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Summary

CRISPR-Cas13 systems are widely used in basic and applied sciences.
However, its application has recently generated controversy due to collateral
activity in mammalian cells and mouse models. Moreover, its efficiency could be
improved in vivo. Here, we optimized transient formulations as ribonucleoprotein
complexes or mMRNA-gRNA combinations to enhance the CRISPR-RfxCas13d
system in zebrafish. We i) used chemically modified gRNAs to allow more
penetrant loss-of-function phenotypes, ii) improved nuclear RNA-targeting, and
iii) compared different computational models and determined the most accurate
to predict gRNA activity in vivo. Furthermore, we demonstrated that transient
CRISPR-RfxCas13d can effectively deplete endogenous mRNAs in zebrafish
embryos without inducing collateral effects, except when targeting extremely
abundant and ectopic RNAs. Finally, we implemented alternative RNA-targeting
CRISPR-Cas systems with reduced or absent collateral activity. Altogether, these
findings contribute to CRISPR-Cas technology optimization for RNA targeting in
zebrafish through transient approaches and assist in the progression of in vivo

applications.


https://doi.org/10.1101/2024.10.08.617220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.08.617220; this version posted October 10, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Introduction

RfxCas13d is a class 2/type VI CRISPR-Cas RNA endonuclease that
together with a guide RNA (gRNA) targets RNA by RNA-RNA hybridization. The
CRISPR-RfxCas13d system has been efficiently used to eliminate RNA and
therefore possesses extraordinary potential for biotechnology and biomedicine’-
6. We recently optimized this technology in vivo using ribonucleoprotein (RNP)
complexes or mMRNA-gRNA delivery that allows effective, transient, and cytosolic
mRNA knockdown (KD) during vertebrate embryogenesis, including zebrafish,
medaka, killifish and mouse, among other vertebrate embryos’='5. However,
through our continued work we have identified a set of limitations that need to be
addressed to further expand the in vivo capabilities of the CRISPR-RfxCas13d
system.

First, targeting nuclear RNAs or zygotically-expressed genes transcribed
after gastrulation is less efficient’. A second limitation is that a subset of in vitro
transcribed gRNAs, but not their chemically synthesized versions, can trigger
toxic effects during embryogenesis. Thirdly, as described in mammalian cells'6-
9 and in other CRISPR-Cas systems both in vivo and ex vivo?°-?2, on-target
gRNA activity is variable and can challenge the targeting efficiency’. Moreover,
CRISPR-RfxCas13d specificity has come under scrutiny lately due to the parallel
and recent discoveries of collateral activity in eukaryotic cells?>-2°. Collateral
activity is a shared feature of all Cas13 family endonucleases and has been well
established in bacteria and in vitro®%-32. It is defined as the cleavage of non-target
RNAs that relies upon on-target gRNA recognition and stems from the three-
dimensional structure of the two HEPN (Higher Eukaryotes and Prokaryotes

Nucleotide-binding) nuclease domains in Cas13 family members. After the
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82 activation and a conformational change of Cas13, the HEPN domains are
83 exposed on the outside of the protein and are able to cleave other accessible
84  RNA molecules®33*. In eukaryotes, this phenomenon has been mainly observed
85 in ex vivo contexts such as mammalian or Drosophila cell cultures and/or when
86 gRNAs and RfxCas13d are highly expressed from constitutive promoters?*-2°.
87 RfxCas13d collateral activity has yet to be characterized in vivo using transient
88 targeting approaches (the delivery of RNP or mRNA-gRNA formulations) or
89 assessed in the context of embryo development.

90 Here, we have enhanced RNA-targeting CRISPR-Cas technology in vivo
91 through different and compatible approaches using zebrafish embryos as a
92 model system. First, we show that chemically modified gRNAs, along with
93 RfxCas13d mRNA, significantly increase the loss-of-function phenotype
94 penetrance when targeting mRNA from genes with late expression during
95 development. Second, we have implemented an approach to select high-quality
96 in vitro transcribed gRNAs to avoid potential toxic effects in vivo. Third, we
97 optimize RfxCas13d nuclear targeting along zebrafish early development by
98 incorporating nuclear localization signals previously used to increase the activity
99 of DNA-targeting CRISPR-Cas systems. Fourth, we compare different
100 computational models recently developed in mammalian cell cultures'—°,
101 analyze their accuracy to predict the activity of 200 gRNAs delivered as RNP
102 complexes and define the most accurate approach for classifying CRISPR-
103 RfxCas13d efficiency in vivo. Fifth, we demonstrate that transient CRISPR-
104 RfxCas13d approaches can be used to deplete the vast majority of naturally
105 present mRNAs in zebrafish embryos without inducing collateral activity, although

106 this effect is triggered when targeting extremely abundant and ectopic mRNAs.
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107 Finally, we evaluate and compare the on-target and collateral activity of other
108 RNA-targeting CRISPR-Cas systems, such as CRISPR-Cas7-11, CRISPR-
109 DjCas13d and a high-fidelity version of RfxCas13d, formulated as RNP
110 complexes. We demonstrate that CRISPR-Cas7-11 and specially CRISPR-
111 DjCas13d can efficiently eliminate mRNAs in vivo and with absent or lower
112  collateral effects than CRISPR-RfxCas13d, respectively when depleting highly
113  abundant and ectopic RNAs in zebrafish embryos. Overall, our work constitutes
114  a significant contribution towards better comprehension and enhancement of
115 transient CRISPR-Cas approaches to target RNA in zebrafish embryos that will
116 ultimately facilitate more effective integration of RNA-targeting CRISPR-Cas into

117  in vivo KD-based biotechnological and biomedical applications.

118

119 Results

120 CRISPR-RfxCas13d guide RNA optimizations lead to straight-forward
121  and sustained targeting in zebrafish embryos.

122 CRISPR-RfxCas13d has shown high activity when targeting maternally
123  provided and early transcribed mRNAs during vertebrate embryogenesis’~1435.
124  However, the system performed with lower efficiency when depleting genes
125 expressed later during development after 7-8 hours post-fertilization (hpf)’. Since
126  chemically modified gRNAs (cm-gRNAs) have been used to maintain the
127  efficiency of mMRNA depletion in mammalian cell cultures®®, we hypothesized that
128 this could be used during zebrafish embryogenesis to sustain and increase RNA
129 targeting in vivo. We employed the most efficient chemical modification described
130 in in vitro approaches (cm-gRNAs, 2’-O-methyl analogs and 3’-phosphorothioate

131 internucleotide linkage in the last three nucleotides, Mendez-Mancilla et al.,
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132 20223%6) combined with either mRNA or purified protein RfxCas13d (Fig. 1A). We
133  targeted different maternally-provided mRNAs and zygotically-transcribed
134 mRNAs in zebrafish embryos whose lack of function and phenotype penetrance
135  could be easily visualized and quantified” 83" (Fig. 1B-E, Extended Data Fig. 1).
136  For example, the KD of nanog mRNA leads to epiboly defects with a substantial
137  fraction of embryos at 30-50% epiboly at 6 hpf instead of germ ring or shield
138 stage. The KDs of tbxta (hereafter named as no-tail) and noto mMRNAs cause a
139  reduction and/or the lack of the notochord and posterior part in the embryo (Fig.
140 1C). In addition, the KD of rx3 impairs eye development, and the KDs of
141  tyrosinase (tyr), slc45a2 (hereafter named as albino) and slc24ab (hereafter
142 named as golden) mRNAs produce a loss of pigmentation (Fig. 1C, Extended
143  Data Fig. 1A). While maternally-provided nanog mRNA was efficiently targeted
144 by RNP complexes without any improvement using cm-gRNAs (Fig. 1D), early
145  zygotically-expressed RNAs (no-tail and noto) KD experienced a subtle but still
146  significant increase in the phenotype penetrance (Fig. 1D, Extended Data Fig.
147  1B). Conversely, independently of the use of cm-gRNAs, RNP complexes were
148 much less active when targeting mRNAs from genes whose main expression
149  occurs later during development after 7-8 hpf (Fig. 1B, Extended Data Fig. 1B).
150 Notably, the combination of RfixCas13d mRNA and cm-gRNA showed a superior
151  efficiency eliminating these mRNAs with a more penetrant phenotype and robust
152 targeting (Fig. 1E, Extended Data Fig. 1C-D). Altogether, these results
153 demonstrate that cm-gRNAs increase the activity of CRISPR-RfxCas13d on
154  transcripts from genes expressed later during zebrafish embryogenesis and
155 validate the use of cm-gRNA to deplete RNA in vivo. Additionally, we tested

156  whether longer spacers (30 nucleotides, nt) might slightly boost RNA depletion in
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157  vivo by CRISPR-RfxCas13d as it was previously described in mammalian cell
158  cultures'®. However, either 23 or 30 nt gRNAs led to a similar efficiency targeting
159  maternal or zygotically expressed mRNAs with both RfxCas13d mRNA or protein
160 (Extended Data Fig. 2).

161 In all previous experiments (Fig. 1 and Extended Data Fig. 1 and 2), we
162 employed chemically synthesized and commercially available gRNAs (see
163  Methods). Alternatively, efficient and specific gRNAs can be produced through
164 oligo-annealing and fill-in PCR, followed by in vitro transcription (hereafter: IVTed
165 gRNAs)”8. Nevertheless, employing IVTed gRNAs we have occasionally
166  observed toxic effects in zebrafish embryos. For example, when targeting si:dkey-
167 93m18.4 mRNA, a lowly expressed transcript, with three individual IVTed gRNAs,
168 we detected three distinct phenotypes when injected with RfxCas13d protein.
169 While gRNA-1 had no effect during embryogenesis, gRNA-2 showed early
170 embryogenesis delay, and gRNA-3 was lethal with previous developmental
171  defects even by 2 hpf (Fig. 2A, Extended Data Fig. 3A). Conversely, targeting
172 si:dkey-93m18.4 mRNA with any of these three gRNAs showed comparably
173  strong (>90%) KD at 4 hpf (Fig. 2B). We next wondered whether this toxic effect
174  stemmed from in vitro transcription synthesis or was a direct result of gRNA
175 sequence. To address this, we used chemically synthesized gRNA-1 and gRNA-
176 3 targeting si:dkey-93m18.4 mRNA. Injection of chemically synthesized gRNA-1
177  produced no developmental effects, as expected. In contrast to the lethality
178 observed with IVTed gRNA-3, embryos injected with chemically synthesized
179 gRNA-3 exhibited normal development (Fig. 2A, Extended Data Fig. 3A).
180 Critically, RfxCas13d with chemically synthesized gRNAs achieved similar

181  si:dkey-93m18.4 knockdown to their IVTed counterparts (Fig. 2B). Taken
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182  together, this data demonstrates that a subset of RfxCas13d gRNAs can have
183  toxic effects when produced by in vitro transcription.

