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Abstract

Casl2a is a gene-editing tool that simplifies multiplexed gene targeting through its
RNase activity, enabling maturation of individual crRNAs from a pre-crRNA-encoding
RNA. Here, we present a mouse model that constitutively expresses enhanced
Acidaminococcus sp. Casl2a (enAsCasl2a) linked to an mCherry fluorescent reporter.
We demonstrate efficient single and multiplexed gene-editing in cells from
enAsCas12a"' mice. To test in vivo activity, we transduced haematopoietic stem cells
from Eup-Myc™*;enAsCas12a’* animals with Trp53-targeting pre-crRNAs followed by
transplantation into irradiated recipient animals. Tumour development was accelerated
and TRP53 protein lost. We generated compact, genome-wide Casl2a knockout
libraries targeting each gene with four guide RNAs encoded on two (Menuetto) or one
(Scherzo) vector. Introducing these libraries into Eu-Myc™*:enAsCas12a’* lymphoma
cells followed by treatment with an MCL-1 inhibitor (S63845) or TRP53-inducer (nutlin-
3a) identified known and novel drug resistance genes. Finally, we demonstrate
simultaneous gene knockout (Trp53) and activation (Cd19) in primary T cells from
crosses of our enAsCasl2a and CRISPR activation models (dCas9a-SAM). Our
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41 enAsCasl2a mouse model and accompanying libraries enhance genome engineering
42  capabilities and complements current CRISPR technologies.
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Introduction

CRISPR-Cas9, the first developed CRISPR-Cas-based gene-editing variant, has found
near unparalleled utility in biological and medical research. A particular strength of using
CRISPR-Cas9 is the ability to undertake rapid, targeted genetic screens to identify, for
example, genes involved in tumourigenesis or clinical drug resistance [1, 2]. Casl2a
(Cpfl) is an RNA-guided endonuclease that distinguishes itself from Cas9 by its short
CRISPR RNAs (crRNAs), intrinsic RNase activity, and different protospacer adjacent
motif (PAM) requirements [3]. RNase activity is necessary for Casl2a to extract mature
crRNAs from precursor transcripts (pre-crRNA arrays) by recognition of direct repeat
(DR) hairpins upstream (5’) of the crRNA targeting sequence. Concatenating multiple
guide RNAs within a single pre-crRNA array is therefore possible, and enables
combinatorial targeting of one or multiple genes from a compact, easily-clonable, RNA
Pol-1ll expression cassette [4, 5]. The gene-editing effectiveness of Casl2 has been
improved by the engineering of enhanced Acidaminococcus sp.-derived Casl2a
(enAsCasl12a) [6], but this was previously only applicable in mammalian cells in vitro.
To extend the applications of Casl2a-mediated gene-editing, we have generated an
enAsCasl2a knock-in transgenic mouse and demonstrated its efficacy when targeting
genes individually or simultaneously in vitro in primary cells and cell lines, as well as in
vivo via haematopoietic reconstitution. We have furthermore developed two murine-
specific, ultra-compact, pre-crRNA libraries, enabling highly effective genome-scale
CRISPR-Cas12a knockout screens in cells derived from this model.

Results

Generation and characterisation of the enAsCasl12a mouse

To introduce Casl2a in vivo, we obtained the E174R/S542R/K548R-substitution variant
of Acidaminococcus sp. Casl2a (enAsCasl2a; derived form an unclassified
Acidaminococcus strain (BV3L6)) [6], which has previously been utilised in functional
genomic screening [7, 8]. The enAsCasl12a open reading frame was further modified to
contain additional nuclear localisation sequences, which can improve enzyme
functionality [9]. The enAsCasl2a cDNA was then cloned into the Cre-recombinase-
inducible expression cassette of a previously described mouse Rosa26-targeting
construct [10], further modified to include an IRES-mCherry marker (instead of IRES-
GFP), and enAsCasl2a knock-in (enAsCas12a') mice were then generated by
pronuclear microinjection of this construct into C57BL/6 one-cell stage embryos. We
confirmed enAsCasl2a insertion by long-range PCR (Fig. S1A). Once generated,
homozygous enAsCas12a“’%' mice were crossed with CMV-Cre mice to remove the
loxP-flanked neo/stop cassette and allow constitutive, whole-body enAsCasl2a
expression (Fig. 1A, S1B). This was demonstrated by IRES-mCherry expression in


https://doi.org/10.1101/2024.05.30.596755
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596755; this version posted June 1, 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 4.0 International license.

83 haematopoietic cells/tissues via FACS; almost 100% of peripheral blood cells were
84 mCherry+, and ~80% of haematopoietic organ cells (thymus, bone marrow, spleen, and
85 lymph nodes) had detectable marker fluorescence (Fig. S1C). To assess enAsCasl2a
86 expression-related toxicity, we analysed haematopoietic compartment cell populations,
87 specifically B, T, and myeloid cell types. No changes were observed compared to
88 wildtype controls, suggesting constitutive enAsCasl2a expression was well-tolerated
89 (Fig. S2A-D). Furthermore, no health issues were observed in transgenic mice aged up
90 to 250 days (data not shown). Together, these data suggest our enAsCasl2a mouse
91 model is healthy, and has consistent whole-body expression of the enAsCasl2a
92 transgene.

93

94 Validation of the enAsCas12a gene-editing efficacy in vitro

95 To evaluate enAsCas12a activity, murine dermal fibroblasts (MDFs) from enAsCas12a"
96 or WT mice were isolated and transduced with lentiviral vectors for constitutive
97 expression of individual crRNAs targeting Trp53 (exon 4) or Bim/Bcl2l11 (exon 2 or 3)
98 (Table S1). Target editing efficiency in transduced enAsCas12a“""' MDFs was ~100%
99 for each locus, as determined by next generation sequencing (NGS) (Fig. 1B). TRP53
100 loss was also confirmed via western blotting, with no protein observed even 6 h after
101 treatment with nutlin-3a (MDM2 inhibitor, which leads to indirect TRP53 activation [11])
102 (Fig S1D). We next adapted our previously described inducible guide RNA expression
103  platform [12], allowing for doxycycline (dox)-mediated temporal control of pre-crRNA
104 activity, for use in combination with our enAsCasl2a-engineered mouse model. After
105 targeting Trp53 or Bim/Bcl2I11 in enAsCas12a“’®' MDFs, NGS revealed up to 100%
106 target gene-editing efficiency 24 h post-dox treatment (Fig. S3A, B). At baseline (pre-
107 dox treatment), ~70-80% of alleles showed signs of editing, representing background
108 leakiness of the inducible promoter.

109 We then extended our investigations to examine the potential for multiplexed gene-
110 editing via enAsCasl2a. A 4-tandem-guide construct was designed for simultaneously
111  targeting Trp53, Bim/Bcl2l11, Puma/Bbc3, and Noxa/Pmaipl from a single pre-crRNA
112  expression cassette, with the guides separated by unique DRs on their 5’ end (Fig. 1C).
113  Following lentiviral delivery of this construct, we observed 100% editing efficiency for
114  each targeted gene in enAsCas12a“ MDFs, and none in WT MDFs (Fig. 1D). NGS also
115 demonstrated 100% gene-editing efficiency for each gene in the dox-treated MDFs
116  using the inducible 4-tandem guide construct. However, as for the inducible single gene
117  pre-crRNAs, leakiness was also observed in pre-dox treated enAsCas12a“” MDFs
118  (Fig. S3C).

119 To expand our assessment of enAsCasl2a activity to other cell types and biological
120  contexts, homozygous enAsCas12a"“' female mice were crossed with Ep-Myc™ males,
121  and we generated Eu-Myc™”";enAsCas12a/* B lymphoma cell lines from mice that
122 developed MYC-driven lymphoma [13, 14]. We then tested all our constitutive and
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123  inducible guides, following lentiviral delivery, in three independent Epu-
124 Myc"*:enAsCas12a“"*-derived cell lines, and obtained ~50% gene-editing efficiency for
125 both Trp53 and Bim/Bcl2I11 when individually targeted (Fig. S4A, B). Multiplex targeting
126  was more variable, resulting in ~15% (for the constitutive construct) or ~35% (for the
127 inducible construct) gene-editing efficiency for Trp53, ~10% (constitutive) or ~20%
128 (inducible) for Bim/Bcl2l11, and less for both Puma/Bbc3 and Noxa/Pmaipl (Fig. S4C,
129 D). In addition, there was less leakage as measured by indel/frameshift mutations pre-
130  dox treatment in Eu-Myc™;enAsCas12a“’* cells than in the enAsCas12a*’' MDFs.
131  This suggests that the enAsCasl12a system may vary in efficacy based on cell type, or
132 that the presumably higher expression of enAsCas12a in homozygous enAsCas12a<"
133  MDFs results in more robust activity.

