRISPR-
Cas13 systems. Mol. Cell 76, 981–997.e7 (2019).

63. Yang, L.-Z. et al. Multi-color RNA imaging with CRISPR-Cas13b
systems in living cells. Cell Insight 1, 100044 (2022).

64. Huang, Y. et al. CRISPR-dCas13-tracing reveals transcriptional
memory and limited mRNA export in developing zebrafish
embryos. Genome Biol. 24, 15 (2023).

65. Wang, H. et al. CRISPR-mediated live imaging of genome editing
and transcription. Science 365, 1301–1305 (2019).

66. Jing, X. et al. Implementation of the CRISPR-Cas13a system in
fission yeast and its repurposing for precise RNA editing. Nucleic
Acids Res. 46, e90 (2018).

67. Abudayyeh, O. O. et al. A cytosine deaminase for programmable
single-base RNA editing. Science 365, 382–386 (2019).

68. Qu, L. et al. Programmable RNA editing by recruiting endogenous
ADAR using engineered RNAs. Nat. Biotechnol. 37,
1059–1069 (2019).

69. Huang, X. et al. Programmable C-to-U RNA editing using the
human APOBEC3A deaminase. EMBO J. 39, e104741 (2020).

70. Li, G. et al. Developing PspCas13b-based enhanced RESCUE sys-
tem, eRESCUE, with efficient RNA base editing. Cell Commun.
Signal. 19, 84 (2021).

71. Kannan, S. et al. Compact RNA editors with small Cas13 proteins.
Nat. Biotechnol. 40, 194–197 (2022).

72. Xiao, Q. et al. Rescue of autosomal dominant hearing loss by
in vivo delivery of mini dCas13X-derived RNA base editor. Sci.
Transl. Med. 14, eabn0449 (2022).

73. Wilson, C., Chen, P. J., Miao, Z. & Liu, D. R. Programmable m6A
modification of cellular RNAs with a Cas13-directed methyl-
transferase. Nat. Biotechnol. 38, 1431–1440 (2020).

74. Li, J. et al. Targeted mRNA demethylation using an engineered
dCas13b-ALKBH5 fusion protein. Nucleic Acids Res 48,
5684–5694 (2020).

75. Xia, Z. et al. Epitranscriptomic editing of the RNA N6-
methyladenosine modification by dCasRx conjugated methyl-
transferase and demethylase. Nucleic Acids Res. 49,
7361–7374 (2021).

76. Han, S. et al. RNA-protein interaction mapping via MS2- or Cas13-
based APEX targeting. Proc. Natl Acad. Sci. USA 117,
22068–22079 (2020).

77. Yi, W. et al. CRISPR-assisted detection of RNA-protein interactions
in living cells. Nat. Methods 17, 685–688 (2020).

78. Koonin, E. V., Makarova, K. S. & Zhang, F. Diversity, classification
and evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 37,
67–78 (2017).

79. O’Connell, M. R. Molecular mechanisms of RNA targeting by
Cas13-containing type VI CRISPR-Cas systems. J. Mol. Biol. 431,
66–87 (2019).

80. Wessels, H.-H. et al. Massively parallel Cas13 screens reveal
principles for guide RNA design. Nat. Biotechnol. 38,
722–727 (2020).

81. Halstead, J. M. et al. Translation. An RNAbiosensor for imaging the
first round of translation from single cells to living animals. Sci-
ence 347, 1367–1671 (2015).

82. Guo, X. et al. Transcriptome-wide Cas13 guide RNA design for
model organisms and viral RNA pathogens. Cell Genom. 1,
100001 (2021).

83. Krohannon, A. et al. CASowary: CRISPR-Cas13 guide RNA pre-
dictor for transcript depletion. BMC Genom. 23, 172 (2022).

84. Ingolia, N. T., Ghaemmaghami, S., Newman, J. R. &Weissman, J. S.
Genome-wide analysis in vivo of translation with nucleotide
resolution using ribosomeprofiling. Science 324, 218–223 (2009).

85. Iwasaki, S. & Ingolia, N. T. The growing toolbox for protein synth-
esis studies. Trends Biochem. Sci. 42, 612–624 (2017).

86. Lareau, L. F., Hite, D. H., Hogan, G. J. & Brown, P. O. Distinct stages
of the translation elongation cycle revealed by sequencing
ribosome-protected mRNA fragments. Elife 3, e01257 (2014).