184 One of the molecular outcomes from these toxic effects was that, beyond
185 the expected 18S and 28S ribosomal RNA (rRNA) observed in an RNA integrity
186  analysis, we detected two prominent RNA species (Fig. 2C, Extended Data Fig.
187  3B) in si:dkey-93m18.4 KDs consistently of ~1000 and ~2500 nucleotides (nt) in
188 length and associated with developmental effects. We employed these two 28S
189  rRNA cleavage species and their positions to ratiometrically quantify the integrity
190 of the 28S rRNA. Controls and si:dkey-93m18.4 KDs without developmental
191 effects exhibited similar 28S integrity (Fig. 2D-E) whereas KDs with IVTed gRNA-
192 2 and gRNA-3 showed significant decreases in 28S integrity that scale with both
193 phenotype onset and severity (Fig. 2A, C-E, Extended Data Fig. 3A-B).

194 Correspondingly, we observed similar results when we targeted brd4
195 mRNA using an IVTed or a chemically synthesized gRNA, both inducing a
196  significant reduction of transcript levels (Fig. 2F-G). Brd4 mRNA knockdown
197 causes epiboly defects’ that were recapitulated by the chemically synthesized
198 gRNA (Fig. 2F). However, the IVTed gRNA triggered a severe early
199 embryogenesis lethality associated with a 28S rRNA fragmentation (Fig. 2F and
200 H and Extended Data Fig. 3B).

201 Furthermore, we developed a simple in vitro rRNA integrity assay method
202 to screen for IVTed gRNAs without a 28S rRNA cleavage effect associated with
203  toxicity. We combined RfxCas13d protein, and/or gRNA with zebrafish total RNA
204 and examined the total RNA through electrophoresis (Extended Data Fig. 3C).
205 Forexample, in si:dkey-93m18.4 KDs we observed that neither RfxCas13d alone

206  nor gRNA-1 or chemically synthesized gRNAs (1 and 3) as well as gRNAs alone
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207 (Extended Data Fig. 3D) had any substantial effect on the rRNA integrity in this
208 assay. In contrast, RfxCas13d with IVTed gRNA-2 and gRNA-3 triggered rRNA
209 cleavage in vitro (Extended Data Fig. 3D), which was more severe than that
210 observed in total RNA from injected embryos (Extended Data Fig. 3B).

211 Altogether, these data demonstrated that some IVTed gRNAs for
212 RfxCas13d may trigger 28S rRNA fragmentation in vitro and in vivo that is
213  associated with severe defects during embryogenesis and toxicity. Importantly,
214  these toxic effects can be overcome by i) using chemically synthesized gRNAs
215  orii) pre-screening IVTed gRNAs with our in vitro rRNA integrity assay.

216

217 Enhancing nuclear RNA depletion by CRISPR-RfxCas13d in zebrafish
218 embryos.

219 Efficient nuclear RNA targeting can be crucial to eliminate RNAs located
220 in this cellular compartment, such as long non-coding RNAs or primary
221 microRNAs3849. However, our optimized approach triggers mRNA KD in the
222 cytosol. Indeed, a version of RfxCas13d with nuclear localization signals (NLS,
223  RfxCas13d-NLS) was much less active in zebrafish embryos’ in contrast to what
224 it was observed in mammalian cell cultures when RfxCas13d targets the nascent
225 mRNA*'. We hypothesized that the optimization of NLS could improve the
226  efficacy of nuclear RNA elimination mediated by RfxCas13d in zebrafish
227 embryos. We tested 4 NLS formulations that have shown to increase nuclear
228 targeting effectiveness with CRISPR-Cas systems with DNA endonuclease
229  activity*>5. All NLS versions were innocuous during early zebrafish development
230 when fused to RfxCas13d (Extended Data Fig. 4). We observed that 2 NLS

231  (SV40-Nucleoplasmin long NLS) at the carboxy-terminus*? of RfxCas13d
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232 (RfxCas13d-2C-NLS) significantly caused the highest phenotype penetrance
233  observed at 48 hpf targeting the primary and nuclear transcript of miR-430 (pri-
234  miR-430) (Fig. 3A-B), a microRNA involved in early development regulation that
235  eliminate hundreds of mMRNAs during the first hours of development*¢-48, Indeed,
236  this pri-miR-430 targeting induced by RfxCas13d-2C-NLS, specifically triggered
237  aglobal stabilization of a subset of mMRNAs (n=203) whose degradation was more
238  strictly dependent on miR-4304°*0 (Fig. 3C) without any substantial alteration of
239  other maternal mMRNA decay programs depending on other maternally-provided
240  or zygotically-expressed factors®®. Notably, despite the intrinsic mosaicism of the
241  microinjection, pri-miR-430 KD phenotype at 48h hpf was partially rescued by a
242 mature version of miR-430 (Fig. 3D), strongly suggesting that observed
243  developmental defects were specifically caused by the miR-430 loss-of-function.
244  In addition, the optimized RfxCas13d-2C-NLS also triggered efficient and
245  significant KD of a small nuclear RNA, u4atac snRNA?®', that was not depleted by
246  cytosolic RfxCas13d or our previous RfxCas13d-NLS’ (Fig. 3E).

247 Altogether, our results demonstrate that CRISPR-RfxCas13d-2C-NLS
248 system used as a mMRNA-gRNA formulation efficiently depletes nuclear RNAs in
249  zebrafish embryos.

250

251 RNAtargeting, an ex vivo-based computational model, can
252 moderately predict CRISPR-RfxCas13d activity in vivo.

253 Several computational models have been recently developed to predict
254 CRISPR-RfxCas13d activity'®-'®. These models were based on data where
255 RfxCas13d and gRNAs were expressed from constitutive promoters in

256  mammalian cell cultures '®-'°. However, in vivo approaches frequently imply the
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257  delivery of a purified RfxCas13d protein or RfxCas713d mRNA and chemically
258 synthesized or in vitro transcribed gRNAs. To examine whether computational
259 models based on cell culture data were able to accurately predict CRISPR-
260 RfxCas13d activity in vivo, we measured the efficiency of approximately 200
261 gRNAs in zebrafish embryos using our optimized and transient approach based
262  on RNP complexes. First, to define the maximal number of gRNAs that could be
263 used in zebrafish embryos allowing a successful detection of highly active
264 gRNAs, we co-injected 10 and 25 gRNAs as optimal and suboptimal targeting
265  conditions (100 pg and 40 pg of gRNA per embryo, respectively) (Extended Data
266  Fig. 5A-B). Next, we generated gRNA quintiles (q) based on their activity and
267 observed that up to 25 gRNAs injected together allowed us to detect highly
268 efficient gRNAs (g4 and q5, respectively) previously identified in optimal
269 conditions (Extended Data Fig. 5, fold change > 3.5, g4 and g5). Consequently,
270  we injected 8 independent combinations (JQRNA set 1 to 8) of 25 gRNAs to KD 75
271  mRNAs (2-3 gRNAs per transcript) with high-moderate and stable levels between
272 1 and 4 hpf, where most of the targeting likely occurs (Fig. 4A, Extended Data
273  Fig. 5C). Then, we performed a RNA-seq analysis of each gRNA set at 4 hpf
274  (Extended Data Fig. 6A-B) and analyzed the efficiency of those gRNAs (n=191)
275 whose activity could be predicted by the most recent and updated computational
276  CRISPR-RfxCas13d models based on the activity of hundreds of thousands
277  constitutively expressed gRNAs in mammalian cell culture'-'° (Fig. 4A and see
278  Methods for details). Among the assessed models, RNAtargeting'® was the most
279 accurate classifying CRISPR-RfxCas13d RNP complexes activity in zebrafish
280 embryos (Fig. 4B, Extended Data Fig. 6C). Indeed, RNAtargeting was able to

281 classify 5 out of 8 set of gRNAs with a similar or even more accuracy than what
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282  was calculated for an independent ex vivo data used as control (Cell culture data,
283  Pearson’s correlation coefficient R> 0.38, Fig. 4B). Furthermore, RNAtargeting
284 was the most efficient computational model distinguishing highly (top 5) from
285  poorly (bottom 5) active gRNAs per set (Fig. 4C-E). These results suggest that
286 RNAtargeting is the most useful current tool to select competent gRNAs.
287 Nevertheless, RNAtargeting was less accurate at predicting CRISPR-RfxCas13d
288 RNP activity in 3 out 8 sets, especially in one of them where there was not a
289  positive correlation between the predicted scores and in vivo activity (Fig. 4B;
290 gRNA set 7, Pearson’s correlation coefficient R= -0.05). Together, our results
291 validate the use of RNAtargeting to moderately classify CRISPR-RfxCas13d
292  activity delivered in vivo as RNP complexes.

293

294 Minimal collateral activity targeting endogenous mRNAs by CRISPR-
295 RfxCas13d

296 The recently described collateral activity triggered by CRISPR-RfxCas13d
297 induces different molecular outcomes that can be used as hallmarks of this effect.
298 The main consequence of this effect is the uncontrolled elimination of RNAs after
299 the specific and initial targeting of both exogenous and endogenous transcripts?®-
300 2°. Besides, CRISPR-RfxCas13d-induced collateral activity is most severe when
301 targeting highly expressed genes and ultimately causes cell toxicity, a decrease
302 in cell proliferation?>262° and the cleavage of the 28S rRNA subunit?6-2°, First, and
303 despite that we did not clearly detect any of these effects when previously using
304 our optimized RNP or mRNA-gRNA injections targeting endogenous or ectopic
305 mRNAs”®4 we sought to investigate the collateral activity when CRISPR-

306 RfxCas13d system targeted a highly concentrated reporter (green fluorescent
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307 protein, GFP) mRNA injected in one-cell stage zebrafish embryos. We observed
308 that, for different amounts (from 10 to 100 pg per embryo) of target, CRISPR-
309 RfxCas13d efficiently depleted both mMRNA and GFP protein (Fig. 5A-D). Notably,
310 embryos injected with more than 50 pg of gfo MRNA experienced epiboly defects
311 at 6 hpf (Fig. 5E, 30-50% epiboly) when using CRISPR-RfxCas13d as a mRNA-
312 gRNA complex. This effect was more severe when using RNP complexes and,
313 indeed, the KD of 20 or more pg of gfo mRNA triggered not only embryogenesis
314  deficiencies but also an arrest during early development and death with the
315 highest concentrations (100 pg per embryo caused a massive embryo death, data
316  notshown) (Fig. 5F). Moreover, we observed a cleavage of the 28S rRNA subunit
317 in zebrafish embryos under these conditions correlating with a reduced RNA
318 integrative number (RIN) (Extended Data Fig. 7A-C). Interestingly, even with the
319 lowest concentration of gfp mRNA (10 pg per embryo), where no developmental
320 delay was noticed upon KD, a notable 28S rRNA fragmentation could be
321  visualized. This result suggests that RNA integrity assay was highly sensitive to
322 detect the collateral activity induced by CRISPR-RfxCas13d (Extended Data
323  Fig. 7A-B). Further, when a red fluorescent protein (DsRed) mRNA was co-
324 injected together with CRISPR-RfxCas13d RNP targeting gfp mRNA, the
325 fluorescence of both reporters decreased (except for the lowest concentration of
326 gfp mRNA), although the developmental and molecular (28S rRNA
327 fragmentation) effects were less severe (Extended Data Fig. 7D-G). This could
328 likely be due to a buffer capacity from the dsred mRNA that, at high concentration,
329 could partially alleviate the consequences of the collateral activity. To further
330 understand the molecular consequences of the collateral activity during zebrafish

331 embryogenesis, we performed a transcriptome analysis. We observed a global
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332 deregulation specifically when targeting an extremely abundant amount of gfp
333  mRNA (50 pg/embryo), with 1145 downregulated and 1377 upregulated genes,
334 (Fig. 5G, Extended Data Fig. 7H) that correlates with the developmental defects
335 and 28S rRNA fragmentation previously observed. Together, our results
336 demonstrate that RfxCas13d can trigger collateral activity upon the targeting of
337 highly abundant reporter mRNAs.