134  Collectively, these data demonstrate our enAsCasl2a model is capable of high
135 efficiency single and multiplex gene-editing in vitro, using either constitutive or inducible
136  pre-crRNA vectors.

137

138 Validation of the enAsCas12a gene-editing efficacy in vivo

139  Having established the efficiency of our enAsCasl12a system in vitro in both primary and
140 transformed cell lines, our next aim was to evaluate in vivo functionality. To do so, we
141 performed haematopoietic reconstitutions, first transducing Ep-Myc'*:enAsCas12a"*
142 foetal liver cells (FLCs; obtained at embryonic day 14) with a constitutive Trp53-
143  targeting crRNA construct or empty vector control ex vivo, then transplanting the
144  transduced FLCs into lethally-irradiated C57BL/6 recipient mice before monitoring for
145 lymphoma development (Fig. 2A). All mice transplanted with Trp53-targeting pre-
146  crRNA-transduced FLCs developed lymphoma by 28 days post-transplantation,
147  (consistent with the latency of reconstituted Ep-Myc™*; Trp53%© mice [12, 15]) (Fig. 2B).
148 FACS analyses of the haematopoietic tissues revealed the tumours were primarily
149  immature pro-/pre-B cells (B220'IgM'IgD") (Fig. 2C). In cell lines derived from the
150 haematopoietic tissues of these mice, successful enAsCasl2a-mediated Trp53
151  knockout was confirmed by NGS and western blotting analysis (Fig. 2D, E). Collectively,
152 these findings demonstrate that our enAsCasl2a system is effective for in vivo
153  experimentation.

154

155 Creation and functional assessment of the Menuetto and Scherzo libraries for
156  whole-genome knockout screening in enAsCas12a“’* mouse-derived cells

157  While several genome-scale crRNA expression libraries compatible with Cas12a have
158 been described for use in human cells (Humagne [7], a “dual” library where there are 4
159 unigue crRNAs per gene across 2 constructs, and Inzolia [8], a “quad” library where 4
160 unigue crRNAs per gene are within a single construct), there are no publicly-disclosed
161 equivalents for screening in murine cells. Therefore, we developed two compact,
162 genome-wide, murine-specific pre-crRNA libraries: Menuetto (dual) and Scherzo (quad).
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163 The Menuetto library contains 43,920 constructs with pre-crRNAs targeting 21,743
164 genes, along with 500 non-targeting controls (NTCs), while the Scherzo library contains
165 22,839 constructs with pre-crRNAs targeting 21,721 genes plus 500 NTCs
166  (Supplementary File 1).

167 To demonstrate the utility of the Menuetto and Scherzo libraries, we performed genetic
168  screens using one of our aforementioned Eu-Myc™*:enAsCas12a"* cell lines (#20). Six
169 replicate transductions were performed for each library before cells were treated with
170 either DMSO, nutlin-3a (2 uM, retreated 4 times; an MDM2 inhibitor, which leads to
171 indirect TRP53 activation [11]), or S63845 (400 nM, retreated 2 times; an inhibitor of the
172  pro-survival BCL-2 family protein MCL-1 [16]) (Fig. 3A). Drug concentrations close to
173  the ICso values were chosen, as determined via preliminary viability assays (Fig. S5).
174  Once the cells recovered from the multiple treatments, DNA was isolated and NGS was
175 performed to identify enriched crRNAs. Analyses of both the Menuetto (Fig. 3B) and
176  Scherzo (Fig. 3C) library screens revealed similar results: strong enrichment of Trp53-
177  targeting pre-crRNAs when comparing nutlin-3a-treated cells to the input samples, and
178  strong enrichment of Bax-targeting crRNAs when comparing S63845-treated cells to the
179 input samples. This is in line with expectations, as we have previously identified and
180 validated Trp53 and Bax as resistance factors to nutlin-3a- and S63845-mediated killing,
181 respectively, after conducting whole-genome genetic screens using CRISPR-Cas9 in
182 Ep-Myc cells [1, 2, 17]. By contrast, the DMSO-treated samples showed no standout
183 guide enrichment for either library (complete analyses of the screens can be found in
184  Supplementary File 2). These data suggest the Menuetto and Scherzo libraries perform
185 well as compact CRISPR-Casl2a whole-genome knockout libraries for use in murine
186 enAsCasl2a transgenic cells.

187

188 Combinatorial gene modification: Casl12a-mediated gene knockout with dCas9a-
189 SAM-induced gene expression

190 Next, we wanted to explore the potential for our enAsCasl2a mouse to be used for
191 inter-Cas multiplexing applications. In addition to facilitating multiplexed gene knockout
192  through pre-crRNA processing, Casl2a can also be multiplexed with orthogonal Cas
193 molecules, such as a dCas9a used for CRISPR activation (CRISPRa), as their
194 PAM/targeting requirements and guide RNA scaffolds specificities are distinct. To
195 perform such an experiment, we first crossed enAsCas12a mice to OT-I Tg mice (OT-I;
196 in which the T cell receptor is engineered to recognise the immunogen, ovalbumin (OVA)
197 [18]), and the resulting progeny were crossed with our previously described CRISPRa
198 dCas9a-SAM mice [19] to generate enAsCas12a“’*;dCas9a-SAM"":OT-1"" mice.
199 Splenocytes from these mice were stimulated with OVA peptide and transduced with
200 either a Cd19-targeting sgRNA (BFP co-expression), a Trp53-targeting crRNA (exon 4-
201 targeting; GFP co-expression), or both in combination. Approximately 6% of cells were
202  successfully transduced with both constructs (Fig. 4A, S6A), of which ~55% expressed
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203 CD19, demonstrating successful dCas9a-SAM-mediated Cd19 activation (Fig. 4B, S6B).
204 We next isolated GFP-negative and GFP-positive cells from the CD19+ population, and
205 used NGS to assess the level of Trp53 gene-editing. As expected, we observed no
206 genetic perturbations of Trp53 in CD19+GFP- cells, while Trp53 was edited with ~50%
207  efficiency in CD19+GFP+ cells (Fig. 4C, S6C).

208 The success of this enAsCas12a/dCas9a-SAM multiplexing led us to question whether
209 the technique could be performed using a single transduction. To test this, we cloned
210 either the Trp53-targeting (exon 4-targeting) crRNA or an array containing both Bax-
211  and Bak-targeting crRNAs into the same vector as the Cd19-targeting sgRNA. Then, we
212 transduced these vectors into enAsCas12a“"*;dCas9a“"* MDFs (or the empty vector as
213 a control), and examined gene activation efficacy by flow cytometry 8 days post-
214  transduction. FACS analysis first demonstrated that the majority of our transduced
215 enAsCasl12a“"*;dCas9a""* MDFs were triple-fluorescent (mCherry co-expression from
216 enAsCasl2a, GFP co-expression from dCas9a-SAM, and BFP co-expression from the
217 crRNA/sgRNA vector), a useful property for multiplexing applications (Fig. S6D). In
218 those triple-fluorescent cells, we were then also able to observe strong CD19 induction
219 relative to those MDFs transduced with the empty vector (Fig. 4D, S6E). We then
220 examined the efficacy of our gene-knockout via western blotting. For each of the
221  enAsCasl12a“*;dCas9a""* MDFs transduced with the sgCd19/crTrp53 vector, we
222 observed clear loss of TRP53 expression (Fig. 4E, F). Similarly, for
223  enAsCasl12a“"";dCas9a""* MDFs transduced with the sgCd19/crBax/crBak vector, we
224  observed clear loss of BAX, and strong (but incomplete) loss of BAK (Fig. 4E, F).

225 Together, these data demonstrate that multiplexing enAsCasl12a with dCas9a-SAM is a
226  viable strategy for simultaneous knockout and activation of distinct target genes.