87. Wu, C. C., Zinshteyn, B., Wehner, K. A. & Green, R. High-resolution
ribosome profiling defines discrete ribosome elongation states
and translational regulation during cellular stress. Mol. Cell 73,
959–970.e5 (2019).

88. Vind, A. C. et al. ZAKα recognizes stalled ribosomes through
partially redundant sensor domains. Mol. Cell 78,
700–713.e7 (2020).

89. Wu, C. C., Peterson, A., Zinshteyn, B., Regot, S. & Green, R. Ribo-
some collisions trigger general stress responses to regulate cell
fate. Cell 182, 404–416.e14 (2020).

90. Jackson, R. J., Hellen, C. U. T. & Pestova, T. V. The mechanism of
eukaryotic translation initiation and principles of its regulation.
Nat. Rev. Mol. Cell Biol. 11, 113–127 (2010).

91. Weingarten-Gabbay, S. et al. Comparative genetics. Systematic
discovery of cap-independent translation sequences in human
and viral genomes. Science 351, aad4939 (2016).

92. Kwan, T. & Thompson, S. R. Noncanonical translation initiation in
eukaryotes. Cold Spring Harb. Perspect. Biol. 11, a032672 (2019).

93. Hellen, C. U. & Sarnow, P. Internal ribosome entry sites in eukar-
yotic mRNA molecules. Genes Dev. 15, 1593–1612 (2001).

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 15



94. Otto, G. A. & Puglisi, J. D. The pathway of HCV IRES-mediated
translation initiation. Cell 119, 369–380 (2004).

95. Bordeleau, M. E. et al. Functional characterization of IRESes by an
inhibitor of the RNA helicase eIF4A. Nat. Chem. Biol. 2,
213–220 (2006).

96. Lindqvist, L. et al. Selective pharmacological targeting of a DEAD
box RNA helicase. PLoS One 3, e1583 (2008).

97. Fernández, I. S., Bai, X.-C., Murshudov, G., Scheres, S. H. W. &
Ramakrishnan, V. Initiation of translation by cricket paralysis virus
IRES requires its translocation in the ribosome. Cell 157,
823–831 (2014).

98. Murray, J. et al. Structural characterization of ribosome recruit-
ment and translocation by type IV IRES. Elife 5, e13567 (2016).

99. DeJesus-Hernandez, M. et al. ExpandedGGGGCChexanucleotide
repeat in noncoding region of C9ORF72 causes chromosome 9p-
linked FTD and ALS. Neuron 72, 245–256 (2011).

100. Renton, A. E. et al. A hexanucleotide repeat expansion inC9ORF72
is the cause of chromosome 9p21-linked ALS-FTD. Neuron 72,
257–268 (2011).

101. Cleary, J. D. & Ranum, L. P. New developments in RAN translation:
insights from multiple diseases. Curr. Opin. Genet. Dev. 44,
125–134 (2017).

102. Mahoney, C. J. et al. Frontotemporal dementia with the C9ORF72
hexanucleotide repeat expansion: clinical, neuroanatomical and
neuropathological features. Brain 135, 736–750 (2012).

103. Mackenzie, I. R. et al. Dipeptide repeat protein pathology in
C9ORF72 mutation cases: clinico-pathological correlations. Acta
Neuropathol. 126, 859–879 (2013).

104. Ash, P. E. A. et al. Unconventional translation of C9ORF72
GGGGCC expansion generates insoluble polypeptides specific to
c9FTD/ALS. Neuron 77, 639–646 (2013).

105. Mori, K. et al. The C9orf72 GGGGCC repeat is translated into
aggregating dipeptide-repeat proteins in FTLD/ALS. Science 339,
1335–1338 (2013).

106. Nguyen, L., Cleary, J. D. & Ranum, L. P. W. Repeat-associated non-
ATG translation: molecular mechanisms and contribution to neu-
rological disease. Annu. Rev. Neurosci. 42, 227–247 (2019).

107. Gendron, T. F. et al. Antisense transcripts of the expanded
C9ORF72 hexanucleotide repeat form nuclear RNA foci and
undergo repeat-associated non-ATG translation in c9FTD/ALS.
Acta Neuropathol. 126, 829–844 (2013).

108. Green, K. M. et al. RAN translation at C9orf72-associated repeat
expansions is selectively enhanced by the integrated stress
response. Nat. Commun. 8, 2005 (2017).