338 Next, we sought to analyze whether the collateral activity could be
339 detected when targeting endogenous mRNAs. We selected 3 maternally
340 provided transcripts in zebrafish embryos, all above the top 25 most abundant
341 mRNAs among the polyadenylated mRNAs during the first 6 hpf (Extended Data
342 Fig. 8A). When we targeted these mRNAs, we did not observe any
343 developmental defect despite triggering a significant depletion of these
344  endogenous mMRNAs (between 75-95% mRNA reduction) (Fig. 5H-I). In addition,
345 we did not notice any collateral downregulation of GFP fluorescence from its
346 mRNA that was co-injected together with RNP complexes targeting these
347 endogenous mRNAs (Extended Data Fig. 8B). Interestingly, for the depleted
348 endogenous targets, we detected a weak 28S rRNA fragmentation that was much
349 less prominent than observed when targeting the lowest tested amount of gfp
350 mRNA (Extended Data Fig. 7A-B and 8C). Nevertheless, this 28S rRNA
351 fragmentation was still significant when rRNA 28S integrity ratio was analyzed
352 (Fig. 2D and Extended Data Fig. 8D). This result indicates a minor collateral
353 effect yet without any significant physiological consequence (Fig. 5H). Notably,
354 we observed similar results when these endogenous mRNAs were targeted by
355 CRISPR-RfxCas13d RNP complexes without gfo mRNA, suggesting that the

356 presence of this transcript did not influence or buffer the collateral effects in these


https://doi.org/10.1101/2024.10.08.617220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.08.617220; this version posted October 10, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

357 conditions (Extended Data Fig. 8E-G). Altogether, our results suggest that the
358 collateral activity from CRISPR-RfxCas13d is minimal and without a physiological
359 relevance even targeting highly abundant mRNAs during zebrafish
360 embryogenesis, but it can be triggered when extremely expressed and ectopic
361 mRNAs such as injected reporters are eliminated.

362

363 Implementation of alternative CRISPR-Cas systems for transient
364 RNA-targeting in vivo.

365 Although minimal when targeting endogenous mRNAs, the collateral
366  activity induced by RfxCas13d can still be an issue under certain circumstances
367 in vivo. Additionally, the use of RNA-targeting CRISPR-Cas technology as a
368 potential therapeutic application driven by transient approaches needs to ensure
369 a biosafety method where the collateral activity should be minimized or totally
370 absent. Thus, we sought to optimize other RNA-targeting CRISPR-Cas systems
371 in vivo that have recently shown a reduced or lack of collateral activity while
372 preserving high on-target efficacy when expressed from constitutive and strong
373 promoters: a high-fidelity version of CRISPR-RfxCas13d (Hf-RfxCas13d?°),
374 CRISPR-Cas7-11%? and CRISPR-DjCas13d'. First, we purified these Cas
375 proteins and tested them in zebrafish embryos. None of the protein showed a
376  substantial toxicity when injected alone (Extended Data Fig. 9A). Second, we
377 used these Cas proteins to target no-tail and nanog using 1 and 3 gRNAs per
378 mRNA, respectively. To analyze the efficiency of these systems compared with
379 CRISPR-RfxCas13d, we quantified the phenotype penetrance upon the KD of
380 nanog and no-tail. While DjCas13d induced a similar phenotype penetrance to

381 RfxCas13d, Hf-RfxCas13d was much less efficient not only when injected as
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382 purified protein but also as mRNA (Fig. 6A-C, Extended Data Fig. 9B-D),
383  suggesting that this endonuclease, transiently delivered as RNP or mRNA-gRNA
384 complexes, is not highly competent to target mRNA in vivo. Further, CRISPR-
385 Cas7-11 recapitulated the expected phenotype from the lack-of-function of nanog
386 and no-tail with a slightly lower activity than CRISPR-Cas13d systems (Fig. 6A-
387 C). Third, we quantified the mRNA levels of nanog, no-tail and three highly
388 abundant endogenous transcripts (hnrnpa0l, hmgaia, hspa8) formerly analyzed
389 using RfxCas13d (Fig. 5H-l, Extended Data Fig. 8E-F) and targeted now by Hf-
390 RfxCas13d, DjCas13d and Cas7-11. Our results validated our previous data
391 based on phenotype analysis (Fig. 6A-C, Extended Data Fig. 9B-C), and
392 confirmed that Hf-RfxCas13d showed the lowest efficacy in vivo (42.2% average
393 depletion) followed by Cas7-11 (60.1%) and DjCas13d (83.2%) that triggered an
394 efficient mRNA depletion comparable to RfxCas13d activity (80.1%) (Fig. 6D-l).
395 Next, we investigated whether DjCas13d and Cas7-11 showed collateral activity
396 in zebrafish embryos using our previously defined conditions that allow us to
397 measure this effect employing reporter mRNAs. When targeting injected gfp
398 mRNA, DjCas13d displayed less severe developmental defects than RfxCas13d.
399 This toxicity increased with the concentration of the target, in agreement with
400 what was observed previously for RfxCas13d in ex vivo and in vivo conditions?52
401 (Fig. 6J-K, Extended Data Fig. 9E, G, I). Interestingly, and despite the
402 developmental defects, the fragmentation of the 28S rRNA was not observed
403 (Extended Data Fig. 9K) but we detected a non-specific downregulation of
404 DsRed fluorescence when its mMRNA was co-injected with high amounts of gfp
405 mRNA (Extended Data Fig. 10A-C). Notably, and as observed for RfxCas13d,

406 the developmental phenotype triggered by gfp mRNA KD was mitigated when
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407 dsred mRNA was co-injected, suggesting a buffer effect that alleviates this
408 alteration during embryogenesis (Fig. 6J, Extended Data Fig. 10A-C). In
409 contrast, Cas7-11 did not show neither developmental defects nor 28S rRNA
410 cleavage when targeting gfp mMRNA (Fig. 6J-K, Extended Data Fig. 9F, H, J, L).
411  We also measured DsRed fluorescence when its mMRNA was co-injected together
412  with Cas7-11 RNP and gfp mRNA and we did not detect any significant decrease
413  in protein activity (Extended Data Fig. 10D-F).

414 In addition, we performed a whole transcriptomic analysis and observed
415 that while the gfp mRNA depletion was highly efficient using either RfxCas13d or
416 DjCas13d (62.68 and 145.01 gfp mRNA fold-change, respectively), the
417  transcriptomic deregulation was strongly reduced when employing DjCas13d (a
418  98% and 91.4% reduction in number of downregulated and upregulated mRNAs
419 in the most extreme condition: 50 pg gfo mMRNA, Fig. 6L, Extended Data Fig.
420 11). Conversely, gfo mRNA depletion mediated by Cas7-11 did not trigger any
421  significant transcriptomic alteration (Fig. 6L), but as previously shown (Fig. 6E-
422 1), the efficiency of this endonuclease was lower than DjCas13d or RfxCas13d
423 (Cas7-11: 4.26 gfp mRNA fold-change, Extended Data Fig. 11). Together, our
424  results i) reaffirm that CRISPR-RfxCas13d is an efficient and robust approach to
425 target endogenous mMRNA in zebrafish embryos and ii) demonstrate that
426 CRISPR-Cas7-11 and CRISPR-DjCas13d RNP can be used as alternative
427  systems exhibiting a slightly lower or similar on-target activity than CRISPR-
428 RfxCas13d and showing a total absence or reduced collateral effects when

429 targeting extremely abundant ectopic RNAs, respectively.

430

431
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432 Discussion

433 Our optimized CRISPR-RfxCas13d system has shown a high level of
434  efficiency and specificity targeting maternal and early-zygotically transcribed
435 genes in zebrafish and other vertebrate embryos’~'4. Here, we have further
436 enhanced CRISPR-Cas RNA-targeting in vivo using RNP and mRNA-gRNA
437 formulations in zebrafish as a vertebrate model through different and
438 complementary approaches. First, we have found that chemically modified
439 gRNAs (cm-gRNAs) are able to maintain and increase the activity of CRISPR-
440 RfxCas13d as described in human cells®® specially modulating the expression of
441  genes zygotically-transcribed later during development where RNP complexes
442  were less efficient. Although DNA-targeting CRISPR-Cas systems can generate
443  null alleles, this can obscure gene activities that can be compensated through
444  transcriptional adaptation or only detected with a limited gene expression
445  reduction®-%°, RfxCas13d together with cm-gRNAs allow to titrate mRNA levels
446  of the target that can be an alternative for these scenarios. Indeed, our optimized
447 CRISPR-RfxCas13d system using cm-gRNAs could contribute to widen the
448  applications of combining transient perturbations with single-cell transcriptomics.
449 This approach could allow to simultaneously associate the level of target
450 depletion with a transcriptomic output at single cell level extending the use of this
451  technology recently integrated with zebrafish crispants or FO mutant embryos
452  targeted by DNA-targeting CRISPR-Cas approaches®. Notably, cm-gRNAs have
453  also been recently shown to be useful in zebrafish RNA imaging, expanding their
454  applications in vivo®’.

455 Second, we have increased nuclear RNA targeting throughout zebrafish

456 embryogenesis using an enhanced NLS formulation. Indeed, we efficiently
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457  eliminated nuclear non-coding RNAs such as pri-miR-430 or a snRNA (u4atac).
458 The incomplete maturity of the nuclear pore complexes during early zebrafish
459  development that impair nuclear protein import®® can affect nuclear DNA or RNA
460 targeting and our results suggest that this may be partially circumvented with an
461 optimized NLS. Notably, this NLS was previously applied to enhance DNA
462  targeting through Cas12a, not only in zebrafish embryos but also in mammalian
463  cells*?, suggesting that it could be used to improve the nuclear RNA targeting of
464  other CRISPR-Cas systems in different in vivo and ex vivo models.