227

228

229  Discussion

230 In this study, we describe the generation of a murine model containing a constitutively-
231 expressed enhanced Acidaminococcus sp.-derived Casl2a construct (enAsCasl2a).
232 We were able to validate that constitutive enAsCasl2a expression is well-tolerated,
233 particularly with respect to the haematopoietic system. Furthermore, enAsCasl2a
234 expression is present in all surveyed tissues through functional assays and detection of
235 a linked mCherry reporter gene. Efficacy of enAsCas12a was determined both in vitro —
236 using MDF and Ep-Myc pre-B/B cell lymphoma cell lines with constitutively and
237 inducibly expressed pre-crRNAs — and in vivo — using mice haematopoietically
238 reconstituted with Eu-Myc™*;enAsCas12aX"* foetal liver cells transduced with
239  constitutively expressed pre-crRNAs. Differences in the efficacy of gene perturbation
240 activity across assayed contexts could likely be explained by enAsCasl2a dosage,
241 either due to the genetic backgrounds (homozygous vs heterozygous), cell type-
242 dependent differences with the CAG promoter driving enAsCasl12a, or some level of
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243  selection favouring the edited cells (e.g. Trp53 loss inhibiting cell death). We further
244  designed and synthesised two whole-genome, multiplexed, mouse-specific Casl2a
245 crRNA expression libraries: Menuetto (dual) and Scherzo (quad), and demonstrated
246  their utility for in vitro screens using Eu-Myc lymphoma cells. Finally, we crossed our
247 enAsCasl2a mouse with our previously generated dCas9a-SAM mouse [19], and
248 demonstrated the capability for multiplexed experiments with our models,
249  simultaneously utilising both Cas molecules in primary T cells and MDFs to activate
250 CD19 expression and mutate Trp53 or Bax/Bak. Notably, these experiments also
251 demonstrated the viability of our enAsCasl2a system as being functional in a
252  heterozygous context, meaning it could easily be crossed to disease models to enable
253  broad application amongst the scientific community.

254

255  Multiplexing experiments are an emerging area of utility for CRISPR technologies,
256 which exploit the specificity of different Cas molecules to their particular pre-
257 crRNAs/sgRNAs. To utilise this capability to its maximum potential, we designed our
258 enAsCasl2a mouse with an mCherry marker, making it compatible with our previously
259 generated dCas9a-SAM mouse, which has a GFP marker [19]. This design choice
260 should improve quality-of-life for the end users, permitting easy detection and/or
261  enrichment of Cas-/construct-positive cells when needed. Combined with, for example,
262 a BFP-tagged sgRNA/pre-crRNA expression vector, we have demonstrated that one
263 can easily obtain triple-fluorescent (or potentially more) cells with significant utility in
264 FACS and imaging applications.

265 Due to the RNase capability of Casl2a, multiplexing is also simplified at the level of
266  guides, as multiple crRNAs can be generated from a single RNA molecule and a single
267 promoter. We tested both inducible and constitutively-expressed versions of individual
268 pre-crRNAs and a 4-tandem-guide construct (targeting Trp53, Bim/Bcl2111, Puma/Bbc3,
269 and Noxa/Pmaipl in parallel) in vitro using primary enAsCas12a“*' MDFs and Ep-
270  Myc"":enAsCas12a"* lymphoma cells. We saw no loss of gene-editing efficacy in
271 primary MDFs when comparing the constitutive and inducible individual and 4-tandem-
272 guide configurations, but enAsCasl12a activity was observed without dox-treatment for
273  both inducible configurations in enAsCas12a“’' MDFs. This leakiness was absent in
274  Ep-Myc"":enAsCas12a* Ilymphoma cells transduced with the 4-tandem-guide
275  construct, but there was a marked drop in gene-editing efficiency for those pre-crRNAs
276  distal to their promoter. Previous studies have also reported variable efficiencies in
277  either crRNA cleavage or concomitant gene-editing when using multiplexed Casl2a
278 crRNAs, in various species ranging from bacteria and yeast to human cells [5, 20-22].
279 As we did not observe a reduction in gene-editing efficiency using the 4-tandem-guide
280 constructs in enAsCas12a*"' MDFs, but lower Bak (positioned 3’ of the Bax-targeting
281 guide in the Bax/Bak crRNA array) gene-editing in the enAsCas12a“"*;dCas9a*"* MDFs,
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282  this suggests these differences in efficiency are likely dependent on differences in
283  Casl2a expression level.

284

285  Multiplexing can also refer to multiple guides targeting a single gene, such as has been
286 the case in the previously generated human-specific Cas12a crRNA expression libraries;
287 Humagne [7] and Inzolia [8]. Humagne uses 2 constructs per gene, each with 2 unique
288 pre-crRNAs (dual), while Inzolia uses only one construct per gene with 4 unique pre-
289 crRNAs (quad). We have taken a similar approach in designing two whole-genome,
290 mouse-specific Casl2a crRNA libraries; Menuetto (dual) and Scherzo (quad). There are
291 advantages and disadvantages to each approach. For example, our dual-style Menuetto
292  library potentially holds more analytical power, as multiple crRNA constructs can be
293 detected per gene, which is necessary for some popular CRISPR screen analysis
294 methods (e.g. MAGeCK [23]) to assign statistical significance. Alternatively, our quad
295 Scherzo library is approximately half the size of the dual Menuetto library, which is
296 advantageous for in vivo applications due to the maximisation of gene coverage across
297 a restricted number of guide-expressing cells. Regardless, our screening approach
298 suggests both the Menuetto and Scherzo libraries are highly effective. We obtained a
299 number of expected hits, including Trp53, Bax, Puma/Bbc3, and Bim/Bcl2l11, all of
300 which are well-characterised as being necessary for S63845- or nutlin-3a-mediated
301 apoptosis in MYC lymphomas [1, 17, 24, 25]. Other strong hits, such as NaalO, are less
302 well characterised, but have been reported elsewhere as necessary for TRP53-
303 mediated apoptosis, as well as having been a hit in a similar CRISPR-Cas9 screen
304 performed by our group [2, 26]. We will make the Menuetto and Scherzo libraries
305 available in the near future to the wider scientific community and look forward to their
306 discoveries.

307 In conclusion, our results, and the accompanying manuscripts by Tang et al. and Hebert
308 et al.,, demonstrate the power of Casl2a as an extension of our gene-editing toolbox for
309 engineering sophisticated pre-clinical models and interrogating complex biological
310 pathways.
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349 Methods

350

351 Animal strains and husbandry

352 Care and husbandry of experimental mice was performed according to the guidelines
353 established by The Walter and Eliza Hall Institute Animal Ethics Committee and Austin
354  Health Animal Ethics Committee. Transgenic Eu-Myc, enAsCas12a', dCas9a-SAMK*,
355 and enAsCas12a“’*;dCas9a-SAMX"* mice are maintained on a C57BL/6-WEHI-Ly5.2
356 background. Ep-Myc transgenic mice have been described previously [13, 14].
357 C57BL/6-WEHI-Ly5.1 mice used for haematopoietic reconstitutions and C57BL-6-OT-l
358 Tg mice [18] (RRID:IMSR, JAX:003831) were obtained from The Walter and Eliza Hall
359 Institute breeding facility (Melbourne, Australia).

360

361 enAsCasl2atransgene creation and transgenic mouse generation

362 The pCAG-enAsCasl?a(E174R/S542R/K548R)-NLS(nuc)-3xHA (AAS848) vector
363 (developed by Keith Joung & Benjamin Kleinstiver [6]) was modified to possess an
364 additional 3x nuclear localization signals (NLS; 3x SV40 NLS) at the C-terminus of the
365 enAsCasl2a sequence. This modified enAsCasl2a sequence (and an upstream spacer
366 sequence) was then cloned into the Ascl site of a modified Rosa26-targeting CTV
367 vector (obtained from Klaus Rajewsky [10]; modified to remove the pGK-dTA sequence
368 and replace the GFP with mCherry). Inducible enAsCas12a' mice were generated by
369 pronuclear injection of this enAsCasl2a RosaZ26-targeting vector (7 ng/pL), Cas9-
370 targeting sgRNA (10ng/uL; 5-CTCCAGTCTTTCTAGAAGAT-3’), and Cas9 protein (50
371 ng/uL) into C57BL/6J-WEHI embryos as previously described [27]. Once generated,
372 heterozygous enAsCas12a’" mice were crossed to CMV-Cre deleter mice [28] to
373 remove the loxP-flanked neo/stop cassette, resulting in the generation of heterozygous
374 mice constitutively expressing enAsCasl12a, which were bred to produce a homozygous
375 enAsCas12a“’¥ colony.

376

377 Flow cytometry analyses

378 To analyse enAsCasl2a-IRES-mCherry expression, peripheral blood, bone marrow,
379 thymi, spleens, and lymph nodes were harvested from WT (n=3) and homozygous
380 enAsCasl2a“ (n=3) mice (and processed into single cell suspensions where
381 necessary). Red blood cells in the peripheral blood and spleen were removed by
382 addition of red cell lysis buffer (made in house: ammonium chloride (156 mM), sodium
383 bicarbonate (11.9 mM), EDTA (0.097mM)), before the cells were washed twice with 1x
384 PBS (Gibco #14190144) and centrifugation, before resuspension in FACS buffer (1x
385 PBS, EDTA (5uM) (Sigma-Aldrich #£8008), 5% FBS (Sigma-Aldrich #12007C)).

