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Figure 6. Prospective applications and a preliminary in vivo  validation of cgRNA-based molecular recording 886 
(A) Prospective applications of cgRNA in single-cell, spatial, and lineage-resolved molecular recording. Top left, 887 
temporal recording of an individual miRNA activity, followed by reporter-based cell isolation and scRNA-seq to 888 
associate functional miRNA activity with cellular state. Bottom left, organism-scale spatial mapping of individual 889 
miRNA activities. Top middle, multiplexed recording of multiple miRNA activities into distinct DNA memory 890 
addresses to generate cell-state-associated miRNA activity profiles. Bottom middle, spatial registration of single-891 
cell states using recorded miRNA activity profiles as molecular landmarks. Top right, continuous and simultaneous 892 
recording of miRNA activities and cellular lineages. Bottom right, spatial reconstruction of lineage relationships 893 
together with recorded molecular-state histories. (B) miR-122 activity-dependent genome editing in mice. Mouse 894 
zygotes were pronuclearly injected with the C! T EGFP base-editing reporter, intronic Target-AIDmax, and either 895 
sgRNA or miR-122-targeted cgRNA, followed by embryo transfer. Left, representative whole-body fluorescence 896 
image of a postnatal mouse receiving the miR-122-targeted cgRNA. Right, representative bright-field, EGFP, and 897 
mCherry images of liver and heart tissues from sgRNA-injected, miR-122-targeted cgRNA-injected, and uninjected 898 
animals. 899 

 900 

at a cell-type population level, further expanding the scope of such a method by multiplexing multiple 901 
diverse miRNA-targeted cgRNAs that correspond to distinct Pol 2 transcribed genomic memory 902 
addresses could potentially enable the reconstruction of high-dimensional miRNA activity profiles at a 903 
single-cell resolution (Figure 6A top-middle). 904 

cgRNA may also provide a path toward scaling spatial genomics from tissue sections to whole organisms. 905 
Although spatial transcriptomic technologies have transformed our ability to study tissue organization, 906 
most current approaches remain restricted to two-dimensional sections or relatively small tissue volumes. 907 
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As a result, comprehensive three-dimensional mapping of molecular activities across entire animal bodies 908 
remains an outstanding challenge. 909 

One promising strategy is gene expression cartography, in which spatial information is reconstructed 910 
computationally by leveraging molecular landmarks whose spatial distributions are known. Conceptually, 911 
this approach resembles geographic cartography: just as the positions of cities can be inferred from 912 
recognizable landmarks, the spatial locations of cells can be inferred from characteristic patterns of gene 913 
expression. Existing implementations typically rely on reference maps generated using fluorescence in 914 
situ hybridization (FISH) or related technologies124. However, extending such approaches to high-915 
resolution, whole-organism three-dimensional mapping remains technically challenging because 916 
volumetric FISH imaging is still limited in scale and throughput. 917 

In addition to the aforementioned results, we preliminarily demonstrated that cgRNA can also mediate 918 
endogenous miRNA activity-dependent genome editing in mice. Pronuclear injection of a cgRNA 919 
targeting the liver-specific miRNA miR-122 together with the EGFP base-editing reporter and intronic 920 
Target-AIDmax into mouse zygotes, followed by embryo transfer, generated postnatal animals exhibiting 921 
liver-specific EGFP activation (Figure 6A bottom-left and 6B). These results suggest that cgRNA-based 922 
recording may enable organism-scale mapping of endogenous miRNA activities. Looking forward, we 923 
envision combining cgRNA recording with tissue clearing, whole-organ imaging, and high-content 924 
microscopy to generate three-dimensional maps of multiple miRNA activities throughout the body. If 925 
single-cell states can be indexed by their miRNA activity profiles and these profiles can be spatially 926 
registered within a common three-dimensional coordinate system, large-scale single-cell genomic 927 
datasets may ultimately be projected back onto intact animal bodies (Figure 6A bottom-middle). 928 
Alternatively, if cgRNA-based recording can be extended to landmark mRNAs that define spatial 929 
coordinates, existing gene expression cartography frameworks124 could be directly leveraged to 930 
reconstruct cellular positions throughout intact organisms. Together, these capabilities raise the 931 
possibility of whole-organism molecular cartography, in which cellular states, regulatory activities, and 932 
spatial organization are integrated into a unified three-dimensional representation of an animal. 933 

 934 

Molecular event recording of cellular state transitions and differentiation trajectories with cgRNA 935 