465 Third, we have demonstrated that CRISPR-RfxCas13d RNP activity in vivo
466  can be classified, and highly active gRNAs can be predicted by RNAtargeting, a
467  computational model based on mammalian cell culture data, yet with a lower
468 accuracy that shown for approaches with a constitutive expression of both
469 RfxCas13d and gRNA' (Fig 4B). However, RNAtargeting is based on the activity
470  from 127000 gRNAs whose spacers were 30 nt long'®. Although we have shown
471  that RNP activity in vivo is similar employing gRNAs with either short (23 nt) or
472  long (30 nt) spacers (Extended Data Fig. 2) and we have precisely adapted
473  RNAtargeting to predict our data set based on short spacers (Fig 4B and see
474  Methods for details), we can not rule out that the prediction of CRISPR-
475 RfxCas13d RNP activity in vivo could be improved when using long spacers.
476  Nevertheless, it has been previously reported that computational models
477  predicting CRISPR-Cas DNA-targeting activity notably differ depending on the
478 employed method. Thus, CRISPR-SpCas9 efficiency prediction models depend
479 on whether the gRNA is constitutively transcribed from a U6 promoter or
480 generated in vitro®. Considering this and previous CRISPR-Cas activity

481 analysis?%%%, we speculate that a computational model based on RNP complexes
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482 or mRNA-gRNA formulations could outperform the predictive power of
483  RNAtargeting for CRISPR-RfxCas13d activity in zebrafish embryos and enhance
484  the accuracy when selecting highly active gRNAs in vivo. Beyond zebrafish
485 embryos, this model could be additionally applied for other biotechnological or
486 biomedical applications where these transient approaches could be used.

487 Fourth, we have characterized the collateral activity of CRISPR-
488 RfxCas13d in zebrafish embryos previously detected in vitro and in vivo?325-2°,
489 We have now analyzed this effect in different molecular and physiological
490 contexts by employing transient RNA-targeting approaches such as RNP
491 complexes and RfxCas13d mRNA-gRNA formulations during early zebrafish
492  embryogenesis. Importantly, we confirmed that CRISPR-RfxCas13d is very
493  specific, and relevant collateral effects only occur when targeting extremely
494  abundant ectopic RNAs such as gfo mRNA. We found that the toxicity and the
495 physiological consequences of the collateral activity increased with the
496  concentration of the gfp transcript as described in mammalian cells mMRNA2%26
497  (i.e. 50 pg of gfp mMRNA injected per embryo: 10000 TPM at 6 hpf, Fig. 5E-G).
498 Interestingly, despite the depletion of lower amounts of gfp mMRNA (i.e. 10 pg per
499 embryo) caused a deregulation of the transcriptome and 28S rRNA
500 fragmentation, it did not induce a developmental defect. Indeed, targeting highly
501 abundant endogenous mRNAs triggered an even fainter 28S rRNA fragmentation
502 and did not generate an early embryogenesis alteration either (Fig. 5H-I,
503 Extended Data Fig. 8C-D). These findings suggest that ectopic RNAs can elicit
504 much more collateral and toxic effects in vivo than endogenous transcripts as
505 reported in mammalian cell cultures?28, Nevertheless, when extremely abundant

506 mMRNAs are targeted by CRISPR-RfxCas13d RNP complexes in zebrafish
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507 embryos, a simple in vitro 28S rRNA cleavage assay can be used to detect even
508 aweak collateral activity without developmental defects (Extended Data Fig. 8C-
509 D). In addition, a subset of in vitro transcribed gRNAs can trigger toxicity in vivo
510 that resembles collateral activity consequences observed when targeting
511 extremely abundant and ectopic mMRNA. Whether this effect is certainly CRISPR-
512 RfxCas13d collateral activity remains to be clarified. However, this deleterious
513 response is specifically due to the in vitro transcription reaction since the same
514 gRNA when chemically synthesized did not generate any toxic effect while
515 maintaining a similar efficiency of mMRNA depletion (Fig. 2, Extended Data Fig.
516 3). In contrast, chemically synthesized are more expensive than in vitro
517 transcribed gRNAs and their use can be limited due to the higher cost. Therefore,
518 in case of using in vitro transcribed gRNAs we have optimized a fast and straight-
519 forward in vitro assay to determine their potential toxic activity that allows to
520 screen for reliable gRNAs to be used in vivo. Why this subset of gRNAs induces
521 toxicity during zebrafish embryogenesis depending on whether they are
522  chemically synthesized or in vitro transcribed remains to be determined.

523 Finally, and as an in vivo alternative to RfxCas13d specially when targeting
524  extremely abundant transcripts, we have compared the activity of three RNA-
525 targeting CRISPR-Cas systems that showed less or absent collateral activity
526 when gRNAs and Cas were expressed from strong and constitutive
527  promoters'®2552 While Hf-RfxCas13d?® exhibited low targeting activity (Fig. 6A-
528 C and |, Extended Data Fig. 9B-D), Cas7-11%2 and DjCas13d'® were more
529 active, the latter showing an efficiency comparable to RfxCas13d (Fig. 6A-C and
530 I). Interestingly, a recent preprint pointed out that Hf-RfxCas13d activity was

531 inferior than initially described likely due to the lower level of expression of this
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532 endonuclease used in this report®®. Further, this preprint revealed that the
533 concentration of CRISPR-RfxCas13d reagents in mammalian cell culture is
534 crucial to induce collateral activity®. Strikingly, we recapitulated these results
535 using a limited amount of CRISPR-RfxCas13d RNP or mRNA-gRNA complexes
536 that show an absence of toxic effects in vivo when targeting endogenous
537 mRNAs' (Fig. 5H and I, Extended Data 8). Nevertheless, DjCas13d and Cas7-
538 11 reduced or abolish, respectively, the developmental defects during zebrafish
539 embryogenesis and the transcriptomic deregulation observed when RfxCas13d
540 was used to eliminate ectopic and highly expressed RNAs (Fig. 6J-L, Extended
541 Data Fig. 9E-L and Extended Data Fig. 11). However, DjCas13d did not totally
542 lack the collateral activity when targeting extremely abundant and ectopic mMRNAs
543 inducing a delay during early zebrafish embryogenesis and a decrease in
544  fluorescence levels from a co-injected DsRed mRNA control reporter.
545 Interestingly, DjCas13d did not trigger a detectable 28S rRNA cleavage in these
546  conditions, suggesting that this uncontrolled effect may be more efficiently or
547  specifically generated by RfxCas13d. An additional alternative to CRISPR-Cas13
548 istype lll CRISPR-Cas system based on Csm complexes that have been recently
549 employed to target RNA in human cells with minimal off-targets®'. Although
550 similar approaches have been used in zebrafish embryos®?, the multicomponent
551 factor of this CRISPR-Cas system with several proteins forming a functional
552 complex challenges its use as RNP particle or mMRNA-gRNA formulation in vivo.
553  Another possibility to avoid collateral activity may be the application of
554  catalytically dead versions of Cas13 together with translational inhibitors to
555 silence mRNA expression instead of degrading them®54. Instead, we have

556 focused on the characterization, optimization and comparison of recently
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557 described high-fidelity CRISPR-Cas systems to eliminate RNA but in an in vivo
558 context and using transient formulations that could be employed in potential RNA-
559  editing therapies®5-72. Further, it has been described that RfxCas13d induces an
560 immune response in humans”® that could challenge the biomedical applications
561  of this technology. Whether DjCas13d or Cas7-11 trigger lower immunological
562 effects is something that remains to be determined. In summary, we demonstrate
563 that CRISPR-RfxCas13d is a robust, specific and efficient system to target RNAs
564 in zebrafish embryos but both CRISPR-Cas7-11 and CRISPR-DjCas13d RNP
565 complexes could also be employed specially when targeting exceptionally
566  abundant RNAs, being Cas7-11 less efficient than DjCas13d, although the latter
567 can still trigger developmental defects but in a lower degree than RfxCas13d.
568 Altogether, our optimizations will not only contribute to broaden and
569 enhance the use of RNA-targeting CRISPR-Cas approaches in zebrafish but also
570  will pave the way to optimize this technology in vivo for multiple biomedical and
571 biotechnological applications.

572

573 Methods

574  Zebrafish maintenance.

575 All experiments performed with zebrafish conform to national and
576  European Community standards for the use of animals in experimentation and
577  were approved by the Ethical committees from the Pablo de Olavide University,
578 CSIC and the Andalucian Government. Zebrafish wild type strains AB/Tubingen
579 (AB/Tu) or Tupfel long fin (TLF) were maintained and bred under standard
580 conditions’. Natural mating of wild-type AB/Tu/TLF zebrafish adults (from 6 to

581 18 months) was used to collect the embryos for subsequent experiments.
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582  Selection of mating pairs was random from a pool of 10 males and 10 females.
583  Zebrafish embryos were staged in hours post-fertilization (hpf) as described by
584  Kimmel et al. (1995)"°.

585

586 Guide RNA design and mRNA generation.

587 To design guide RNAs (gRNAs) used in this study (Extended Data Table
588 1), target mRNA sequences were analyzed in silico using RNAfold software’®

589 (http://rna.tbi.univie.ac.at//cqi-bin/RNAWebSuite/RNAfold.cqi) to select

590 protospacers of 23 (or 30) nucleotides with high accessibility (low base-pairing
591 probability from minimum free energy predictions) to generate gRNAs. All
592 designed gRNAs were synthesized by Synthego (Synthego Corp., CA, USA).
593 Three gRNAs targeting the same mRNA were co-injected, otherwise it is
594  specified in figure legends. In vitro transcribed (IVTed) RfxCas13d gRNAs were
595 generated like previously described’® but the amount of primers were reduced
596 by ten-fold in the fill in PCR (5 yL of 10 uM universal oligo and 5 pL of 10 pM of
597 specific oligos for a 50 pL fill-in PCR).