386 Casl2a toxicity in the mouse haematopoietic system was determined by first harvesting
387 bone marrow, thymi, spleens, and lymph nodes from WT (n=3) and homozygous
388 enAsCasl12a®' (n=3) mice. Tissues were processed into single cell suspensions, cells


https://doi.org/10.1101/2024.05.30.596755
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596755; this version posted June 1, 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 4.0 International license.

389 were counted using a TC20 Automated Cell Counter (BioRad), then stained with
390 Zombie UV (BioLegend #423107; diluted 1:1000 in FACS buffer) to exclude dead cells.
391 Then cells were washed by centrifugation with 1x PBS, and resuspended in a cocktail of
392 FACS buffer with anti-FCR (made in house; 1:10) and fluorochrome-conjugated
393 antibodies against B220 (RA3-6B2-BV605; 1:200; BioLegend #103244), TCRB (H57-
394 597-PE-Cy7; 1:400; BioLegend #109222), Macl (M1/70-APC-Cy7; 1:400; BD
395 Biosciences #557657), Grl (RB68C5-Alexa Fluor 700; 1:400; made in house), IgM (5-1-
396 FITC; 1:400; made in house), IgD (11-26c¢.2a-BV510; 1:400; BD Biosciences #563110),
397 CD4 (GK1.5-PerCP-Cy5.5; 1:800; BioLegend #100434), CD8 (53.6.7-Alexa Fluor 647;
398 1:400; made in house). Cells were then incubated on ice for at least 25 m, washed twice
399 Dby centrifugation with 1x PBS, before resuspension in FACS buffer for analysis. T cells
400 used in multiplexing were prepared similarly as above, and the fluorochrome-conjugated
401 CD19 (ID3-A700; 1:400; made in house) antibody used.

402  For MDF multiplexing experiments, MDFs were isolated from
403 enAsCas12a*;dCas9a"* transgenic mice (#77, #78, #79) and transduced with either
404 a sgCdi9/crBax/crBak vector, a sgCd19/crTrp53 vector, or an empty vector (as a
405 control). MDFs were detached from their 6-well plates using cell scrapers (Corning,
406 #3010), placed into FACS buffer, filtered, and washed using 1x PBS and centrifugation.
407 MDFs were then resuspended in FACS buffer with anti-FCR and a fluorochrome-
408 conjugated antibody against CD19 (ID3-A700; 1:400; made in house). After being
409 incubated on ice for 25 m, cells were washed with 1x PBS and resuspended in FACs
410 buffer for analysis. All flow cytometry samples in this study were analysed using either
411  an Aurora (Cytek), FACSymphony A3 (BD Biosciences), or an LSR Il (BD Biosciences).
412

413  Small-scale Cas12a pre-crRNA design and construct cloning

414 The Casl2a individual pre-crRNAs and 4-tandem-guide array targeting Trp53,
415 Bim/Bcl2l111, Bbc3/Puma, and Pmaipl/Noxa were designed using Benchling
416 (sequences given in Table S1) and ordered from Integrated DNA Technologies (IDT).
417 Individual  pre-crRNAs were  synthesized with the same DR (5-
418 TAATTTCTACTCTTGTAGAT-3) at the 5 end, which is the sequence recognized by
419 Casl?2a, as well as with 4 bp overhangs at the 5’ end for the complementary (5’-TCCC-
420 3’) sequence and reverse complementary (5-AAAC-3’) sequences, before being cloned
421 into the BsmBI site (vectors had been modified to contain this site) of either the
422  constitutive lentiviral vector FUGW (Addgene #14883) or the doxycycline-inducible
423  vector FgH1tUTG (Addgene #70183). The 4-tandem-guide array was similarly cloned
424  into the BsmBlI site of either FUGW or FgH1tUTG.

425 The dCas9a-SAM-compatible Cdl19-targeting sgRNA vector was generated by first
426  modifying the lenti sgRNA(MS2) puro optimized backbone (Addgene #73797) to
427  remove the puromycin selection sequence and instead incorporate a BFP marker. The
428 Cd19 sgRNA sequence (Table S1) was then cloned into the BsmBI site of the modified
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429 vector. The sequences encoding the H1 promoter and crRNA targeting Trp53 or the
430 crRNA array targeting Bax/Bak were cloned into the BamHI site of the modified vector.
431

432  Cell culture

433  Primary murine dermal fibroblasts (MDFs) were isolated from adult mouse tails. The tail
434  skin (dermis and epidermis) was incubated, with agitation, at 4°C for 24 h in 1.5 mL
435 DMEM (Gibco #11995065) with dispase Il (2.1 U/mL; Merck #D4693). The dermis was
436 then removed from the epidermis and digested with collagenase IV (0.0408 mg/mL;
437  Merck #C5138) at 37°C for 1 h in 1.5 mL DMEM with 10% foetal bovine serum (FBS;
438  Sigma-Aldrich #12007C). Single cell suspensions were generated by passing digested
439  dermis through a 100 um sieve/cell strainer (Falcon #3506) into 3 mL of DMEM with 10%
440 FBS before plating into 6 well tissue culture plates (Falcon #352360). MDFs were
441 maintained in culture using DMEM with 10% FBS, passaged using 1x trypsin (Lonza
442  #BEO02-007E) to dislodge them from the plates, and were cultured for no longer than 3
443  weeks.

444  Ep-Myc™";:enAsCas12a“" cell lines #19, #20, and #23 were derived from spleens of
445  double-transgenic Eu-Myc™*:enAsCas12a* mice after they developed lymphoma
446 (euthanised/harvested at the ages of 95, 131, and 105 days old, respectively). Eu-
447 Myc"":enAsCas12a"* cell lines were maintained in cell culture using FMA media [19],
448 and were cultured for no longer than 3 months.

449  During their transduction process, FLCs were maintained in foetal liver media: a-MEM
450 with GlutaMax (Gibco #32561037), 10% FBS, HEPES (10 mM; Gibco #15630-080),
451 additional GlutaMax (1x; Gibco #35050-061) sodium pyruvate (1 mM; Gibco #11360-
452 070), and B-mercaptoethanol (50 pM; Sigma-Aldrich #M3148), supplemented with
453 mSCF (0.1 pg/mL; Peprotech #250-03), IL-6 (0.01 pg/mL; made in house), TPO (0.05
454  pg/mL; Peprotech #315-14), and FLT-3 (0.01 pg/mL; made in house)

455 HEK?293T cells were used for virus production and were maintained in cell culture using
456 DMEM with 10% FBS.

457  All cell lines were cultured at 37°C in 10% CO,, and were routinely determined to be
458 negative for Mycoplasma infection using a MycoALert detection kit (Lonza #LT07-118).
459

460 Virus production and cell transduction

461  For transduction of MDFs (50,000 cells per transduction) and Eu-Myc™;enAsCas12a<"*
462 (100,000 cells per transduction) cell lines, plasmid DNA (10 pg) was packaged using p-
463 MDL (5 ug), p-RSV-REV (2.5 ug), and p-VSVG (3 pg), using an established calcium
464  phosphate precipitation method [29]. Lentiviral supernatant, with the addition of
465  polybrene (8 pg/mL), was added onto MDFs and centrifuged at 1200xg for 45 m at 32°C.
466 Ep-Myc”";enAsCas12a“"* cells being transduced with Menuetto/Scherzo library DNA
467  were centrifuged at 1100xg for 2 h at 32°C.
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468  For transduction of FLCs, plasmid DNA (10 ug) was packaged using p-MDL (5 ug), p-
469 RSV-REV (2.5 ug), and ENV (5 pg). Lentiviral supernatant was first applied to
470 retronectin (32 pg/mL in 1x PBS)-coated tissue culture plates (Thermo Fisher Scientific
471  #150200) by centrifugation, before the FLCs were applied to the plate, as previously
472  described [15].

473

474  Cell sorting and doxycycline-induction

475  After 2 days of recovery post-transduction, MDFs and Eu-Myc™*;enAsCas12a*"* cells
476  were sorted using an Aria Il (BD Biosciences) to acquire only cells with enAsCas12a-
477 IRES-mCherry and pre-crRNA-GFP expression. Cells with inducible constructs were
478 treated with doxycycline (10 pg/mL) for 24 h to induce pre-crRNA expression as per
479  established protocols [12].