Third, cgRNA may substantially expand the scope of developmental recording and lineage tracing. There 936 
have been many advances in CRISPR-based lineage recording technologies in recent years. These 937 
technologies continue to show rapid progress towards the reconstruction of cellular ancestry across the 938 
entire development of the body of a model organism, such as mice. In parallel, single-cell genomics has 939 
transformed our ability to characterize cellular states and infer developmental trajectories. However, 940 
existing approaches primarily capture lineage relationships alongside terminal molecular states, thereby 941 
providing limited access to the dynamic regulatory programs that cells undergo during development. As 942 
a result, the molecular histories underlying cell fate decisions remain largely inaccessible. 943 

A unique feature of cgRNA is that it enables the recording of endogenous molecular activities into DNA 944 
memory. We demonstrated genome-wide recording of miRNA activity and established a proof-of-principle 945 
framework for converting endogenous gene expression into genome-editing signals through engineered 946 
pri-miRNA intermediates. These capabilities suggest a path toward molecular recording systems that 947 
capture both cellular ancestry and their regulatory states traversed during development. Because miRNA 948 
activities and gene expression programs are intimately linked to cell identity and differentiation, their 949 
cumulative recording may provide a historical record of developmental progression that cannot be 950 
reconstructed from endpoint measurements alone. 951 
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Importantly, cgRNA-based recording can be integrated with existing CRISPR lineage recorders without 952 
fundamentally altering lineage recording architectures (Figure 6 top-right). In such a framework, lineage 953 
barcodes would capture patterns of cell division and ancestry, whereas cgRNA-mediated recording would 954 
capture dynamic regulatory activities experienced by each lineage. The resulting records would therefore 955 
contain complementary information describing where cells originated, how they diversified, and which 956 
molecular states they traversed throughout development. 957 

The convergence of lineage recording, miRNA activity recording, gene expression recording, spatial 958 
registration, and single-cell genomics raises the possibility of reconstructing developmental processes at 959 
unprecedented scale and resolution (Figure 6C bottom-right). Under these contexts, future recording 960 
systems could potentially retrospectively reconstruct a whole-animal developmental process as a unified 961 
spatiotemporal process by linking cellular ancestry, regulatory histories, molecular states, and spatial 962 
organization within a common framework. 963 

 964 

Taken together, cgRNA establishes a simple and versatile framework for coupling endogenous molecular 965 
activities to programmable genome editing and DNA memory. Because cgRNA retains an architecture 966 
comparable in simplicity to a canonical sgRNA while interfacing with miRNAs, one of the most pervasive 967 
regulatory layers in biology, we anticipate that its utility will extend well beyond the applications explored 968 
in this study. As our understanding of miRNA biology and molecular recording continues to expand, 969 
cgRNA may provide a broadly applicable foundation for future technologies that connect cellular 970 
regulation, genome engineering, and biological memory. 971 

 972 

ACKNOWLEDGMENTS 973 

We thank the current and past members of the Yachie lab at the University of British Columbia, the 974 
University of Osaka, and the University of Tokyo for their constructive discussion and feedback. We thank 975 
Nika Shakiba, Mikko Taipale, Ross Jones, Peter Zandstra, Fabio Caliendo, and Ron Weiss for their 976 
valuable inputs. We also thank Tara Stach, Yvonne Cheung, Stephen Yu, Kaori Shiina, Andy Johnson, 977 
and Justin Wong for their technical support. We also thank Martin Kirzywinski for editing figures of this 978 
manuscript. This study was funded by the Japan Science and Technology Agency (JST)’s PRESTO 979 
Single Cell Analysis Program and CREST Cell Control (yuCell) Program, the Takeda Science Foundation, 980 
the Canada Foundation for Innovation (CFI), the Canadian Institutes of Health Research (CIHR) Project 981 
Grants, the Allen Distinguished Investigator Award (all to N.Y.), and the Japan Agency for Medical 982 
Research and Development (AMED) (to N.Y. and O.N.). The authors were also supported by the Canada 983 
Research Chair program (N.Y.), the Ministry of Science and Education (MEXT) Research Scholarship 984 
(A.A.), and the Natural Sciences and Engineering Research Council of Canada (NSERC) CGS-M 985 
Fellowship (A.A.). This work was partially supported by World Premier International Research Center 986 
Initiative (WPI), MEXT, Japan. Part of the high-throughput sequencing data analysis was conducted using 987 
the SHIROKANE Supercomputer at the University of Tokyo Human Genome Center. 988 