598

599 Heitag (RfxCas13d-hei) version*> of RfxCas13d was generated by PCR
600 with Q5 High-Fidelity DNA polymerase (M0491, New England Biolabs) and
601 primers hei-tag_13d_Ncol_fwd and hei-tag_13d_Sacll_rev containing a cmyc
602 tag, an oNLS and Ncol site in forward primer and an oNLS and Sacll site in
603 reverse primer, and cloned into pT3TS-MCS (Addgene plasmid #31830)
604  backbone after digestion with restriction enzymes Ncol and Sacll and ligation with
605 T4 DNA ligase (M0202, New England Biolabs). Similarly, bpNLS (mRfxCas13d-

606  bpNLS; Liang et al., 202227), optimized 2C-NLS (mRfxCas13d-2C-NLS; Liu et al.,
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607 2019%?) and cmyc-2C-NLS (cmyc-mRfxCas13d-2C-NLS; Wu et al.,, 2019%%)
608 versions of RfxCas13d mMRNA were created by PCR wusing primers
609 Ncol_13d_bpNLS_fwd / 13d_bpNLS_Sacll_rev, Ncol_13d_fwd / 13d_2C-
610 NLS_Sacll_rev and Ncol_13d_cmyc fwd / 13d_2C-NLS_Sacll_rev to add
611 bipartite NLS signals in N- and C-terminal ends, SV40 and nucleoplasmin long
612  (NLP) NLS signals in C-terminal end, and cmyc tag in N-terminal end and SV40
613 and NLP NLS signals in C-terminal end, respectively. Each fragment was then
614 cloned into pT3TS-NLS-RfxCas13d (Addgene plasmid #141321) backbone after
615 digestion with restriction enzymes Ncol and Sacll. All primers are listed in
616 Extended Data Table 2. High-fidelity version of RfxCas13d (Hf-RfxCas13d) was
617 generated by site-directed mutagenesis using QuikChange Multi Site-Directed
618 Mutagenesis kit (Agilent), following manufacturer’s instructions, and replicating
619 the amino acid changes described in Tong et al. (202325, N2V8 version). Primers
620 are listed in Extended Data Table 2.

621

622 To generate RfxCas13d, RfxCas13d-NLS, RfxCas13d-hei, RfxCas13d-
623  bpNLS, RfxCas13d-2C-NLS, cmyc-RfxCas13d-2C-NLS and Hf-RfxCas13d
624 mRNAs, the DNA templates were linearized using Xbal and mRNA was
625 synthesized using the mMachine T3 kit (Ambion) for 2 h. In vitro transcribed
626 mMRNAs were then DNAse-treated for 20 min with TURBO-DNAse at 37 °C,
627 purified using the RNeasy Mini Kit (Qiagen) and quantified using Nanodrop™
628 2000 (Thermo Fisher Scientific).

629

630

631
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632  Protein purification.

633 The expression vector pET28b was used to clone genes for Hf-
634 RfxCas13d, DjCas13d and Cas7-11 proteins and were transformed into E. coli
635 Rosetta DE3 pRare competent cells (70954, EMD Millipore). DjCas13d ORF was

636  codon optimized for zebrafish using iCodon’” (www.iCodon.org), purchased from

637 IDT (https://eu.idtdna.com/) and cloned into pET28b vector after Ncol / Notl

638 restriction enzyme digestion. Cas7-11 ORF was PCR amplified from pDF0229-
639 DiCas7-11 (Addgene plasmid #172506) with Q5 High-Fidelity DNA polymerase
640 (M0491, New England Biolabs; primers listed in Extended Data Table 2) and
641 cloned into pET28b. A freshly transformed colony was picked and grown over
642 night at 37 °C in LB supplemented with kanamycin and chloramphenicol. This
643 culture was diluted 100 times and grown at 37 °C until an ODeoo = 0.5 was
644  reached. At this point, cultures for Hf-RfxCas13d and DjCas13d expression were
645 induced with IPTG at a final concentration of 0.1 mM and incubated 3 h at 37 °C.
646  Culture for Cas7-11 expression was cooled for 30 minutes at 4 °C, induced with
647 IPTG at 0.3 mM and cultured over night at 18 °C. Protein purification was
648 performed as described in Hernandez-Huertas et al. (20228).

649

650 Zebrafish embryo microinjection and image acquisition.

651 One-cell stage zebrafish embryos were injected with 1-2 nL containing
652  300-600 pg of Cas13(s) mRNA or 3 ng of purified Cas protein and 300-1000 pg
653  of gRNA (see figure legends for details in each experiment). From 10 to 100 pg
654 of ectopic gfp mMRNA and 75 pg of ectopic dsRed mRNA were injected for
655 collateral activity determination. Cas proteins and gRNAs were injected in two

656 rounds to maximize the amount of protein and gRNA (at the indicated
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657 concentrations) per injection. Sequences of used gRNAs are indicated in
658 Extended Data Table 1.

659

660 For the miR-430 rescue experiment, mature miR-430 duplexes (Extended
661 Data Table 2) were purchased from IDT (https://eu.idtdna.com/) and
662 resuspended in RNAse-free water. Embryos were injected with 1 nL of 2.5 or 5
663 MM miR-430 duplex solution (equimolar mix of 3 duplexes miR-430a, miR-430b
664 and miR-430c), using single-use aliquots.

665

666 Zebrafish embryo phenotypes and fluorescent pictures were analysed
667 using an Olympus SZX16 stereoscope and photographed with a Nikon DS-F13
668 digital camera. Images were processed with NIS-Elements D 4.60.00 software.
669 Phenotypes were quantified at 6, 24 or 48 hours post fertilization. GFP and
670 DsRed fluorescence were quantified using Fiji (Image J) software, using 15
671 embryos separated in three different images (5 embryos per quantified image).
672 Images were converted to 16-bit, background fluorescence was subtracted and
673 fluorescence levels were referred to the ones from embryos injected only with
674  reporter mMRNAs.

675

676 Protein sample preparation and Western Blot.

677 Twenty embryos were collected at 6 hours post injection and washed twice
678  with deyolking buffer (65 mM NaCl, 1.8 mM KCI, and 1.25 mM NaHCOg3). Then,
679 samples were incubated for 5 min with orbital shaking and centrifuged at 300 g
680 for 30 s. Supernatant was removed and embryos were washed with buffer (110

681 mM NaCl, 3.5 mM KCI, 10 mM Tris-HCI pH 7.4, and 2.7 mM CacCl.). Finally,


https://doi.org/10.1101/2024.10.08.617220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.08.617220; this version posted October 10, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

682 embryos were centrifuged again, and the supernatant was removed. The pellet
683 was resuspended in SDS-PAGE sample buffer (160 mM Tris-HCI pH 8, 20%
684  Glycerol, 2% SDS, 0.1% bromophenol blue, 200 mM DTT).

685

686 Sample separation by SDS-PAGE electrophoresis was performed using
687 10% TGX Stain-Free™ Fast Cast™ Acrylamide Solutions (Bio-Rad). After
688  electrophoresis, protein gel was activated in a Chemidoc MP (Bio-Rad) and
689  Dblotted onto a nitrocellulose membrane using the Trans-Blot Turbo Transfer
690 System (Bio Rad). The membrane was blocked for 1 h at room temperature in
691  Blocking Solution (5% fat free milk in 50 mM Tris-ClI, pH 7.5, 150 mM NacCl (TBS)
692 with 1% Tween20). Primary antibody Anti-HA (11867423001, Roche) and
693 secondary antibody anti-mouse HRP-labelled (A5278, Sigma-Aldrich) were
694  diluted 1:1000 and 1:5000 respectively in Blocking Solution. The membrane was
695 incubated in primary antibody solution overnight at 4 °C. After primary antibody
696 incubation, the membrane was washed three times in TBS with 1% Tween 20
697 (TTBS) for 10 min and incubated with the secondary antibody for 60 min at room
698 temperature. Washes were performed as with primary antibody. The protein
699 detection was done with Clarity™ Western ECL Substrate (Bio-Rad) and images

700 were acquired using a ChemiDoc MP (Bio-Rad).

701
702 gRT-PCR.
703 Ten zebrafish embryos per biological replicate were collected and snap

704  frozen in liquid nitrogen to analyze the expression level of the targeted mRNAs
705 by gRT-PCRs at the described hours post injection in figures or legends. Total

706 RNA was isolated using PRImeZOL™ Reagent protocol as described in the
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707  manufacturer’s instructions (Canvax Biotech). The cDNA was synthesized from
708 1000 ng of total RNA using iScript cDNA synthesis kit (Bio-Rad), following the
709  manufacturer’s protocol. cDNA was 1/5 diluted and 2 pl was used per sample in
710 a 10 pl reaction containing 1.5 pl of forward and reverse primers (2 mM each;
711 Extended Data Table 2), 5 pl of SYBR® Premix Ex Taq (Tli RNase H Plus)
712  (Takara) and run in a CFX connect instrument (Bio-Rad). PCR cycling profile
713  consisted in a denaturing step at 95 °C for 30 s and 40 cycles at 95 °C for 10 s
714 and 60 °C for 30 s. taf15 or efla mRNAs stably expressed along early
715 development were used as controls. To quantify si:dkey-93m18.4 mRNA levels,
716 15 embryos per replicate were collected and snap-frozen in tubes containing 350
717 pL of TRIzol. Total RNA isolation was performed with the Zymo Direct-zol
718  Microprep kit according to manufacturers recommendations (including the DNase
719  digestion step), eluting in 20 pL of nuclease free H20. Superscript IV was used
720 for reverse transcription of ~1 pg of total RNA, and resulting cDNA was diluted
721 1:20 for RT-qPCR. RT-qPCR was run in technical triplicate on a 384-well plate
722  setup by a Tecan robot and run on a QuantStudio 7 workstation usingPerfeCTa®
723  SYBR® Green FastMix® (Quantabio). cdk2ap2 mRNA stably expressed along
724  early development was used as control. Gene specific oligos for si:dkey-93m18.4
725 and cdk2ap?2 are listed in Extended Data Table 2.

726

727 To analyze the relative levels of u4atac shRNA, 15 embryos per replicate
728 were snap frozen and RNA samples enriched in small RNAs were obtained with
729 mirVana mRNA Isolation Kit (AM1561, ThermoFisher Scientific) following the
730  manufacturer’s protocol. cDNA was synthesized from 100 ng of RNA using iScript

731  Select cDNA synthesis kit (Bio-Rad), following the manufacturer’s protocol and
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732 using the following miRNA universal primer (5'-

733 GCAGGTCCAGTTTTTTTTTTTTTTTCTACCCC-3’), 2 ul of cDNA were used per
734  samplein a 10 yl reaction containing 1.5 pl of forward and reverse primers (2 mM
735 each; Extended Data Table 2), 5 pl of SYBR® Premix Ex Taq (Tli RNase H Plus)
736 (Takara) and run in a CFX connect instrument (Bio-Rad). PCR cycling profile
737  consisted in a denaturing step at 95 °C for 30 s and 40 cycles at 95 °C for 10 s
738  and 60 °C for 30 s. miR-430b mMRNA was used as control.

739

740  In vivo RNA integrity analysis.

741 RNA samples containing 10 embryos and purified using standard TRIzol
742  protocol, were submitted to RNA integrity analysis using Bioanalyzer Agilent 2100
743  (Extended Data Fig. 3B, Extended Data Fig. 7A, B and G, Extended Data Fig.
744 7C and G, and Extended Data Fig. 9K-L).