480

481 DNA extraction and next generation sequencing

482 In all instances, genomic DNA (gDNA) was extracted from cells using DNeasy Blood &
483 Tissue kit (QIAGEN #69506). DNA samples were prepared for NGS similarly to
484  previous descriptions [12]. In short, primers that flank one of the pre-crRNA sequences
485 in the 4-tandem-guides construct were designed with 5’ overhangs and ordered from
486 IDT (full primer sequences in Table S2). To amplify each gene region, an initial PCR
487 was performed using gDNA (100 ng) with 1x GoTag Green Master Mix (Promega
488 #M7123), and 0.5 pM of each primer. Cycling conditions were 18 cycles of 95°C for 2 m,
489 60°C for 30 s, 70°C for 30 s. To index the samples for sequencing, a second PCR
490 reaction was then performed using the product from the first PCR (1 uL) with 1x GoTaq
491 Green and 0.5 yM of each primer (indexing sequences in Table S3). The cycling
492  conditions were 24 cycles of 95°C for 2 m, 60°C for 30 s, and 70°C for 30 s. From each
493 amplified, indexed PCR product, 5 yL was pooled and purified using 1.0x Ampure
494 Beads (Beckman Coulter #A63880), and the pooled samples were sequenced using a
495 MiSeq (lllumina). Indels were quantified using the CRISPR indel calculator
496  (http://crisprindelcalc.net).

497

498 Haematopoietic reconstitution

499 Female enAsCas12a“’ mice were crossed with male Ep-Myc™ mice, and Ep-
500 Myc"*;enAsCas12a"* foetal livers from E13.5-14.5 embryos were harvested. Single
501 cell suspensions of FLCs were generated and frozen in freezing medium (90% FBS and
502 10% DMSO (Sigma-Aldrich #D4540)). Eu-Myc™;enAsCas12a’* FLCs were
503 transduced with non-targeting control (NTC) or crTrp53 (targeting exon 4) (Table S1) via
504 spin infection as described above. The next day, these cells were washed using 1x PBS,
505 filtered, then transplanted into lethally-irradiated (two irradiations of 5.5 Gy, ~3 h apart)
506 7-8-week-old male C57BL/6-WEHI-Ly5.1 recipient mice. Tumour-free survival time was
507 defined as the time from FLC transplantation until reconstituted mice reached ethical

Kl/+
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508 endpoint post-lymphoma development. At ethical endpoint, peripheral blood was
509 collected and analysed via Advia (Siemens), and tumour tissues were harvested for
510 immunophenotyping by flow cytometry.

511

512 Haematopoietic cell analyses

513  The bone marrow, thymi, spleens, and lymph nodes from reconstituted mice at ethical
514 endpoint were harvested and processed into single cell suspensions to culture and
515 generate lymphoma cell lines. A small quantity of the single cell suspension was also
516 prepared for FACS analysis, by first being washed twice using 1x PBS, before being
517 stained with ViaDye Red (1:500; Cytek #R7-60008) for 20 m on ice to exclude dead
518 cells. The cells were then washed twice using 1x PBS, and incubated for 25 m on ice in
519 a cocktail of fluorochrome-conjugated antibodies (B220 (RA3-6B2-BV605; 1:200;
520 BiolLegend #103244), TCRB (H57-597-PE-Cy7; 1:400; BioLegend #109222), IgM (5-1-
521 PE; 1:400; made in house), IgD (11-26c.2a-BV510; 1:400; BD Biosciences #563110))
522 diluted in FACS buffer with anti-FCR, as above. Cells were then washed with and
523 resuspended in FACS buffer, and analysed by flow cytometry using an Aurora (Cytek).
524

525 Western blot analyses

526 Ep-Myc™":enAsCas12a“"*;crTrp53 cell lines derived from lymphoma-burdened
527 reconstituted mice (#205 #207) were treated with the pan-Caspase inhibitor QVD-O-Ph
528 (25 uM; MedChemExpress #HY-12305) for 15 min to inhibit cell demolition, before
529 being treated with nutlin-3a (10 uM; MedChemExpress #HY-10029) for 24 h to induce
530 TRP53 activation (control cells were treated with DMSO). MDF samples (except those
531 in the multiplexing experiments) were treated with nutlin-3a (10 uM) for 6 h with no
532 QVD-O-Ph, but otherwise prepared the same way. Cell pellets were collected and
533 resuspended in RIPA lysis buffer (NaCl (300 mM), SDS (0.2%), Triton X-100 (2%),
534 sodium deoxycholate (1%), Tris HCI (100 mM, pH 8.0)) with protease inhibitor (Roche
535 #11836145001), then incubated on ice for 30 m. Protein-containing supernatant was
536 collected after centrifugation at 13000xg for 10 m at 4°C. To quantify protein content, a
537 BCA assay (Thermo Fisher Scientific #23225) was performed, except for the
538 multiplexing experiments where equal cell numbers were used. Then, 25 ug of protein
539 (or all of the sample for the MDF multiplexing experiment across 2 gels) was loaded into
540 a NuPAGE 4~12% Bis-Tris 1.5 mm gel (Invitrogen #NP0335) and gel electrophoresis
541 performed. Protein was transferred onto a nitrocellulose membrane (Invitrogen
542  #|B23002) according to the manufacturer’s instructions, and the membrane blocked with
543 5% skim milk powder dissolved in PBS-T (1x PBS with 0.1% Tween-20 (Sigma-Aldrich
544  #P1379)) for ~1 h at room temperature, and then incubated in primary antibody against
545 P53 (1:2000; Novocastra #NCL-p53-CM5p), B-ACTIN (1:2000; Sigma #A2228), BAX
546 (1:2000; Sigma Aldrich #B9054), BAK (1:2000; Sigma Aldrich #5897), or HSP70
547 (1:10,000; gift from Dr R Anderson, ONJCRI) (dissolved in PBS-T) at 4°C overnight,
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548 with agitation. The next day, the membrane was washed ~3 times with PBS-T before
549 incubation with HRP-conjugated anti-rabbit (Southern Biotech #4010-05) or anti-mouse
550 (Southern Biotech #1010-05) secondary antibody. The protein bands were visualised by
551 adding Immobilon Forte Western HRP substrate (Millipore #WBLUF0100) on a
552 ChemiDoc XRS+ (BioRad).

553

554 crRNA design for the Menuetto library (dual pre-crRNA library)

555 For each mouse protein-coding gene found in Ensembl Release 102, we designed 2
556 pairs of 23mer spacer sequences for the enAsCasl2a nuclease based on the
557 enAsCasl2a design rules implemented in the crisprVerse [30]. First, we filtered out
558 spacer sequences with at least one of the following characteristics: contains a poly-T
559 stretch, has GC content below 20% or above 80%, or contains a recognition site for the
560 restriction enzymes EcoRI and Kpnl used for lentiviral cloning. Spacer sequences were
561 then selected to (1) minimize the number of putative off-targets located in other coding
562 sequences, (2) optimize on-target activity using the enPAM+GB prediction algorithm
563 described in [7], and (3) target the canonical isoform as defined by Ensembl. We
564 required a minimal distance of 25 nucleotides between spacer sequences within a pair
565 to avoid competing of nuclease occupancy, and required at least 50 nucleotides
566 between pairs as well. When possible, spacers for a given gene were chosen across
567 different exons to increase the probability of having a functional knockout. Spacers
568 located in known Pfam domains, as well as in the first 85% of the CDS region, were
569 prioritized. Finally, to avoid the unintended deletion of functional non-coding elements,
570 we constrained each pair of spacers to regions that do not overlap known non-coding
571 elements described in Ensembl Release 102 (miRNAs, tRNAs, IncRNAs, rRNAs,
572  snRNAs, and snoRNAs). We also included 500 pairs of non-targeting controls (NTCs).
573 The final library, named Menuetto, contains a total of 46,242 pairs of spacer sequences
574  (full Menuetto library information can be found in Supplementary File 1). Pre-crRNAs for
575 the Menuetto library (and Scherzo library, see below) were synthesized and cloned
576 (Cellecta) into a vector derived from the pLKO.1 vector (Addgene #10878) with pre-
577 crRNAs under control of the hU6 promoter and BFP under control of the EF-la
578  promoter.