109. Sonobe, Y. et al. Translation of dipeptide repeat proteins from the
C9ORF72 expanded repeat is associated with cellular stress.
Neurobiol. Dis. 116, 155–165 (2018).

110. Tabet, R. et al. CUG initiation and frameshifting enable production
of dipeptide repeat proteins from ALS/FTD C9ORF72 transcripts.
Nat. Commun. 9, 152 (2018).

111. Boivin, M. et al. Reduced autophagy upon C9ORF72 loss syner-
gizes with dipeptide repeat protein toxicity in G4C2 repeat
expansion disorders. EMBO J. 39, e100574 (2020).

112. Lampasona, A., Almeida, S. &Gao, F.-B. Translation of thepoly(GR)
frame in C9ORF72-ALS/FTD is regulated by cis-elements involved
in alternative splicing. Neurobiol. Aging 105, 327–332 (2021).

113. van’t Spijker, H. M. et al. Ribosome profiling reveals novel reg-
ulation of C9ORF72 GGGGCC repeat-containing RNA translation.
RNA 28, 123–138 (2022).

114. Latallo, M. J. et al. Single-molecule imaging reveals distinct elon-
gation and frameshifting dynamics between frames of expanded
RNA repeats in C9ORF72-ALS/FTD.Nat. Commun. 14, 5581 (2023).

115. Fujino, Y. et al. FUS regulates RAN translation throughmodulating
the G-quadruplex structure of GGGGCC repeat RNA in C9orf72-
linked ALS/FTD. ELife 12, RP84338 (2023).

116. Loveland, A. B. et al. Ribosome inhibition by C9ORF72-ALS/FTD-
associated poly-PR and poly-GR proteins revealed by cryo-EM.
Nat. Commun. 13, 2776 (2022).

117. Cheng, W. et al. C9ORF72 GGGGCC repeat-associated non-AUG
translation is upregulated by stress through eIF2α phosphoryla-
tion. Nat. Commun. 9, 51 (2018).

118. Kawabe, Y., Mori, K., Yamashita, T., Gotoh, S. & Ikeda, M. The RNA
exosome complex degrades expanded hexanucleotide repeat
RNA in C9orf72 FTLD/ALS. EMBO J. 39, e102700 (2020).

119. Gilbert, L. A. et al. CRISPR-mediated modular RNA-guided reg-
ulation of transcription in eukaryotes. Cell 154, 442–451 (2013).

120. Gilbert, L. A. et al. Genome-scale CRISPR-mediated control of
gene repression and activation. Cell 159, 647–661 (2014).

121. Alerasool, N., Segal, D., Lee, H. & Taipale, M. An efficient KRAB
domain for CRISPRi applications in human cells. Nat. Methods 17,
1093–1096 (2020).

122. Replogle, J. M. et al. Maximizing CRISPRi efficacy and accessibility
with dual-sgRNA libraries and optimal effectors. Elife 11,
e81856 (2022).

123. Yang, H.-S. et al. The transformation suppressor Pdcd4 is a novel
eukaryotic translation initiation factor 4A binding protein that
inhibits translation. Mol. Cell. Biol. 23, 26–37 (2003).

124. Suzuki, C. et al. PDCD4 inhibits translation initiation by binding to
eIF4A using both its MA3 domains. Proc. Natl Acad. Sci. USA 105,
3274–3279 (2008).

125. Chang, J. H. et al. Crystal structure of the eIF4A-PDCD4 complex.
Proc. Natl Acad. Sci. USA 106, 3148–3153 (2009).

126. Loh, P. G. et al. Structural basis for translational inhibition by the
tumour suppressor Pdcd4. EMBO J. 28, 274–285 (2009).

127. Nakamura, A., Sato, K. & Hanyu-Nakamura, K.DrosophilaCup is an
eIF4E binding protein that associates with Bruno and regulates
oskar mRNA translation in oogenesis. Dev. Cell 6, 69–78 (2004).

128. Kamenska, A. et al. Human 4E-T represses translation of bound
mRNAs and enhances microRNA-mediated silencing. Nucleic
Acids Res. 42, 3298–3313 (2014).

129. Räsch, F., Weber, R., Izaurralde, E. & Igreja, C. 4E-T-boundmRNAs
are stored in a silenced and deadenylated form. Genes Dev. 34,
847–860 (2020).