745

746 For in vivo RNA integrity analysis of IVTed gRNAs (Fig. 2C-E and H and
747 Extended Data Fig. 8D), 300-500 ng of total RNA was heat denatured for 2 min
748 at 70°C, placed on ice, and then loaded onto an RNA Nano Chip for the Agilent
749 Bioanalyzer 2100, prepared according to manufacturer’'s protocol.
750 Electrophoresis results were exported as image representations and as raw .csv
751 files of fluorescence intensity and time, including the ladder. Using R-Studio, the
752  ladder was fit with a second-degree polynomial and the polynomial fit was used
753  to calculate the size of the species in each experimental lane, resulting in a table
754  with of traces of all RNA species represented by size in nucleotides and
755 fluorescence intensity. Size values fit with regions of the second-degree

756  polynomial with a negative derivative (including those of the 25 nt lower marker)
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757  were then trimmed from these traces. A custom pipeline based around findpeaks
758 (pracma library) to detect, identify, quantify, and analyze up to the 3 most
759 prominent RNA species (18S, 28S, long 28S cleavage product) in each trace
760 (based on max-normalization) was developed and employed. If a species was
761  absent based on our peak calling results, the intensity within the search window
762  for that species was averaged and this mean intensity was used in calculating
763  the “28S rRNA integrity ratio”. In order to obtain reliable results of 28S rRNA
764  integrity ratio, all the samples must be run in the same gel electrophoresis within
765  the 2100 Bioanalyzer.

766

767  In vitro RNA integrity analysis.

768 A single in vitro experimental rRNA integrity assay (Extended Data Fig.
769 3C-D) consists of the following components in a 10 uyL reaction: 60 ng of
770  RfxCas13d protein, 500 ng of gRNA of interest, 300-500 ng zebrafish total RNA,
771 1 pL of 10X CutSmart Buffer (New England Biolabs), and nuclease free water to
772 10 yL. Reactions were incubated at 28.5°C for 45 minutes, heat denatured for 2
773  min at 70°C, placed on ice, and then 1 yL of the reaction was loaded onto an
774 RNA Nano Chip for the Agilent Bioanalyzer 2100, prepared according to
775 manufacturer’'s protocol. Electrophoresis results were exported as image
776  representations and as raw .csv files of fluorescence intensity and time, including
777  the ladder.

778

779 Using R-Studio, the ladder was fit with a second-degree polynomial and
780 trimmed traces as above. These traces were further timed to remove the gRNA

781 peak. In vivo rRNA analysis pipeline (see above) was modified and based around
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782 findpeaks() (pracma library) to detect, identify, quantify, and analyze up to the 3
783  most prominent RNA species (18S, 28S, long 28S cleavage product) in each in
784  vitro trace (based on max-normalization). Due to the 10x lower input of RNA in
785 the in vitro traces, short 28S cleavage product was not detected above the
786  baseline. If a species was absent based on our peak calling results, the intensity
787  within the search window for that species were averaged and this mean intensity
788 was used in calculating the “28S rRNA integrity ratio”. In order to obtain reliable
789  results of 28S rRNA integrity ratio, all the samples must be run in the same gel
790 electrophoresis within the 2100 Bioanalyzer.

791

792 RNA-seq libraries and analysis.

793 Between 10 to 20 zebrafish embryos per biological replicate were collected
794 at 4 or 6 hpf and snap-frozen. For analyzing pri-miR430 targets stability with
795 optimized NLS version of RfxCas13d (Fig. 3) and to determine the collateral
796  activity induced by different CRISPR-Cas RNA targeting systems (Figs. 5 and 6,
797 Extended Data Fig. 11), total RNA was isolated using standard TRIzol protocol
798 as described in the manufacturer’s instructions (ThermoFisher Scientific) and
799 quantified using the Qubit fluorometric quantification (#Q10210, ThermoFisher
800  Scientific).

801

802 For pri-miR430 targets stability, 200 ng (except for 13.5 ng and 174 ng, for
803 two samples) of high-quality total RNA was used, as assessed using the
804 Bioanalyzer (Agilent), with the NEBNext Poly(A) mRNA Magnetic Isolation
805 Module (NEB, Cat. No. E7490L) at a 1/3™ reaction volume. Purified mMRNA was

806 processed using the NEBNext Ultra Il Directional RNA Library Prep Kit for
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807 lllumina (NEB, Cat. No. E7760L) at a 1/10" reaction volume. Poly(A) isolated
808 mRNA was resuspended in 2.25 pL fragmentation mix and fragmented for 15 min
809 at 94°C then placed on ice for 2 min. First strand cDNA synthesis was performed
810 by manually transferring 1 pL of the fragmented mRNA into a 384 well Armadillo
811 PCR microplate (ThermoFisher, AB2396), containing 1 pL of the First Strand
812 cDNA synthesis reaction master mix aliquoted by the Mosquito HV Genomics
813  (SPT Labtech) nanoliter liquid-handling instrument. Second strand synthesis was
814 completed per protocol at the miniaturization scale and the cDNA was purified
815 using the SPRIselect bead-based reagent (Beckman Coulter, Cat. No. B23318)
816 at 1.8X with the Mosquito HV and eluted in 5 yL of 0.1X TE. Libraries were
817 generated using the NEBNext Ultra Il Directional RNA Library Prep Kit at a 1/10th
818 reaction volume starting with 5 yuL of cDNA. Adaptors were ligated by adding 500
819 nL of NEBNext Universal Adaptor diluted at 20-fold in supplied adaptor dilution
820 buffer. The adaptor-ligated material was PCR amplified with 14 cycles using the
821 NEBNext Multiplex Oligos for lllumina (96 Unique Dual Index Primer Pairs) (NEB,
822 Cat. No. E6442S) and the indexed libraries were purified using SPRIselect at
823  0.9X with the Mosquito HV and eluted in 10 yL of 0.1X TE.

824

825 For collateral activity RNAseq, mRNAseq libraries were generated from
826 100 ng (or <100 ng; RfxCas13d and DjCas13d) or 200 ng (or 40 ng for one
827 sample; Cas7-11) of high-quality total RNA, and analyzed using the Bioanalyzer
828 (Agilent). Libraries were made according to the manufacturer’s directions using a
829  25-fold (or 100-fold) dilution of the universal adaptor and 12-16 cycles of PCR per
830 the respective masses with the NEBNext Ultra Il Directional RNA Library Prep Kit

831 for Illlumina (NEB, Cat. No. E7760L), the NEBNext Poly(A) mRNA Magnetic
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832 Isolation Module (NEB, Cat. No. E7490L), and the NEBNext Multiplex Oligos for
833 lllumina (96 Unique Dual Index Primer Pairs) (NEB, Cat. No. E6440S) and
834  purified using the SPRIselect bead-based reagent (Beckman Coulter, Cat. No.
835 B23318).

836

837 Generated short fragment libraries for Fig. 3, 5 and 6 and Extended Data
838 Fig. 11 were checked for quality and quantity using the Bioanalyzer and the Qubit
839 Flex Fluorometer (Life Technologies). Equal molar libraries were pooled,
840 quantified, and converted to process on the Singular Genomics G4 with the SG
841 Library Compatibility Kit, following the “Adapting Libraries for the G4 — Retaining
842  Original Indices” protocol. The converted pool was sequenced on an F3 flow cell
843 (Cat. No. 700125) on the G4 instrument with the PP1 and PP2 custom index
844  primers included in the SG Library Compatibility Kit (Cat. No. 700141), using
845  Instrument Control Software 23.08.1-1 with the following read length: 8 bp Index1,
846 100 bp Read1, and 8 bp Index2. Following sequencing, sgdemux 1.2.0 was run
847  to demultiplex reads for all libraries and generate FASTQ files.

848

849 To determine the number of gRNAs that can be injected together to detect
850 highly efficient gRNAs with CRISPR-RfxCas13d (Extended Data Fig. 5) and then
851 to analyze the prediction of ex vivo computational models using in vivo data from
852 200 gRNAs injected in sets of 25 gRNAs (Fig. 4 and Extended Data Fig. 6), total
853 RNA was isolated at 4 hpf using Direct-zol RNA Miniprep Kit (#R2050, Zymo
854  Research) following manufacturer’s instructions and quantified using the Qubit
855 fluorometric quantification (#Q10210, ThermoFisher Scientific). cDNA was

856 generated from 1.25 ng (2.5 ng for two replicates of RfxCas13d control samples)
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857 of high-quality total RNA, as assessed using the Bioanalyzer (Agilent), according
858 to manufacturer’'s directions for the SMART-seq v4 Ultra Low Input RNA Kit
859 (Takara, 634891) at a 1/8™ reaction volume (1/4" reaction volume for two
860 replicates of RfxCas13d control) and using the Mantis (Formulatrix) nanoliter
861 liquid-handling instrument to pipette the reagents for cDNA synthesis. Libraries
862  were generated manually (or with the Mosquito HV Genomics (SPT Labtech)
863  nanoliter liquid-handling instrument for RNAseq in Fig. 4 and Extended Data
864 Fig. 6), using the Nextera XT DNA Library Preparation Kit (lllumina, FC-131-
865 1096) at 1/8th reaction volumes paired with IDT for lllumina DNA/RNA UD
866 Indexes Set A (lllumina, 20027213), and purified using the Ampure XP bead-
867 based reagent (Beckman Coulter, Cat. No. A63882). Resulting short fragment
868 libraries were checked for quality and quantity using the Bioanalyzer and Qubit
869  Fluorometer (ThermoFisher). Equal molar libraries were pooled, quantified, and
870 sequenced on a High-Output flow cell of an Illumina NextSeq 500 instrument
871 using NextSeq Control Software 2.2.0.4 (or NextSeq Control Software 4.0.1 for
872 RNAseq in Fig. 4 and Extended Data Fig. 6) with the following read length: 70
873 bp Read1, 10 bp i7 Index and 10 bp i5 Index. Following sequencing, Illumina
874  Primary Analysis version NextSeq RTA 2.4.11 (or version NextSeq RTA 2.11.3.0
875 for RNAseqin Fig. 4 and Extended Data Fig. 6) and Secondary Analysis version
876  bcl2fastq2 v2.20 were run to demultiplex reads for all libraries and generate
877 FASTQfiles.

878

879 RNA-seq reads were demultiplexed into Fastq format allowing up to one
880 mismatch using lllumina bcl-convert 3.10.5. Reads were aligned using STAR

881 version 2.7.3a to Danio rerio reference genome danRer11 from University of
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882  California at Santa Cruz (UCSC) with GFP exogenous sequence incorporated in
883 its index using Ensembl 106 gene models.