579

580 crRNA design for the Scherzo library (quad pre-cRNA library)

581 The design of the 4 spacers per gene for the quad pre-cRNA library, named Scherzo,
582 follows the design of the Menuetto library. The 4 spacers per gene are also constrained
583 to a region that does not overlap known non-coding elements. As a result, there is a
584 small number of genes for which it is not possible to design one quad array that targets
585 all isoforms of a given gene without overlapping non-coding elements. For such cases,
586 we designed an additional quad array to target the remaining isoforms. The final library
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587 contains a total of 22,839 quad arrays, including 500 NTC quad arrays (full Scherzo
588 library information can be found in Supplementary File 1).

589

590 Genome-wide Menuetto and Scherzo crRNA library sequencing

591  Virus production and Ep-Myc™*:enAsCas12a"* cell transduction was performed as
592 described above, with 10 pg library DNA used for each of the six independent
593 transductions undertaken (300,000 cells per transduction) for each library. Eu-
594 Myc"":enAsCas12a* cells used for screening were not sorted/selected. After
595 recovering from transduction, cell replicates were expanded into T75 flasks (Corning
596 #430641), and treated with either DMSO, Nutlin-3a (2 uM, retreated 4 times; an MDM2
597 inhibitor, which leads to indirect TRP53 activation), or S63845 (400 nM, retreated 2
598 times; an MCL-1 inhibitor). Starting drug concentrations were chosen to be around the
599 ICs value, as determined by viability assays performed as previously described [2] (Fig.
600 S5). The first drug treatments occurred ~7 days post-transduction. After recovering from
601 the final treatment, pellets of 4 million cells were collected, washed with 1x PBS, and
602 the DNA extracted as above.

603 crRNAs were then amplified from 250 ng of DNA using GoTaq Green according to the
604 manufacturer’s instructions, and the following PCR protocol: 3 m at 95°C, [15 s at 95°C,
605 30 s at 60°C, 30 s at 72°C repeated 35 times], and 7 m at 72°C. The primers used for
606 amplification and indexation of the pre-crRNAs are given in Table S4. PCRs were
607 performed in duplicate for each sample, with each library indexed separately using the
608 same primer combinations. Products were pooled for each library separately, then
609 cleaned up using Ampure XP beads (Beckman Coulter #A63881) and sequenced on a
610 NextSeq 2000 (lllumina) according to the manufacturer’s instructions.

611

612  Statistical analyses for the Menuetto and Scherzo screens

613  For both screens, reads were mapped to the libraries using MAGeCK v0.5.9 [23] to
614 generate the raw count data. Raw count data were then stored in a standard
615 Bioconductor SummarizedExperiment object [31] and normalized for sequencing depth.
616 We performed a differential abundance analysis for each pair or quad of pre-crRNAs
617 separately using the popular limma-voom approach [32]. Specifically, we fitted a linear
618 model to the log-CPM values for each pre-crRNA array, using voom-derived
619 observation and quality weights. We performed robust empirical Bayes shrinkage to
620 obtain shrunken variance estimates for each pre-crRNA array, and we used moderated
621  F-tests to compute p-values for each of the two-group comparisons of interest.

622  For the Menuetto screen, we obtained gene-level statistics by aggregating statistics per
623 gene from the each gene-specific pre-crRNA pair. In particular, we used the “fry” gene-
624  set enrichment analysis method implemented in limma, and considered the two pairs
625 targeting a given gene as a “gene set”. This allows the detection of genes that are
626  consistently enriched or depleted for the two pre-crRNA pairs. We applied the
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627 Benjamini-Hochberg procedure to obtain an FDR-corrected p-value for each gene.
628 Essential/non-essential genes were determined as previously described [33]. Hits were
629 selected by using an FDR threshold of 20%.

630 For the Scherzo screen, the quad array p-values were corrected for multiple
631 comparisons using the Benjamini-Hochberg procedure. Hits were selected by using an
632 FDR threshold of 5%.

633

634 Primary mouse T cell culture, transductions, and cell sorting

635 Virus production was performed as described above, with 60 ug DNA used in the
636 transduction (~100x10° splenocytes). Non-treated 6-well plates were coated with
637 retronectin (48 ug/well) overnight at 4°C, washed with 1x PBS and blocked with 2%
638 BSA for 30 m, before the addition of filtered viral supernatant. For multiplexing, each
639 virus was generated independently before supernatants were combined (1:1). Virus was
640 bound to retronectin-coated plates by centrifugation (3500 rpm, 2 h, 32°C), and the
641 supernatant removed. enAsCas12a“’*;dCas9a-SAM"*:OT-1"* splenocytes were
642 resuspended at ~1x10° cells/mL in T cell media (RPMI-1640 (Gibco #11875093)
643 containing 10% FBS (Bovogen #SFBS), sodium pyruvate (Gibco #11360070), non-
644 essential amino acids (Gibco #11140050), HEPES (Gibco #15630130), Glutamax
645 (Gibco #35050061), penicillin/streptomycin (Gibco #15140122)), stimulated with
646 recombinant human IL-2 (100 U/mL; NIH) and SIINFEKL (10 ng/mL; Auspep) and
647 plated onto the virus-coated plates at ~8x10° cells/well, before being incubated for 72 h
648 at 37°C. Expanded enAsCas12a“"*:dCas9a-SAM"*;OT-I"* T cells were then washed
649 and maintained in T cell media supplemented with 100 U/mL IL-2 at 0.5-1x10° cells/mL.
650 All cell sorting was performed using an Aria Il (BD Biosciences).

651

652  Statistical analyses

653  Statistical analyses (excluding the analysis of the Menuetto/Scherzo screens described
654 above) were performed using Prism (v10.1.1, GraphPad). All statistical analyses
655 performed reflect comparisons between distinct samples, rather than repeated
656 measures. Differences between two groups were determined by Student’s t-test, having
657 been confirmed to conform with normality assumptions prior. Data are presented as
658 means * standard error of the mean (SEM), and statistical significance between groups
659 is assessed by P-values, denoted by asterisks (*=P<0.05, **=P<0.01, and ns = no
660  significant difference).

661
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663 Figure Legends

664

665 Figure 1. Generation and in vitro validation of the enAsCasl2a knock-in
666 transgenic mouse. (A) Diagram of the Rosa26-targeting construct for the genomic
667 insertion of enAsCasl2a. (B) NGS results showing the efficacy of constitutively
668 expressed crRNAs in MDFs (n=1 WT MDF line, n=3 enAsCas12a“"' MDF lines). (C)
669 Diagram of the 4-tandem-guide construct with pre-crRNAs for parallel targeting of Trp53,
670 Bim/Bcl2I11, Puma/Bbc3, and Noxa/Pmaipl. pre-crRNAs are separated by direct repeat
671 sequences (DR1-4). (D) NGS results demonstrate the efficacy of the 4-tandem-guide
672 construct (=1 WT MDF line, n=3 enAsCas12a*"*' MDF lines). In all graphs, the mean
673 is plotted and error bars represent SEM.

674

675 Figure 2. Validation of the enAsCas12a gene-editing efficacy in vivo. (A) Schematic
676 of the haematopoietic reconstitution of Eu-Myc™";enAsCas12a“’* cells into wildtype
677 animals. (B) Survival curve of mice that underwent haematopoietic reconstitution after
678 transplantation with Eu—MycT”;enAsCaleaK”+ foetal liver cells, transfected with either a
679  Trp53-targeting pre-crRNA (n=3) or an NTC pre-crRNA (n=6). (C) Flow cytometry
680 analysis of haematopoietic organs from a representative mouse (#207, experiment
681 performed for n=3 mice total) reconstituted with the Trp53-targeting pre-crRNA Eu-
682 Myc'":enAsCas12a"* foetal liver cells. GFP indicates pre-crRNA presence. (D) NGS
683  results from two representative mice reconstituted with the Trp53-targeting pre-crRNA
684 Eu-Myc'":enAsCas12a"’* foetal liver cells, demonstrating the efficacy of the knockout.
685 (E) Western blot validating TRP53 loss in two independent Eu-
686 Myc"":enAsCas12a"*;Trp53"" cell lines (#205 #207) derived from the splenic tissue of
687 the reconstituted mice. Control cell line #19 was derived from a double-transgenic Eu-
688 Myc"":enAsCas12a"* lymphoma-burdened mouse. TRP53 stabilisation was induced
689 via 24 h treatment with nutlin-3a (in the presence of QVD-O-Ph). B-ACTIN expression
690 was used as a loading control.