 989 
  990 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 29 

AUTHOR CONTRIBUTIONS 991 

A.A. and N.Y. conceived cgRNA and designed the study. 992 
A.A. optimized the cgRNA system, performed the major mammalian cell culture experiments, and 993 
conducted computational data analyses. 994 
Y.S., R.N., S.O., and O.N. performed the cryo-EM analysis. 995 
S.K. performed the biochemical assays. 996 
Y.L., N.B., M.H., Y.K., and T.O. performed the in vivo assays. 997 
H.O. and H.S. performed the small RNA sequencing. 998 
A.S., B.K., S.C., and T.M.U. supported the plasmid construction and mammalian cell culture assays.  999 
H.M. prepared the QUEEN-compatible GenBank files for the plasmids used in this study. 1000 
M.R., T.S., R.F., and P.H. supported the human stem cell-based assays. 1001 
H.A. supported the high-throughput sequencing. 1002 
A.A. and N.Y. wrote the manuscript. 1003 
N.Y. supervised the project. 1004 

 1005 

COMPETING INTERESTS 1006 

The University of British Columbia has filed a patent application related to cgRNA, on which A.A. and 1007 
N.Y. are listed as inventors. 1008 

 1009 

AI DISCLOSURE STATEMENT 1010 

We disclose that manuscript grammatical editing and formatting were supported by AI-based tools. 1011 

 1012 

DATA AVAILABILITY 1013 

All the raw sequencing data have been deposited in the NCBI Gene Expression Omnibus (GEO) at 1014 
GSE319043 and GSE310325 for library-scale pooled cgRNA experiments and AQ-seq small RNA 1015 
sequencing, respectively. Cryo-EM structural data have been deposited in the RCSB Protein Data Bank 1016 
(PDB) at PDB 24LS and PDB 24LT. Other data, processed data, and associated scripts are available at 1017 
https://github.com/yachielab/cgRNA. The list of plasmids used in this study can be found in Table S4. 1018 
The backbone plasmid for cloning cgRNAs and other new plasmids necessary to reproduce the work 1019 
have been deposited at Addgene. 1020 
  1021 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://github.com/yachielab/cgRNA
https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 30 

 1022 
 1023 
Figure S1. Design and functional characterization of cgRNA variants 1024 
(A) Constitutive base editing by sgRNA. Toolkit HeLa cells carrying an sgRNA with either a reporter-targeting or 1025 
non-targeting spacer were transfected with miR-122 or a non-targeting miRNA mimic. Left, representative 1026 
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fluorescence micrographs. Scale bar, 100 μm. Right, percentage of EGFP+ cells among mCherry+ cells. Welch’s 1027 
t-test compared miRNA mimic conditions within each spacer group (n = 3 replicates). (B–E) Predicted architectures 1028 
of crRNA:tracrRNA (B), cgRNA V1 (C), ribozyme-circularized cgRNA V2 (D), and minihelix-extended cgRNA V3 1029 
(E). (F) Relationship between cgRNA activity and the editing efficiencies of the corresponding sgRNA spacers. 1030 
mESCs were transfected with cgRNAs carrying different spacers and targets for miR-295-3p or miR-292a-3p. Each 1031 
point represents the mean of two replicate measurements for one guide configuration. The line indicates a linear 1032 
regression fit, gray shading indicates the 95% confidence interval, and Pearson’s R and associated P value are 1033 
shown. (G) Comparison of cgRNA V3 and ribozyme-circularized cgRNA V4 in HeLa cells using targets for 1034 
endogenous miR-21-5p or non-expressed miR-122-5p. Welch’s t-test compared V3 and V4 for each miRNA target 1035 
(n = 3 replicates). (H) Comparison of cgRNA V3 and second-stem-circularized cgRNA V5 in mESCs using targets 1036 
for endogenous miR-295-3p or non-expressed miR-122-5p. Welch’s t-test compared V3 and V5 for each miRNA 1037 
target (n = 3 replicates). (I) Effect of increasing loop length on cgRNA activity in HeLa cells. cgRNAs targeting 1038 
endogenous miR-21-5p or a negative-control sequence contained the indicated linker extensions between the guide 1039 
RNA scaffold and miRNA target. Welch’s t-test compared each extension with the unextended construct within the 1040 
corresponding target group (n = 3 replicates). (J) miRNA-dependent genome editing by cgRNA coupled to wild-type 1041 
SaCas9. Left, editing following transfection with miR-122 or a non-targeting miRNA mimic. Right, editing by cgRNAs 1042 
targeted by endogenous miR-21-5p or non-expressed miR-122-5p. The percentage of EGFP− cells among 1043 
mCherry+ cells was quantified by flow cytometry. Welch’s t-test; n = 3 replicates. (K) Effect of AGO2 abundance on 1044 
endogenous miRNA-dependent cgRNA activity. HeLa reporter cells expressing AGO2, firefly luciferase (Luc2), or 1045 
AGO2ΔPIWI were transduced with sgRNA or cgRNAs targeting miR-21-5p or miR-122-5p. Welch’s t-test was used 1046 
for the indicated pairwise comparisons (n = 3 replicates). (L) Effect of a central mismatch at the predicted cleavage 1047 
site of the let-7a-5p target on cgRNA activity in mESCs. Welch’s t-test compared the fully complementary and mutant 1048 
targets (n = 3 replicates). (M) Relationship between lentiviral transduction rate, estimated from the percentage of 1049 
mCherry+ cells, and cgRNA-mediated base editing in HeLa cells for cgRNAs targeting miR-21-5p or miR-122-5p. 1050 
n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. 1051 
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 1053 
 1054 
Figure S2. Endogenous miRNA-dependent cgRNA activity across mammalian cell types 1055 
(A, B) Endogenous miRNA-dependent base editing in toolkit HeLa cells transduced with sgRNA or cgRNA V3 1056 
targeted by indicated miRNAs. (A) Representative fluorescence micrographs showing mCherry and EGFP 1057 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 33 