130. Gartmann, M. et al. Mechanism of eIF6-mediated inhibition of
ribosomal subunit joining. J. Biol. Chem. 285, 14848–14851 (2010).

131. Jaako, P. et al. eIF6 rebinding dynamically couples ribosome
maturation and translation. Nat. Commun. 13, 1562 (2022).

132. Wilker, E. W. et al. 14-3-3σ controls mitotic translation to facilitate
cytokinesis. Nature 446, 329–332 (2007).

133. Khaleghpour, K. et al. Translational repression by a novel partner
of human poly(A) binding protein, Paip2.Mol. Cell 7,
205–216 (2001).

134. Khaleghpour, K. et al. Dual interactions of the translational
repressor Paip2 with poly(A) binding protein. Mol. Cell. Biol. 21,
5200–5213 (2001).

135. Karim, M. M. et al. A mechanism of translational repression by
competition of Paip2with eIF4G for poly(A) binding protein (PABP)
binding. Proc. Natl Acad. Sci. USA 103, 9494–9499 (2006).

136. Lee, S.H. et al. Poly(A) RNAandPaip2 act as allosteric regulators of
poly(A)-binding protein. Nucleic Acids Res. 42, 2697–2707 (2014).

137. Ivanov, A. et al. Polyadenylate-binding protein-interacting pro-
teins PAIP1 and PAIP2 affect translation termination. J. Biol. Chem.
294, 8630–8639 (2019).

138. Sagae, T. et al. Paip2A inhibits translationby competitively binding
to the RNA recognition motifs of PABPC1 and promoting its dis-
sociation from the poly(A) tail. J. Biol. Chem. 298, 101844
(2022).

139. Shoemaker, C. J., Eyler, D. E. & Green, R. Dom34:Hbs1 promotes
subunit dissociation and peptidyl-tRNA drop-off to initiate no-go
decay. Science 330, 369–372 (2010).

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 16



140. Becker, T. et al. Structure of the no-go mRNA decay complex
Dom34-Hbs1 bound to a stalled 80S ribosome. Nat. Struct. Mol.
Biol. 18, 715–720 (2011).

141. Pisareva, V. P., Skabkin, M. A., Hellen, C. U. T., Pestova, T. V. &
Pisarev, A. V. Dissociation by Pelota, Hbs1 and ABCE1 of mamma-
lian vacant 80S ribosomes and stalled elongation complexes.
EMBO J. 30, 1804–1817 (2011).

142. Becker, T. et al. Structural basis of highly conserved ribosome
recycling in eukaryotes and archaea.Nature 482, 501–506 (2012).

143. Shao, S. et al. Decoding mammalian ribosome-mRNA states by
translational GTPase complexes. Cell 167, 1229–1240.e15
(2016).

144. Cho, P. F. et al. A newparadigm for translational control: inhibition
via 5′−3′ mRNA tethering by Bicoid and the eIF4E cognate 4EHP.
Cell 121, 411–423 (2005).

145. Morita, M. et al. A novel 4EHP-GIGYF2 translational repressor
complex is essential for mammalian development.Mol. Cell. Biol.
32, 3585–3593 (2012).

146. Chapat, C. et al. Cap-binding protein 4EHP effects translation
silencing by microRNAs. Proc. Natl Acad. Sci. USA 114,
5425–5430 (2017).

147. Peter, D. et al. GIGYF1/2 proteins use auxiliary sequences to
selectively bind to 4EHP and repress target mRNA expression.
Genes Dev. 31, 1147–1161 (2017).

148. Tollenaere, M. A. X. et al. GIGYF1/2-driven cooperation between
ZNF598 and TTP in posttranscriptional regulation of inflammatory
signaling. Cell Rep. 26, 3511–3521.e4 (2019).

149. Juszkiewicz, S. et al. Ribosome collisions trigger cis-acting feed-
back inhibition of translation initiation. Elife 9, e60038 (2020).

150. Hickey, K. L. et al. GIGYF2 and 4EHP inhibit translation initiation of
defective messenger RNAs to assist ribosome-associated quality
control. Mol. Cell 79, 950–962.e6 (2020).

151. Medenbach, J., Seiler, M. & Hentze, M.W. Translational control via
protein-regulated upstream open reading frames. Cell 145,
902–913 (2011).