691

692 Figure 3. Application of Casl12a ultra-compact, genome-wide, multiplexed murine-
693 specific pre-crRNA libraries. (A) Diagram of the design of the whole genome screens
694 in Ep-Myc™:enAsCas12a“"* cells using the Menuetto (dual) and Scherzo (quad) pre-
695 CcrRNA libraries. Screens of 6 replicate transductions were performed for each library.
696 (B,C) 4-way plots comparing the different arms of the screen samples for the Menuetto
697 (B) and Scherzo (C) libraries. The y-axes compare S63845-treated samples with the
698 input samples, and the x-axes compare the nutlin-3a-treated samples to the input
699 samples. Significantly enriched “hit” genes are indicated in red, essential genes are
700 indicated in orange, non-essential genes are indicated in dark grey, and other genes are
701 indicated in light grey. Complete screen analyses can be found in Supplementary File 2.
702


https://doi.org/10.1101/2024.05.30.596755
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596755; this version posted June 1, 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 4.0 International license.

703 Figure 4. Multiplexing of enAsCasl2a and dCas9a-SAM in OT-I T cells. (A)
704  Quantification of FACS analysis of enAsCas12a**:dCas9a-SAM"":0T-1"" T cells
705 transduced with a Cd19-targeting sgRNA (BFP-tagged) for dCas9a-SAM-mediated
706 gene expression and a Trp53-targeting pre-crRNA (GFP-tagged) for Casl2a-mediated
707 gene-editing. ~6% of cells from the sample transduced with both constructs were both
708 GFP- and BFP-positive. Results are the averaged data from n=3 transductions. Error
709 Dbars indicate SD. (B) Quantification of FACS analysis of the T cells transduced with
710 lentiviral vectors expressing the Trp53-targeting crRNA and either a NTC sgRNA or the
711  Cd19-targeting sgRNA. The Cd19-targeting sgRNA was able to induce strong CD19
712 expression in the double-transduced cells, as determined by intracellular antibody
713  staining. Results represent data from n=3 T cell transductions. In this graph, mean is
714  plotted and error bars represent the SEM. (C) NGS data from the GFP-positive and -
715 negative populations (both CD19-positive) of T cells transduced with both the Trp53-
716 targeting pre-crRNA and the Cdl19-targeting sgRNA. ~50% of reads indicated a
717  frameshift mutation had been generated in Trp53. Sequencing was performed for n=1
718 transduced T cell line. (D) Representative histogram (normalised to the mode)
719 demonstrating CD19 upregulation in the multiplexed, sgCd19-transduced
720 enAsCas12a“’*;dCas9a“"* MDFs. CD19 expression for the empty vector transduced
721  MDFs are shown in grey, crTrp53 in pink, and crBax/Bak in blue. (E) Western blots
722 demonstrating  TRP53, BAX, and BAK loss in the  multiplexed
723  enAsCas12a“"*;dCas9a"* MDFs (n=3). (F) Quantification of the western blots shown in
724 G, demonstrating that while TRP53 and BAX loss were very efficient, BAK loss was
725 incomplete in all samples. In this graph, the means are plotted and the error bars
726  represent SD.

727
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Supplementary Data

Supplementary Table 1. crRNA and sgRNA sequences. Sequences for each crRNA
used in this study. The sequence for Cd19 refers to the dCas9a-SAM sgRNA. Note that
the lowercase letters in the 4-tandem-guide array sequence refer to the direct repeat

sequences.
crRNA/sgRNA Target | Sequence (5’-3’)
NTC GGGCTCCGGCTCCTCAGAGAGCC

Trp53 — exon 4

AAGGCCCAAGTGAAGCCCTCCGA

Bim/Bcl2111 — exon 2

CTTGCAGAAAAAAAGACCAAATG

Bim/Bcl2111 — exon 3

GTTGAACTCGTCTCCGATCCGCC

guides array

Trp53/Bim/Puma/Noxa
-targeting 4-tandem-

aatttctactcttgtagatAAGGCCCAAGTGAAGCCCT
CCGAtaatttctactgtcgtagatcttGCAGAAAAAAAGACCAAATGt
aatttctactatcgtagatCCCTCACCCAGGTCCTCAGCCCtaaattt
ctactctagtagatAGAGCTACCACCTGAGTTCGCAG

aatttctactcttgtagatATCCAGGATCGAGCAGGGAGGATtaattt

Bax/Bak ctactgtcgtagatCCTCCACCAGCAGGAACAGGAGAtaatttctac
tttcgtagat
Cd19 TCCCTAAGTGCTGGGTGACAGGGA

Supplementary Table 2. Overhang primers for NGS. Primers used to determine gene
knockout efficacy via NGS. Note, the capitalised letters represent the gene targeting
sequence, while the lowercase letters represent the overhang sequence.

Target Gene

Sequence (5’-3)

Trp53 — exon 4

FWD: gtgacctatgaactcaggagtcTTCTTTGTCCCATCCACAGC
REV: ctgagacttgcacatcgcagcCCACTCACCGTGCACATAAC

Trp53 — exon 6

FWD: gtgacctatgaactcaggagtcTGTGGGGTTAGGACTGGCAGC
REV: ctgagacttgcacatcgcagcGAAGCCCCTTCTCCCAGAGAC

Bim/Bcl2I11 — FWD: gtgacctatgaactcaggagtcTGCTGAAGATAATCGTTTTGTTG
exon 2 REV: ctgagacttgcacatcgcagcTGGGGATCTGGTAGCAAAAG
Bim/Bcl2l11 - FWD: gtgacctatgaactcaggagtcCCAGGGAGCTTCCAGAAGACC
exon 3 REV: ctgagacttgcacatcgcagcGCCAAACCCTTAGATGCACCA
Puma/Bbc3 — FWD: gtgacctatgaactcaggagtcTAGGGCCTGTGGGAAAGAG
exon 3 REV: ctgagacttgcacatcgcagcCAGCAGCTGCAGCACATC
Noxa/Pmaipl — FWD: gtgacctatgaactcaggagtcAAGCATCCGAGGATGTGC

exon 2 REV: ctgagacttgcacatcgcagcACGAGCTCCAACGGACTAAG

Supplementary Table 3. Indexing primers used in NGS of non-screen samples.
Sequences represent the overhang sequences only, and not the entire primer sequence.
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741  The remaining primer sequences are complementary to the overhang sequences shown
742  in Table S2.

Index name Index sequence Index name Index sequence
(forward) (5’-3") (reverse) (5’-3")
Fwd_10 GAGCTGAA Rev_01 TAAGGCGA
Fwd 11 GCGAGTAA Rev_02 CGTACTAG
Fwd_12 TGAAGAGA Rev_03 AGGCAGA
Fwd_13 TGGTGGTA Rev_05 AGGCAGAA
Fwd_14 TTCACGCA Rev_07 CTCTCTAC
Fwd_15 AGCACCTC Rev_08 CAGAGAGG
Fwd_16 CAAGGAGC Rev_09 GCTACGCT
Fwd_17 ATTGGCTC Rev_10 CGAGGCTG
Fwd_18 CACCTTAC Rev_11 AAGAGGCA
Fwd_19 CTAAGGTC Rev_12 GTAGAGGA
Fwd_20 GAACAGGC Rev_13 ATGCCTAA
Fwd_21 CCGTGAGA Rev_14 ACGCTCGA
Fwd_22 CCTCCTGA Rev_15 AGTCACTA
Fwd_23 CGAACTTA Rev_16 ATCCTGTA

743
744  Supplementary Table 4. Indexing primers used in NGS of whole-genome screen
745 samples. Entire sequences for the forward and reverse primers used are given.
Forward index IDs and sequences (5’-3’)
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT

35 TCCGATCTGTCTGTCATCTTGTGGAAAGGACGAGGTACCG

36 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT
TCCGATCTTAGGATGAgTCTTGTGGAAAGGACGAGGTACCG

117 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT
TCCGATCTGATTACTTTCTTGTGGAAAGGACGAGGTACCG

118 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT
TCCGATCTTCAATTGCatTCTTGTGGAAAGGACGAGGTACCG

119 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT
TCCGATCTAACACTTACtgTCTTGTGGAAAGGACGAGGTACCG

120 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT

TCCGATCTCCCTACTCcTCTTGTGGAAAGGACGAGGTACCG
Reverse index IDs and sequences (5'-3")
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG

4t CTCTTCCGATCTAAGACGGATCTACTATTCTTTCCCCTGCACTGT

48 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTAAGGTACAaTCTACTATTCTTTCCCCTGCACTGT

49 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG

CTCTTCCGATCTTAGCGAGTgcTCTACTATTCTTTCCCCTGCACTGT
50 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
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CTCTTCCGATCTGTAGCTCCtacTCTACTATTCTTTCCCCTGCACTGT
51 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTTACTACGCCITCTACTATTCTTTCCCCTGCACTGT
52 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTAGGCTCCGTCTACTATTCTTTCCCCTGCACTGT
59 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTAGATCGCATCTACTATTCTTTCCCCTGCACTGT
60 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTAGCAGGAAITCTACTATTCTTTCCCCTGCACTGT
61 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTGCAGCGTAagTCTACTATTCTTTCCCCTGCACTGT
62 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTCTGCGCATcagTCTACTATTCTTTCCCCTGCACTGT
63 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTGAGCGCTATCTACTATTCTTTCCCCTGCACTGT
64 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATCTCGCTCAGTgTCTACTATTCTTTCCCCTGCACTGT
746
747
748 Supplementary File Legends
749

750 Supplementary File 1. Casl2a library information. Complete information for each of
751 the Menuetto and Scherzo Casl2a pre-crRNA libraries, including gene-specific pre-
752  crRNA sequences.