expression. Scale bar, 100 μm. (B) Percentage of EGFP+ cells among mCherry+ cells quantified by flow cytometry. 1058 
Bars indicate means, and points represent individual replicate measurements (n = 3). (C, D) Corresponding analysis 1059 
in toolkit mESCs. (C) Representative fluorescence micrographs. Scale bar, 100 μm. (D) Percentage of EGFP+ cells 1060 
among mCherry+ cells quantified by flow cytometry. Bars indicate means, and points represent individual replicate 1061 
measurements (n = 3). (E, F) AQ-seq analysis of miRNA abundance in HeLa cells. (E) Pairwise comparisons of 1062 
log10-transformed counts per million plus one [log10(CPM + 1)] across three replicate libraries. (F) Mean abundance 1063 
of the miRNAs targeted by the cgRNA panel. Bars indicate means, and points represent individual replicate 1064 
measurements (n = 3). (G, H) Corresponding AQ-seq analysis in mESCs. (G) Pairwise comparisons of log10(CPM 1065 
+ 1) across three replicate libraries. (H) Mean abundance of the miRNAs targeted by the cgRNA panel. Bars indicate 1066 
means, and points represent individual replicate measurements (n = 3). (I) Base editing in toolkit hiPSCs transduced 1067 
with sgRNA or cgRNA V3 targeted by miR-302a-3p, miR-302b-3p, miR-1a-3p, or miR-133a-3p. The percentage of 1068 
EGFP+ cells was quantified by flow cytometry. Bars indicate means, and points represent individual replicate 1069 
measurements (n = 3). 1070 
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 1072 
 1073 
Figure S3. Biochemical and cryo-EM characterization of SpCas9–cgRNA complexes 1074 
(A, B) Competitive electrophoretic mobility shift assays using Cy5-labeled cgRNA (A) or sgRNA (B) in the presence 1075 
of increasing concentrations of unlabeled cgRNA, sgRNA, or nonspecific competitor RNA. (C) Quantification of the 1076 
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Cas9-bound Cy5 signals in B. Values were normalized to the lowest concentration of the corresponding competitor 1077 
RNA. (D) Size-exclusion chromatography of SpCas9 assembled with cgRNA and target DNA. The indicated 1078 
complex-containing fraction was evaluated by SDS–PAGE and urea–PAGE and used for cryo-EM analysis. (E) 1079 
Representative cryo-EM micrograph recorded using a 300-kV Titan Krios microscope equipped with a K3 detector. 1080 
Scale bar, 500 Å. (F) Representative two-dimensional class averages. (G) Single-particle cryo-EM processing 1081 
workflow yielding the SpCas9–cgRNA binary complex and the SpCas9–cgRNA–target DNA ternary complex 1082 
containing a partial R-loop. Final density maps are colored according to local resolution. (H, I) Map-to-model and 1083 
model-to-map Fourier shell correlation (FSC) curves (H) and directional FSC analysis (I) for the SpCas9–cgRNA 1084 
binary complex. (J, K) Corresponding FSC curves (J) and directional FSC analysis (K) for the SpCas9–cgRNA–1085 
target DNA ternary complex. The global resolutions and map sphericity values are indicated in I and K. 1086 
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 1088 
 1089 
Figure S4. Structural comparison of cgRNA- and sgRNA-bound SpCas9 complexes 1090 
(A, B) Structural models of the SpCas9–cgRNA binary complex (A) and the SpCas9–sgRNA binary complex (B; 1091 
PDB 7S37). The SpCas9–cgRNA model is overlaid with the corresponding cryo-EM density map. (C) Superposition 1092 
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of the SpCas9–cgRNA complex and the SpCas9–sgRNA complex. Linear target DNA from the PAM-bound 1093 
SpCas9–sgRNA structure (PDB 7S3H) is shown for reference. RMSD, 1.15 Å across 739 equivalent Cα atoms. (D) 1094 
Domain organization of cgRNA in the SpCas9–cgRNA binary complex. Ordered and disordered RNA regions are 1095 
indicated by solid and dotted lines, respectively. (E) Secondary-structure model of cgRNA in the binary complex. 1096 
Watson–Crick and noncanonical base pairs are indicated by black and gray lines, respectively; filled and open 1097 
circles denote ordered and disordered nucleotides. (F) Electrophoretic mobility shift assay measuring binding of 1098 
Cy5-labeled target DNA by SpCas9 assembled with sgRNA or cgRNA. The experiment was repeated three times 1099 
with similar results. (G) Secondary-structure model of cgRNA and target DNA in the SpCas9–cgRNA–target DNA 1100 