152. Iwasaki, S., Floor, S. N. & Ingolia, N. T. Rocaglates convert DEAD-
box protein eIF4A into a sequence-selective translational repres-
sor. Nature 534, 558–561 (2016).

153. Montagud-Martínez, R., Márquez-Costa, R. & Rodrigo, G. Pro-
grammable regulation of translation by harnessing the CRISPR-
Cas13 system. Chem. Commun. 59, 2616–2619 (2023).

154. Otoupal, P. B., Cress, B. F., Doudna, J. A. & Schoeniger, J. S.
CRISPR-RNAa: targeted activation of translation using dCas13
fusions to translation initiation factors. Nucleic Acids Res. 50,
8986–8998 (2022).

155. Toki, N. et al. SINEUP long non-coding RNA acts via PTBP1 and
HNRNPK to promote translational initiation assemblies. Nucleic
Acids Res. 48, 11626–11644 (2020).

156. Cao, C. et al. Enhancement of protein translation by CRISPR/
dCasRx coupled with SINEB2 repeat of noncoding RNAs. Nucleic
Acids Res. 51, e33 (2023).

157. Chen, J. et al. Pervasive functional translation of noncanonical
human open reading frames. Science 367, 1140–1146 (2020).

158. Pan, J. et al. Functional micropeptides encoded by long non-
coding RNAs: a comprehensive review. Front. Mol. Biosci. 9,
817517 (2022).

159. Masuda, K. et al. A novel tumor-promoting function residing in the
5′ non-coding region of vascular endothelial growth factormRNA.
PLoS Med. 5, e94 (2008).

160. Poliseno, L. et al. A coding-independent function of gene and
pseudogene mRNAs regulates tumour biology. Nature 465,
1033–1038 (2010).

161. Ivanyi-Nagy, R. et al. The RNA interactome of human telomerase
RNA reveals a coding-independent role for a histone mRNA in
telomere homeostasis. Elife 7, e40037 (2018).

162. El-Brolosy, M. A. et al. Genetic compensation triggered by mutant
mRNA degradation. Nature 568, 193–197 (2019).

163. Ma, Z. et al. PTC-bearing mRNA elicits a genetic compensation
response via Upf3a and COMPASS components. Nature 568,
259–263 (2019).

164. Schellenberger, V. et al. A recombinant polypeptide extends the
in vivo half-life of peptides and proteins in a tunable manner. Nat.
Biotechnol. 27, 1186–1190 (2009).

165. Kostova, K. K. et al. CAT-tailing as a fail-safe mechanism for effi-
cient degradation of stalled nascent polypeptides. Science 357,
414–417 (2017).

166. Tsuboyama, K. et al. Awidespread family of heat-resistant obscure
(Hero) proteins protect against protein instability andaggregation.
PLoS Biol. 18, e3000632 (2020).

167. Mito, M., Mishima, Y. & Iwasaki, S. Protocol for disome profiling to
survey ribosomecollision in humans and zebrafish.STARProtoc. 1,
100168 (2020).

168. Kashiwagi, K. et al. eIF2B-capturing viral protein NSs suppresses
the integrated stress response. Nat. Commun. 12, 1–12 (2021).

169. Chen, M. et al. A parasitic fungus employs mutated eIF4A to sur-
vive on rocaglate-synthesizing Aglaia plants. Elife 12,
e81302 (2023).

170. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, i884–i890 (2018).

171. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioin-
formatics 29, 15–21 (2012).

172. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

Acknowledgements
We are grateful to all the members of the Iwasaki laboratory for their
constructivediscussions and technical help.We thankDr. AaronD.Gitler
for the critical reading of themanuscript.We also thank the Support Unit
for Bio-Material Analysis, RIKEN CBS Research Resources Division, for
Sanger sequencing and FACS analysis. Computation was supported by
theHOKUSAI SailingShip supercomputer facility at RIKEN.Wealso thank
Dr. Junichi Tanaka for sharing hippuristanol with us. pCAGEN vector was
a kind gift from Dr. Yukihide Tomari. pAG3-(GGGGCC)66 vector was a
kind gift from Dr. Leonard Petrucelli and Dr. Aaron D. Gitler. psiCHECK2-
PTGES3/HCV IRES vectors were kind gifts from Dr. Nicholas T. Ingolia.
This work was supported by the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) (JP20H05784 to S.I.; JP21H05278 to
H.T.; JP20H05786 to Y.I.; JP21H05734 and JP23H04268 to Y.S.); the
Japan Society for the Promotion of Science (JSPS) (JP23H02415 to S.I.;
JP23KJ2175 toN.K.; JP20K07016 to. H.T.; JP21K15023 and JP23K05648 to
Y.S.); the Japan Agency for Medical Research and Development (AMED)
(JP20gm1410001 to S.I., H.T., and Y.I.; JP23gm6910005 to Y.S.); RIKEN
(Pioneering Projects Biology of Intracellular Environments to S.I. and
Y.S.); and the Exploratory Research Center on Life and Living Systems
(ExCELLS) (23EX601 to Y.S.). A.A. was an International Program Associ-
ate of RIKEN. N.K. was a recipient of the JSPS Research Fellows (PD).