884

885 TPM (Transcript per Million) values were generated using RSEM version
886 1.3.0. Fold change for each gene was calculated using deseq2 (1.42.0) R
887 package after filtering genes with a count of less than 10 reads in all control
888 libraries. The resulting p-values were adjusted with Benjamini-Hochberg method
889 using R function p.adjust. For collateral activity assay, genes with less than 20
890 counts in the control conditions were filtered.

891

892 Guide RNAs efficacy estimation.

893 To determine the number of gRNAs that could be injected together in
894  zebrafish embryos to detect highly active gRNAs, we co-injected 10 and 25
895 gRNAs together with RfxCas13d protein in one-cell stage zebrafish embryos
896 (Extended Data Table 1). Then, RNAseq at 4 hpf were performed as described
897 earlier and gRNAs were divided into quintiles according to their activity (q5 and
898 g1 being the most and the least efficient gRNAs, respectively, Extended Data
899 Fig. 5).

900

901 To calculate gRNAs efficacy in vivo, 200 gRNAs (Extended Data Table
902 1) were injected in 8 different sets of 25 gRNAs together with RfxCas13d protein
903 in one-cell stage zebrafish embryos. Two to three gRNAs targeting the same
904 mRNA (75 mRNAs in total) were designed as described above, specifically to the
905 longest transcript isoform. gRNAs from set 1, set 2 and set 3 targeted the same

906 25 mRNAs, gRNAs from set 4, set 5 and set 6 targeted the following 25 mRNAs,
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907 and gRNAs from set 7 and set 8 targeted the last 25 mRNAs. For instance, aebp2
908 transcript, one of the first 25 mRNAs, was targeted with gRNA1 (13d_aebp2_1)
909 in set 1, gRNA2 (13d_aebp2_1) in set 2 and gRNA3 (13d_aebp2_1) in set 3.
910 Then, in vivo gRNA efficacy for each individual gRNA was calculated as the
911 inverse of the Fold Change, obtained from RNAseq from zebrafish embryos at 4
912  hpf.

913

914 The most recent and updated computational models to predict CRISPR-
915 RfxCas13d activity generated from ex vivo cell culture data, TIGER',
916 DeepCas13'® and RNAtargeting'®, were used to estimate gRNA efficacy. Since
917 RNAtargeting generates gRNA spacer sequences of 30 nt length, the first 23 nt
918 from the 5’ end were used to make them comparable to our gRNAs and to other
919 models. Out of 200 gRNA used in this experiment, including 3 gRNAs as negative
920 controls, 191 were compatible to be analyzed in all computational models. Then,
921 the performance of each prediction model was evaluated using Pearson's
922  correlation coefficient. Ex vivo cell culture data from 396 gRNAs targeting gfp
923 mRNA'® was used as an external control.

924

925  Statistical analyses.

926 All statistical analyses were performed without predetermining sample
927 size. The experiments were not randomized, and investigators were not blinded
928 to allocation during experiments and outcome assessment. No data was
929 excluded from the analysis. Number of embryos, replicates and experiments are
930 indicated in figures and/or figure legends.

931
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932 For phenotypes derived from embryo microinjections, Xi-square or Fisher
933 statistical analyses were undertaken using GraphPad Prism 8 (La Jolla, CA,
934 USA). For qRT-PCR and GFP and DsRed fluorescence levels, T-test statistical
935 analyses were performed. p-values are indicated in figures or figure legends.
936 Non-parametric Mann-Whitney U statistical tests were performed to compare
937  high (top 5) and low (bottom 5) active gRNAs scores (Fig. 4C-E).

938

939 p-values and distances (D, maximal vertical distance between the compared
940 distribution) for the comparison of the cumulative distribution of RNA levels at 6
941  hpf (Fig. 3C) were calculated using Kolmogorov-Smirnov Tests by dgof (v 1.4) in
942 R package.

943

944  Data availability

945 Sequencing data have been uploaded to Gene Expression Omnibus
946 (GEO) (Series GSE270724). Imaging and raw data are available upon request.
947  All other data is available in the main text or the supplementary information.
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Figure 1. Sustained CRISPR-RfxCas13d targeting in zebrafish embryos.

A) Schematic illustration of the experimental setup used to compare CRISPR-
RfxCas13d activity using standard (wt-gRNAs) or chemically modified (cm-
gRNAs) gRNAs, with both mRNA (RfxCas13d mRNA) and purified protein
(RfxCas13d protein). One-cell stage zebrafish embryos were injected with 300
pg of RfixCas13d mRNA or 3 ng of RfxCas13d protein together with 1 ng of a mix
of three gRNAs (~300 pg from each gRNA) (otherwise indicated in the
corresponding figure legend).

B) Expression levels (log2 TPM: Transcript per million reads) during the first 48
hours post-fertilization (hpf) of the different maternally-provided (nanog) and
zygotically-expressed (tbxta — no-tail, noto, rx3, tyrosinase, slc45a2 — albino, and
slc24a5 — golden) mRNAs targeted in this study. Early-zyg, Mid-zyg and Late-
zyg indicate early, mid and late zygotically-expressed mRNAs, respectively. Data
from zebrafish Expression Atlas®”. TPM values lower than 10 were referred as 0.
C) Representative images of the phenotypes obtained after the injection of the
MRNA-gRNAs or ribonucleoprotein (RNP) complexes targeting the indicated
maternally-provided or zygotically-expressed mRNAs. Nanog loss-of-function
phenotypes were evaluated at ~6 hpf: 30% epiboly, 50% epiboly, germ ring, and
shield stages correspond to 4.6, 5.3, 5.7, and 6 hpf in non-injected embryos
growing in standard conditions, respectively (scale bar, 0.25 mm). Tbxta — no-tail
or noto loss-of-function phenotypes were evaluated at 28 hpf (scale bar, 0.5 mm).
Class I: short tail (least extreme), Class II: absence of notochord and short tail
(medium level), and Class Ill: absence of notochord and extremely short tail (most
extreme). Rx3, loss-of-function phenotypes were evaluated at 48 hpf (scale bar,
0.1 mm). Mild: smaller eye(s) (least extreme), Severe: absence of one eye
(medium level), and No-eye: absence of both eyes (most extreme). Tyrosinase
loss-of-function phenotypes (reduced or lack of pigmentation) were evaluated at
48 hpf (scale bar, 0.75 mm for lateral views and 0.1 mm for insets). Mild (least
extreme), Severe (medium level), and Albino-like (most extreme).

D) Stacked barplots showing percentage of observed phenotypes in zebrafish
embryos injected with standard or cm-gRNAs targeting nanog (gNANOG) and
no-tail (QNTL) together with RfxCas13d protein (pRfxCas13d). (n) total number
of embryos is shown for each condition The results are shown as the averages *

standard deviation of the mean of each phenotypic category from at least two
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independent experiments. Chi-square (x?) statistical tests were performed to
compare standard and cm-gRNAs.

E) Stacked barplots showing percentage of observed phenotypes in zebrafish
embryos injected with standard or cm-gRNAs targeting rx3 (one single gRNA,
gRX3-1) and tyrosinase (gTYR) together with RfxCas13d mRNA (mRfxCas13d).
(n) total number of embryos is shown for each condition. The results are shown
as the averages * standard deviation of the mean of each phenotypic category
from at least two independent experiments. x? statistical tests were performed to

compare standard and cm-gRNAs.
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Figure 2. In vitro transcribed gRNAs can induce toxicity.

A) Stacked barplots showing percentage of developmental effect of si:dkey-
93m18.4 KD at 6 hpf using in vitro transcribed gRNAs (IVTed, gRNAs 1-3) or
chemically synthetized (Syn) gRNAs (400 pg/embryo). (n) total number of
embryos is shown for each condition. The results are shown as the averages *
standard deviation of the mean of each developmental stage from at least two

independent experiments.

B) Boxplot showing relative si:dkey-93m18.4 mRNA levels measured by qRT-
PCR at 4 hpf from injected embryos in A. Results are shown as the averages +
standard deviation of the mean from at least four biological replicates from two
independent experiments. One-way ANOVA followed by Tukey post-hoc analysis

was performed. cdk2ap2 mRNA was used as a normalization control.

C) Mirrored line-plot represents relative abundance (normalized fluorescence
intensity of bioanalyzer electrophoresis) of RNA species present in total RNA at
4 hpf from RfxCas13d mediated si:dkey-93m18.4 KD and control embryos.
Traces are single replicates. Non-injected (gray) and RfxCas13d alone (black)
traces are inverted as a reference for RfxCas13d + gRNA1 (light green),
RfxCas13d + gRNA2 (orange), RfxCas13d + gRNAS3 (light blue), RfxCas13d +
gRNA1 Syn (dark green), and RfxCas13d + gRNA3 Syn (dark blue). Black arrows
denote peaks from 28S rRNA cleavage.

D) Cartoon of 28S integrity ratio calculation as the intensity of the 28S rRNA
relative to the long 28S cleavage product when was detected (top) and when it

was absent (bottom). See Methods for further details.

E) Boxplot of 28S integrity ratio in vivo at 4 hpf from RfxCas13d mediated si:dkey-
93m18.4 KD and control embryos. At least two biological replicates were
analyzed. The mean, first and third quartile are represented for each condition.

One-way ANOVA followed by Dunnett’s post-hoc analysis was performed.

F) Stacked barplots showing percentage of developmental effect of brd4 KD at 6
hpf using an in vitro transcribed or chemically synthetized gRNA (IVTed, gRNA1
and Syn, respectively; 300 pg of gRNA/embryo). (n) total number of embryos is

shown for each condition. The results are shown as the averages + standard
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deviation of the mean of each developmental stage from at least two independent

experiments.

G) Boxplot showing relative brd4 mRNA levels measured by qRT-PCR at 4 hpf
from injected embryos in F. The mean, first and third quartile are represented for
each condition. Four biological replicates from two independent experiments
were analyzed. One-way ANOVA was performed. taf15 mRNA was used as a

normalization control.

H) Boxplot of 28S integrity ratio in vivo at 4 hpf from RfxCas13d mediated brd4
KD and control embryos. The mean, first and third quartile are represented for
each condition. At least four biological replicates were analyzed. One-way

ANOVA followed by Dunnett’s post-hoc analysis was performed.
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Figure 3. An optimized localization signal enhances CRISPR-RfxCas13d
nuclear RNA-targeting.

A) Diagram illustrating the positions of three gRNAs targeting primary miR430
transcript (pri-miR430), red rectangles indicate the mature microRNAs (miR430a,
miR430b, and miR430c). Scheme based on Hadzhiev et al., 2023%® (top).
Representative images of developmental defects observed at 48 hpf when
targeting miR430 (scale bar, 0.75 mm) (bottom). Class |: heart oedema (least
extreme), and Class Il: body curvature and/or tail blister (most extreme).