753

754  Supplementary Files 2. Menuetto and Scherzo screen analyses. DMSO, Nutlin-3a,
755 or S63845 vs input comparisons for each of the whole-genome Casl2a screens
756 conducted. For the Menuetto (dual) library, there are “gRNA” and “gene” level
757 comparisons. For the Scherzo (quad) library, only “gRNA” level comparisons are shown,
758 as this is indistinguishable from the “gene” level due to the design of the library. All
759  comparisons are sorted by FDR.

760

761

762  Supplementary Figure Legends

763

764  Supplementary Figure 1. Validation of enAsCasl2a presence/expression in the
765 transgenic mouse model. (A) Long range PCR of enAsCasl12a construct presence in
766  enAsCas12a“"' transgenic mice. The expected band size is 10,126 bp. Samples from 3
767 enAsCas12a’¥ transgenic mice (#40, #41, #42) and 3 control (wildtype (WT)) mice
768  (#76, #81, #83) are shown. (B) The expression of enAsCasl2a-linked mCherry in
769 mouse blood was detected by FACS. Data from 1 C57BL/6 WT mouse and 8
770  enAsCas12a’" transgenic mice (#185, #186, #195~198, #201, #202) are shown. (C)
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771  Haematopoietic organ-specific expression of enAsCasl2a-linked mCherry was also
772 detected by FACS. Data from 1 C57BL/6 WT mouse and 1 enAsCas12a“’*' mouse are
773  shown. (D) Western blotting for TRP53, with B-ACTIN expression used as a loading
774  control. MDFs were treated for 6 h with nutlin-3a to induce TRP53 stabilisation. No
775 TRP53 expression was observed in enAsCas12a“’" MDFs with the Trp53-targeting
776  pre-crRNA, unlike the WT MDFs or enAsCas12a*"“' MDFs with the empty vector.

777

778 Supplementary Figure 2. enAsCasl2a mice exhibit no defects in their
779 haematopoietic system. (A) Representative FACS plots for, and quantification of, T
780  cell distribution between the thymi of enAsCas12a’*' mice (n=3) and wildtype (WT)
781 mice (n=3). (B) Representative FACS plots for, and quantifications of, B cell (pro-B/pre-
782 B = B220'IgM’; immature B = B220'IgM"°; mature B = B220"IgM"; transitional B =
783  B220'IgM"™) and myeloid cell (macrophages = Macl'Grl’; granulocytes = Mac1*Grl")
784  distributions in the bone marrow of enAsCas12a“"*' mice (n=3) and WT mice (n=3). (C)
785 Representative FACS plots for, and quantifications of, T cell (TCRB'B220"; subsets
786 identified by CD4 and CD8) and B cell (TCRB'B220"; subsets identified by IgM and IgD)
787 distribution in the spleens of enAsCas12a’®' mice (n=3) and WT mice (n=3). (D)
788 Representative FACS plots for, and quantifications of, T cell and B cell distributions in
789 lymph nodes of enAsCas12a’® mice (n=3) and WT mice (n=3), each
790 identified/characterised as above. In each graph, the means are plotted and the error
791  Dbars represent SD.

792

793 Supplementary Figure 3. Validation of the use of inducible guides in MDFs
794 derived from enAsCasl12a knock-in transgenic mice. (A) NGS results showing the
795 efficacy of inducible Trp53-targeting crRNAs in WT (n=1) or enAsCasl12a“’"' (n=3)
796 MDFs. (B) NGS results showing the efficacy of inducible Bim/Bcl2|11-targeting crRNAs
797  in WT (n=1) or enAsCas12a""*' (n=3)MDFs. (C) NGS results showing the efficacy of the
798 inducible 4-tandem-guide construct with pre-crRNAs for parallel targeting of Trp53,
799  Bim/Bcl2111, Puma/Bbc3, and Noxa/Pmaipl in WT (n=1) or enAsCas12a’®' (n=3)
800 MDFs. In each graph, the means are plotted and the error bars represent SD.

801

802 Supplementary Figure 4. Validation of enAsCasl2a efficacy in Ep-
803 Myc":enAsCas12a*"* cell lines. (A) NGS results showing the efficacy of constitutively
804 expressed crRNAs targeting Trp53 or Bim/Bcl2l11 in Ep-Myc™ (n=3) or Ep-
805 Myc"":enAsCas12a“’* (n=3) cells. (B) NGS results showing the efficacy of inducibly
806 expressed crRNAs targeting Trp53 or Bim/Bcl2l11 in Ep-Myc™ (n=3) or Ep-
807 Myc"":enAsCas12a* (n=3) cells. (C) NGS results showing the efficacy of the
808 constitutive 4-tandem-guide construct with pre-crRNAs for parallel targeting of Trp53,
809 Bim/Bcl2l11, Puma/Bbc3, and Noxa/Pmaipl in Eu-Myc”™ (n=3) or Ep-
810 Myc"":enAsCas12a""* (n=3) cells. (D) NGS results showing the efficacy of the inducible

KI/KI


https://doi.org/10.1101/2024.05.30.596755
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596755; this version posted June 1, 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 4.0 International license.

811 4-tandem-guide construct with pre-crRNAs for parallel targeting of Trp53, Bim/Bcl2l11,
812 Puma/Bbc3, and Noxa/Pmaipl in Eu-Myc™:enAsCas12a“’* cells. In each graph, the
813 means are plotted and the error bars represent SD.

814

815 Supplementary Figure 5. Screening preparation. (A, B) Preliminary viability assays
816 used to determine suitable nutlin-3a (A) and S63845 (B) concentrations used in the
817 Menuetto and Scherzo screens in Eu-Myc'*:enAsCas12a“"* cells. A dose close to the
818 ICso value was selected for each screen. Viability assays were performed once, with
819 technical replicates performed in duplicate.

820

821 Supplementary Figure 6. Flow cytometry of multiplexed enAsCas12a and dCas9-
822 SAM OT-l T cells. (A) Representative FACS plots of enAsCasl12a“*:dCas9a-
823 SAMK™:OT-1"" T cells (n=3 total) transduced with different guide RNA constructs. From
824 left to right: untransduced, CD19-targeting BFP+ sgRNA for dCas9a-SAM, Trp53-
825 targeting GFP+ pre-crRNA for Casl2a, and transduced with both constructs. (B)
826 Representative FACS plots of enAsCas12a"";dCas9a-SAMK"*:0T-1"* T cells (n=3 total)
827 transduced with a Trp53 pre-crRNA construct, pre-gated on GFP+BFP+ cells. The cells
828 additionally transduced with a NTC sgRNA show no CD19 expression (left), while those
829 additionally transduced with a CD19-targeting sgRNA show strong CD19 expression
830 (right). (C) FACS plots of enAsCas12a“’*;dCas9a-SAM"*;OT-I"* T cells (n=1 total)
831 doubly transduced with Trp53 pre-crRNA and CD19 sgRNA constructs. CD19-positive
832 cells either GFP-positive or -negative (populations Q2, Q4) were sorted out for NGS to
833 determine Trp53 editing efficiency. (D) Gating strategy for the multiplexed
834 enAsCasl12a“’*;dCas9a"* MDFs (n=3), demonstrating the triple-fluorescent nature of
835 the cells (mCherry co-expression from enAsCasl2a, GFP co-expression from dCas9a-
836 SAM, and BFP co-expression from the crRNA/sgRNA vector). (E) Quantification of the
837 CD19 expression in in the multiplexed enAsCas12a"*;dCas9a“”* MDFs (n=3). A ~2-3
838 fold increase in CD19 expression was observed for all samples. In this graph, the
839 means are plotted and the error bars represent SD.

840
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