ternary complex containing a partial R-loop. TS, target strand; NTS, non-target strand. Base-pairing and nucleotide-1101 
order conventions are as in E. (H, I) Structural models of the SpCas9–cgRNA–target DNA ternary complex 1102 
containing a partial R-loop (H) and the inactive SpCas9–sgRNA–target DNA complex (I; PDB 4O0Z). The cgRNA 1103 
complex is overlaid with the corresponding cryo-EM density map. (J) Superposition of the complexes shown in H 1104 
and I. RMSD, 0.80 Å across 991 equivalent Cα atoms. 1105 
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 1107 
 1108 
Figure S5. mESC pooled cgRNA screen and sequence features associated with miRNA strand activity 1109 
(A) The architecture of Target-AIDmax containing zero, two, or three mouse introns. Colors indicate the genes from 1110 
which the introns were derived. (B) mTagBFP2 fluorescence distributions in the corresponding mESC reporter lines. 1111 
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(C) Base-editing activity of the reporter lines following sgRNA transduction. The percentage of EGFP+ cells was 1112 
quantified by flow cytometry. Welch’s t-test was used to compare each intronic Target-AIDmax line with the no-1113 
intron control (n = 3 replicates). (D, E) Pairwise comparisons of log10-transformed cgRNA miRNA-target abundance 1114 
[log10(CPM + 1)] among Clones 3, 7, and 10 in the unsorted (D) and EGFP+ (E) populations. (F) Ranked enrichment 1115 
and density distributions of mouse miRNA targets and negative-control targets in the pooled screen. Negative 1116 
controls meeting the hit criteria are distinguished from negative-control non-hits. The horizontal dashed line denotes 1117 
log2 fold enrichment = 1.0. (G) Relationship between cgRNA enrichment in the pooled screen and the percentage 1118 
of EGFP+ cells measured in individual cgRNA assays. Each point represents one miRNA target. The line indicates 1119 
a linear regression fit, gray shading indicates the 95% confidence interval, and Pearson’s R and associated P value 1120 
are shown. (H) Sequence logos and GC content of active and inactive strands from heteroactive miRNA pairs, 1121 
stratified by whether the active or inactive strand exhibited higher AQ-seq abundance and by their combinations of 1122 
loading- and passenger-motif assignments. Yellow outlines and arrows identify the focusing strand represented in 1123 
each sequence logo. Blue and gray bars indicate the GC contents of the active and inactive strands, respectively. 1124 
(I) miRNA-length distributions for the corresponding heteroactive-pair categories shown in H. Yellow outlines and 1125 
arrows identify the focusing strand, and blue and gray bars indicate active and inactive strands, respectively. 1126 
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 1128 
 1129 
Figure S6. Validation of genome-wide cgRNA screening during SMC differentiation 1130 
(A) Correlation between mean cgRNA enrichment in the Clone 7 triplicate mESC screen and the three-clone mESC 1131 
screen shown in Figure 3. Each point represents one miRNA target. The line indicates a linear regression fit, and 1132 
Pearson’s R and associated P value are shown. (B) Overlap of miRNA targets identified as hits in the Clone 7 and 1133 
three-clone mESC screens. Hits were defined by log2 fold enrichment ≥ 1.0 and FDR < 0.05. (C) Ranked enrichment 1134 
and density distributions of mouse miRNA targets and negative-control targets in the Clone 7 screens performed in 1135 
the mESC state and on Days 3 and 6 of SMC differentiation. Negative controls meeting the hit criteria are 1136 
distinguished from negative-control non-hits. The horizontal dashed line denotes log2 fold enrichment = 1.0. (D) 1137 
Distributions of negative-control cgRNA enrichment across the mESC, Day 3, and Day 6 screens. Mann–Whitney 1138 
two-sided U-tests were used for the indicated pairwise comparisons. (E) Gene set enrichment analysis of miRNAs 1139 
identified as hits in the Clone 7 mESC screen. Bubble size represents the number of miRNAs associated with each 1140 
term, and the dashed line denotes Q = 0.05. n.s., not significant.  1141 
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METHODS  1142 