B) Stacked barplots showing percentage of observed phenotypes at 48 hpf
comparing cytoplasmic (mRfxCas13d, pink), NLS (mRfxCas13d-NLS, blue),
optimized 2C-NLS (mRfxCas13d-2C-NLS, orange), heitag (mRfxCas13d-hei,
green), cmyc-2C-NLS (cmyc-mRfxCas13d-2C-NLS, purple) and bpNLS
(mRfxCas13d-bpNLS, red) versions of RfxCas13d mRNA targeting pri-miR430
(gpri-miR430). Configuration of NLS signals in the different NLS versions are
shown in Extended Data Fig. 4A. (n) total number of embryos is shown for each
condition. The results are shown as the averages + standard deviation of the
mean of each phenotypic category from at least two independent experiments.
X statistical test was performed to indicated comparisons.

C) Cumulative plot of the mRNA levels that are degraded by different pathways
(maternal, zygotic and miR-430) through early zebrafish development and
determined by Vejnar et al., 2019%° and Medina-Mufioz et al., 20214° in control
(Non-injected; gray line), and different pri-miR430 KD conditions using
cytoplasmic (mRfxCas13d; pink line), NLS (mRfxCas13d-NLS; blue line) or
optimized NLS (mRfxCas13d-2C-NLS; orange line) versions of RfxCas13d.
Number of mMRNA controlled by each pathway is shown (n). 203 random mRNAs
degraded by maternal and zygotic pathways were selected and p-values and
distances (D, maximal vertical distance between the compared distribution) were
calculated using Kolmogorov-Smirnov tests.

D) Stacked barplots showing percentage of observed phenotypes at 48 hpf upon
pri-miR-430 targeting using mRfxCas13d-2C-NLS with and without a rescue by
a mature miR-430. (n) total number of embryos is shown for each condition. The
results are shown as the averages * standard deviation of the mean of each

observed phenotype. 1 nL of the indicated concentration of mature miR430
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duplexes was injected. x? statistical tests were performed for indicated
comparisons.

E) Barplots showing snRNA u4atac relative levels measured by qRT-PCR at 6
hpf comparing cytoplasmic (mRfxCas13d, pink), NLS (mRfxCas13d-NLS, blue)
and optimized NLS (mRfxCas13d-2C-NLS, orange) versions of RfxCas13d.
Results are shown as the averages * standard deviation of the mean from four
biological replicates from two independent experiments. T-test statistical
analyses were performed to compare control vs KD. miR-430b was used as a

normalization control.
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Figure 4. RNA-targeting, an ex vivo-based computational model can
moderately predict CRISPR-RfxCas13d activity in vivo.

A) Workflow to assess the efficiency of computational models based on ex vivo
data correlate to predict in vivo activity. 1) Diagram illustrating the injection of 8
different sets of 25 gRNAs together with RfxCas13d protein in one-cell stage
zebrafish embryos. 2) RNAseq were performed from injected embryos at 4 hpf.
Co-targeted mRNAs per set are depicted in red. 3) Fold Changes obtained from
RNAseq data were used to calculate each gRNA efficiency and this employed to
calculate Pearson correlation with scores obtained from the most recent and
updated computational prediction models based on ex vivo data (Wessels et al.,
2023", Cheng et al., 20238 Wei et al., 2023 Cell Systems'®). See Methods for
further details.

B) Heatmap of Pearson’s correlations coefficient from each gRNA set with scores
predicted by computational models in A: TIGER, red dots, Wessels et al., 2023"7;
DeepCas13, green dots, Cheng et al., 2023'8; RNAtargeting, purple dots, Wei et
al., 2023"°). Pearson’s correlations coefficient per computational model from cell
culture data on gfp mRNA targeting using 396 gRNAs is included as a reference
control (Wessels et al., 2020).

C, D, E) Violin-plots representing the score of the five highest (High) and five
lowest (Low) active gRNAs per set predicted by TIGER'” (C), DeepCas13'® (D)
and RNAtargeting'® (E). The median and first and third quartiles of the 40 gRNAs
score are represented as dashed and dotted lines, respectively. Non-parametric
Mann-Whitney U statistical tests were performed to compare the score of high

and low active gRNAs.
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Figure 5. CRISPR-RfxCas13d exhibits physiologically relevant collateral
activity only when targeting extremely abundant ectopic mRNAs in
zebrafish embryos.

A, B) Barplots showing GFP fluorescence levels of injected embryos with
RfxCas13d mRNA (mRfxCas13d, A) or RfxCas13d protein (pRfxCas13d, B)
together with gRNAs (gGFP) targeting 10, 20, 50 or 100 pg of ectopic gfp mRNA
(mGFP). Results are shown as the averages + standard deviation of the mean
from three biological replicates of 5 embryos each. T-test statistical analyses
were performed, p-value is indicated above.

C, D) Barplots showing gfo mRNA relative levels analyzed by qPCR of injected
embryos with mRfxCas13d (C) or pRfxCas13d (D) together with gGFP targeting
10, 20, 50 or 100 pg of ectopic mGFP. Results are shown as the averages *
standard deviation of the mean from four biological replicates from two
independent experiments. T-test statistical analyses were performed, p-value is
indicated above.

E, F) Stacked barplots representing developmental phenotypes (epiboly stages)
of injected embryos with mRfxCas13d (E) or pRfxCas13d (F) together with gGFP
targeting 10, 20, 50 or 100 pg of ectopic mGFP. Representative images of
indicated epiboly stages are shown in Fig. 1C. (n) total number of embryos is
displayed for each condition. The results are shown as the averages + standard
deviation of the mean of each developmental stage from at least two independent
experiments.

G) Number of down- (purple) and up-regulated (orange) genes from injected
embryos with pRfxCas13d together with gGFP and 10 or 50 pg of mGFP. Fold-
Change of 2 and p-value < 0.001 were set to determine deregulated genes.

H) Stacked barplots representing developmental phenotypes (epiboly stages) of
injected embryos with pRfxCas13d together with 50 pg of mGFP as reporter for
collateral activity and gRNAs targeting endogenous hnrnpa0l, hmga1a and hspa8
transcripts  (QHNRNPAOL, gHMGA1A and gHSPAS8, respectively).
Representative images of indicated epiboly stages are shown in Fig. 1C. x?
statistical analyses were performed comparing side-by-side each KD condition
with embryos injected with pRfxCas13d + mGFP. (n) total number of embryos is

displayed for each condition. The results are shown as the averages + standard
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deviation of the mean of each developmental stage from at least two independent
experiments.

1) Barplots showing mRNA relative levels analyzed by qRT-PCR at 6 hpf of
injected embryos with pRfxCas13d together with 50 pg of mGFP as reporter for
collateral activity and gHNRNPAOL, gHMGA1A or gHSPAS8. Results are shown
as the averages * standard deviation of the mean from four biological replicates
from two independent experiments. T-test statistical analyses were performed
comparing side-by-side each KD condition with embryos injected with

pRfxCas13d + mGFP. taf175 mRNA was used as a normalization control.
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Figure 6. Implementation of alternative CRISPR-Cas systems for transient
RNA-targeting in vivo.

A) Schematic illustration of the experimental setup used to compare alternative
and high-fidelity CRISPR-Cas RNA targeting systems (Hf-RfxCas13d, DjCas13d
and Cas7-11) with CRISPR-RfxCas13d. One-cell stage zebrafish embryos were
injected with 3 ng of each purified protein were injected together with 1 ng of a
mix of three gRNAs (~300 from each gRNA).

B, C) Stacked barplots representing developmental phenotypes from injected
embryos with RfxCas13d, Hf-RfxCas13d, Cas7-11 or DjCas13d together with
three gRNAs targeting nanog (QNANOG, B) or one gRNA targeting no-tail
(gNTL4, C). Representative images of epiboly stages and no-tail phenotypes are
shown in Fig. 1C. (n) total number of embryos is shown for each condition. The
results are shown as the averages * standard deviation of the mean of each
developmental stage from at least two independent experiments.

D) Stacked barplots representing developmental phenotypes (epiboly stages) of
injected embryos with Hf-RfxCas13d, Cas7-11 or DjCas13d together with gRNAs
targeting endogenous hnrnpa0l, hmga1a and hspa8 transcripts (QHNRNPAOL,
gHMGA1A and gHSPABS, respectively). Representative images of epiboly stages
are shown in Fig. 1C. (n) total number of embryos is displayed for each condition.
The results are shown as the averages * standard deviation of the mean of each
developmental stage from at least two independent experiments.

E, F, G, H) Barplots showing mRNA relative levels analyzed by qRT-PCR at 4 or
6 hpf of injected embryos with RfxCas13d (E), Hf-RfxCas13d (F), DjCas13d (G)
or Cas7-11 (H) together with gHNRNPAOL, gHMGA1A, gHSPAS8, gNANOG or
gNTL4. Results are shown as the averages + standard deviation of the mean
from at least four biological replicates from two or more independent experiments.
T-test statistical analyses were performed comparing side-by-side each KD
condition with embryos injected only with RfxCas13d, Hf-RfxCas13d, DjCas13d
or Cas7-11. hnrnpaOl, hmga1a and hspa8 relative mRNA levels displayed in Fig.
6E correspond to Fig. 51 and Extended Data Fig. 8F data. taf75 mRNA was used
as a normalization control.

I) Dot-blot showing KD efficiency of RfxCas13d, Hf-RfxCas13d, Cas7-11 and
DjCas13d. Each dot represents the mean of the percentage of mMRNA depletion

analyzed by qRT-PCR from E-H panels for the indicated mMRNAs in colors; mean
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and standard deviation are shown. One-way ANOVA followed by Tukey post-hoc
analysis was performed, showing p-values only for comparisons with significant
differences.

J) Stacked barplots representing developmental phenotypes (epiboly stages) of
injected embryos with RfxCas13d, Cas7-11 or DjCas13d together with gRNAs
targeting gfp (gGFP) and 50 pg of ectopic gfo mMRNA (mGFP). Representative
images of epiboly stages are shown in Fig. 1C. (n) total number of embryos is
displayed for each condition. The results are shown as the averages + standard
deviation of the mean of each developmental stage from at least two independent
experiments.

K) Barplots showing GFP fluorescence relative levels at 6 hpf of injected embryos
with RfxCas13d, Cas7-11 or DjCas13d together with gGFP and 50 pg of ectopic
mGFP. Results are shown as the averages + standard deviation of the mean from
at least three biological replicates of 5 embryos from two independent
experiments. T-test statistical analyses were performed, p-value is indicated
above.

L) Number of down- (purple) and up-regulated (orange) genes analyzed by
RNAseq in injected embryos with RfxCas13d, DjCas13d or Cas7-11 together with
gGFP and 10 or 50 pg of mGFP. Fold-Change of 2 and p-value < 0.001 were
used to determine deregulated genes. Deregulated genes shown for RfxCas13d

are from Fig. 5G.
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