Author contributions
A.A., H.T., Y.S., and S.I. conceptualized the experiments. A.A., Y.S., and
S.I. developed the methodology. A.A., N.K., S.Y.A.C., Y.S., and S.I. per-
formed formal analysis. A.A., N.K., S.Y.A.C., and Y.S. conducted the
experiments. A.A. and S.I. wrote the original draft. All the authors
reviewed and edited the manuscript. A.A., Y.S., and S.I. visualized and
presented the data. H.T., Y.I., Y.S., and S.I. supervised the experiments
and analyses. S.I. managed the project. N.K., H.T., Y.I., Y.S., and S.I.
acquired the financial support related to this manuscript.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 17



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46412-7.

Correspondence and requests for materials should be addressed to
Yuichi Shichino or Shintaro Iwasaki.

Peer review information Nature Communications thanks Xuebing Wu,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-46412-7

Nature Communications |         (2024) 15:2205 18

https://doi.org/10.1038/s41467-024-46412-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	dCas13-mediated translational repression for accurate gene silencing in mammalian�cells
	Results
	dCas13 represses translation initiation of target transcripts
	Construction of an optimal gRNA for translational repression
	The high specificity of CRISPRδ
	CRISPRδ represses cap-independent translation
	Translational silencing of pathogenic RAN translation from ALS- and FTD-linked C9orf72
	Enhanced CRISPRδ�system
	CRISPRδ silences endogenous mRNA translation

	Discussion
	Methods
	Ethical statement
	Cell cultures
	Construction of pXR-LwaCas13a-NLS, LwaCas13a-NES, dLwaCas13a-NLS, and dLwaCas13a-NES
	Construction of pXR-PguCas13-NLS, PguCas13-NES, dPguCas13-NLS, and dPguCas13-NES
	Construction of pXR-RfxCas13d-NLS, RfxCas13d-NES, dRfxCas13d-NLS, and dRfxCas13d-NES
	Construction of pXR-PspCas13b-NLS, PspCas13b-NES, dPspCas13b-NLS, and dPspCas13b-NES
	Construction of pXR-dPspCas13b-PDCD4-NES, 4E-T-NES, eIF6-NES, 14-3-3σ-NES, PAIP2-NES, PELO-NES, and 4EHP-NES
	Construction of pCAGEN-PspCas13b-NES-mCherry, dPspCas13b-NES-mCherry, and PspCas13b-4EHP-NES-mCherry
	Construction of pXR-dPspCas13b-NLS-mCherry and pXR-dPspCas13b-NES-mCherry
	Construction of gRNA-expression plasmids
	Construction of psiCHECK2-PTGES3
	Construction of pCDNA5/FRT/TO-GFP
	Construction of psiCHECK2-HCV�IRES
	Construction of psiCHECK2-CrPV IRES-Nluc
	Construction of pAG3-(GGGGCC)66-HiBiT-GR frame, GA frame, and GP�frame
	Construction of pAG3-empty
	Rluc and Fluc dual�assay
	Nluc�assay
	HiBiT�assay
	Data analysis of luciferase�assays
	Labeling of nascent peptides by O-propargyl-puromycin (OP-puro)
	RT‒qPCR
	Western�blot
	Microscopic analysis
	FACS for assessment of EGFP expression
	FACS for assessment of CD46 expression
	FACS for assessment of ANXA4 expression
	Library preparation of ribosome profiling and RNA-Seq
	Data analysis of ribosome profiling and RNA-Seq
	Cell viability�assay
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