 1143 

1. Molecular cloning and plasmid documentation 1144 

Plasmids were constructed by restriction enzyme digestion, PCR or fusion PCR, T4 DNA ligation, Golden 1145 
Gate assembly, or Gibson assembly. All plasmids used or generated in this study are listed in Table S4. 1146 
The construction history of each newly generated plasmid was documented using QUEEN125. QUEEN 1147 
generates an annotated GenBank (.gbk) file encoding the complete plasmid map and the sequence of 1148 
operations used for its construction. Each QUEEN-generated .gbk file contains a quine code that enables 1149 
retrieval of the plasmid construction process and regeneration of the same plasmid map in GenBank 1150 
format. These QUEEN-generated .gbk files therefore provide a reproducible record of the plasmid 1151 
construction protocols. Natural-language descriptions of the plasmid construction protocols were also 1152 
included in the QUEEN .gbk files. Users can retrieve these protocols by executing QUEEN --1153 
protocol_description --input [gbk file] in a QUEEN-installed environment. 1154 

All plasmids generated in this study, together with their corresponding QUEEN .gbk files, will be made 1155 
available through Addgene and the project repository. Detailed natural-language protocols for the 1156 
construction of individual plasmids are also provided in the detailed molecular cloning methods section 1157 
below (Section 15). The MICR backbone plasmid PB4 was generously provided by Yangming Wang 1158 
(Peking University). Newly generated plasmids were verified by Sanger sequencing of the assembled 1159 
regions or by whole-plasmid sequencing. 1160 

 1161 

2. Biochemical and structural analyses 1162 

Nucleic acids used in in vitro biochemical assays and cryo-EM analysis are listed in Table S5. 1163 

 1164 

2.1. Protein and RNA preparation for /in vitro/ cleavage assays, electrophoretic mobility shift 1165 
assays and structural analyses 1166 

The wild-type Streptococcus pyogenes Cas9 (SpCas9) coding sequence was synthesized by Eurofins 1167 
Genomics and assembled into a modified pET vector encoding an N-terminal His6–SUMO tag 1168 
(LifeSensors). Mutations were introduced by a PCR-based method and confirmed by DNA sequencing. 1169 
SpCas9 was expressed and purified using previously reported protocols126,127. Briefly, SpCas9 was 1170 
expressed in Escherichia coli (E. coli) Rosetta 2 (DE3) cells. The transformed E. coli cells were cultured 1171 
at 37 °C until the optical density at 600 nm (OD600 nm) reached 0.8, and protein expression was induced 1172 
at 20 °C for 18–20 h by the addition of 1 mM isopropyl-β-d-thiogalactopyranoside (Nacalai Tesque). 1173 

The E. coli cells were collected by centrifugation and lysed by sonication in buffer A containing 20 mM 1174 
Tris-HCl, pH 8.0, 1 M NaCl and 20 mM imidazole. The clarified lysate was incubated with Ni-NTA 1175 
Superflow resin (Qiagen) at 4 °C for 1 h and loaded into an Econo-Column (Bio-Rad). The resin was 1176 
washed sequentially with buffer A and buffer B containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl and 20 1177 
mM imidazole, and SpCas9 was eluted with buffer C containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl 1178 
and 300 mM imidazole. The eluted protein was incubated overnight with SUMO protease produced in-1179 
house at 4 °C and then loaded onto a HiTrap Heparin column (GE Healthcare) equilibrated with buffer D 1180 
containing 20 mM Tris-HCl, pH 8.0, and 300 mM NaCl. SpCas9 was eluted with a linear gradient of 0.3–1181 
2 M NaCl and further purified on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated 1182 
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with buffer E containing 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM MgCl2 and 1 mM DTT. Peak 1183 
fractions were collected and stored at –80 °C until use. 1184 

The gRNAs were transcribed in vitro using T7 RNA polymerase and purified by 10% denaturing 1185 
polyacrylamide gel electrophoresis containing 7 M urea. Purified gRNAs were stored at –20 °C until use. 1186 

 1187 

2.2. In vitro DNA cleavage assays 1188 

Purified wild-type SpCas9 and gRNA were mixed at a molar ratio of 1:2 to form the SpCas9−gRNA 1189 
complex. For the cleaved cgRNA, an equimolar mixture of the crRNA and tracrRNA fragments was used 1190 
as the gRNA. The SpCas9−gRNA complex (2 µL, final concentration 100 nM) was mixed with a linearized 1191 
pUC119 plasmid containing a 20-nt target sequence followed by a 5′-TGG-3′ PAM (8 µL, 100 ng) and 1192 
incubated at 37 °C in 10 µL reaction buffer (20 mM HEPES-KOH pH 7.5, 100 mM NaCl, 2 mM MgCl2, 5% 1193 
glycerol, and 1 mM DTT). The reactions were stopped by the addition of quench buffer, containing EDTA 1194 
(20 mM final concentration) and proteinase K (42 ng). The reaction products were resolved, visualized, 1195 
and quantified with a MultiNA microchip electrophoresis device (Shimadzu). 1196 

 1197 

2.3. EMSA for Cas9–guide RNA binding to its corresponding DNA target 1198 

For target DNA binding, catalytically dead SpCas9 (dSpCas9)–guide RNA complexes were prepared as 1199 
described for the in vitro cleavage assays. Increasing concentrations of dSpCas9–guide RNA complex 1200 
(2 µl; 0, 50, 100, 200, 400 and 800 nM) were mixed with an annealed Cy5-labeled 39-bp target DNA (8 1201 
µl; 50 nM) containing a 20-nt target sequence and a TGG PAM. The binding reactions were performed at 1202 
room temperature for 10 min in reaction buffer containing 20 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 5 1203 
mM MgCl2, 5% glycerol and 1 mM DTT, and were stopped by the addition of quench buffer. The reaction 1204 
products were resolved on 8% non-denaturing Novex TBE gels (Invitrogen) and visualized using an 1205 
Amersham Imager 600 (GE Healthcare). 1206 

 1207 

2.4. Competitive EMSA for Cas9–cgRNA RNP complex formation 1208 

2.4.1. RNA preparation 1209 

Double-stranded DNA fragments were used as templates for in vitro transcription. The cgRNA template 1210 
was purchased from Twist Bioscience and amplified using Platinum SuperFi II PCR Master Mix (Thermo 1211 
Fisher Scientific, no. 12368010 or 12368050) with the SK001/SK002 primer pair. The templates for 1212 
sgRNA and nonspecific RNA were generated by annealing complementary oligonucleotides 1213 
SK003/SK004 and SK005/SK006, respectively, in annealing buffer containing 10 mM Tris-HCl (Nacalai 1214 
Tesque, no. 35436-01), 1 mM EDTA (Nacalai Tesque, no. 14347-21) and 100 mM NaCl (Nacalai Tesque, 1215 
no. 690014). 1216 

RNAs were transcribed in vitro from the respective DNA templates, and template DNA was subsequently 1217 
removed by DNase treatment using the MEGAshortscript T7 Transcription Kit (Thermo Fisher Scientific, 1218 
no. AM1354) according to the manufacturer’s protocol. The reaction mixtures were then purified using 1219 
the Monarch Spin RNA Cleanup Kit with a 50-µg capacity (NEB, no. T2040L). The RNAs were further 1220 
purified by 8% denaturing polyacrylamide gel electrophoresis containing 8 M urea. Bands corresponding 1221 
to full-length RNA were excised and eluted overnight in gel-extraction buffer containing 400 mM NaCl 1222 
(Nacalai Tesque), 25 mM Tris-HCl, pH 7.6 (Nacalai Tesque), and 0.1% SDS (Nippon Gene, no. 311-1223 
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90271). Eluted RNAs were recovered by phenol:chloroform:isoamyl alcohol extraction (Nacalai Tesque, 1224 
no. 26058-54), precipitated with ethanol and resuspended in nuclease-free water. 1225 

 1226 

2.4.2. Cy5-labeled RNA preparation 1227 

RNA 3′-end labeling was performed in reactions containing 50 pmol RNA, 500 pmol pCp-Cy5 (Jena 1228 
Bioscience, no. NU-1706-CY5), 1× T4 RNA ligase buffer and 20 U T4 RNA ligase (Thermo Fisher 1229 
Scientific, no. EL0021). Reactions were incubated at 16 °C for 48 h while protected from light. For sgRNA 1230 
labeling, DMSO (Sigma-Aldrich, no. D8418-100ML) was added to a final concentration of 10% (v/v). 1231 
Labeled RNAs were purified using the Monarch RNA Cleanup Kit with a 10-µg capacity (NEB, no. 1232 
T2030S) and eluted in nuclease-free water. 1233 

 1234 

2.4.3. Competitive EMSA 1235 

Unlabeled competitor RNAs at 12.5, 50, 100, 200 or 400 nM were mixed with 10 nM 3′-Cy5-labeled 1236 
cgRNA or sgRNA in EMSA buffer containing 20 mM Tris-HCl, pH 7.6 (Nacalai Tesque), 150 mM KCl 1237 
(Sigma-Aldrich, no. 60142-100ML-F), 5 mM MgCl2 (Sigma-Aldrich, no. M1028-100ML), 1 mM DTT 1238 
(Sigma-Aldrich, no. 43816-50ML), 5 mM EDTA (Nacalai Tesque, no. 14347-21), 5% glycerol (Nacalai 1239 
Tesque, no. 17017-35), 0.01% Tween-20 (Sigma-Aldrich, no. P9416-50ML) and 50 µg ml–1 heparin 1240 
(Nacalai Tesque, no. 17513-41). The RNA mixtures were heated at 95 °C for 5 min and cooled on ice for 1241 
10 min to allow refolding. 1242 

Recombinant dCas9-NLS (100 nM; Nippon Gene, no. 314-09171) and 2 U murine RNase inhibitor (NEB, 1243 
no. M0314), prepared in Diluent B (NEB, no. B8002S), were then added to the RNA mixtures, which were 1244 
incubated at room temperature for 30 min. After incubation, 6× native loading buffer (Orange G; Nippon 1245 
Gene, no. 317-90251) was added to the dCas9-NLS–RNA mixtures, and the mixtures were resolved on 1246 
precast 8% native TBE gels (Novex TBE, 15-well; Thermo Fisher Scientific, no. EC62155BOX) at 200 V 1247 
for 40 min under non-denaturing conditions. The gels were briefly rinsed with nuclease-free water, imaged 1248 
using the ChemiDoc Touch MP Imaging System (Bio-Rad), and fluorescence intensities corresponding 1249 
to bound RNA species were quantified. 1250 

 1251 

2.4.4. Quantification of EMSA signal intensities 1252 

Fluorescent EMSA images were analyzed using Image Lab software (Bio-Rad). The shifted RNA–protein 1253 
complex band in each lane was defined as the region of interest, and background-corrected integrated 1254 
intensities (adjusted volume) were obtained using lane-based background subtraction. For each sample, 1255 
shift intensities were normalized to those obtained under the condition with the lowest competitor RNA 1256 
concentration within the same experiment. 1257 

 1258 

2.5. Cryo-EM sample preparation and data collection 1259 

The SpCas9–cgRNA–target DNA ternary complex was reconstituted by mixing purified wild-type SpCas9, 1260 
the 164-nt cgRNA, the 39-nt target strand and the 39-nt non-target strand at a molar ratio of 1:1.1:1.2:1.2. 1261 
The resulting complex was purified by size-exclusion chromatography on a Superdex 200 Increase 1262 
10/300 column (GE Healthcare) equilibrated with buffer F containing 20 mM Tris, 150 mM NaCl, 2 mM 1263 
MgCl2 and 1 mM DTT. The purified complex solution (A260 = 4.7) was applied to Au 300-mesh R1.2/1.3 1264 
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grids (Quantifoil), which were freshly glow-discharged with 3 µl amylamine. The grids were prepared using 1265 
a Vitrobot Mark IV (FEI) at 4 °C and 100% humidity, with a waiting time of 10 s and a blotting time of 4 s, 1266 
and were then plunge-frozen in liquid ethane cooled by liquid nitrogen. 1267 

Cryo-EM data were collected using a Titan Krios G4 microscope (Thermo Fisher Scientific) operated at 1268 
300 kV and equipped with a Gatan Quantum-LS Energy Filter (GIF) and a Gatan K3 Summit direct 1269 
electron detector operated in electron-counting mode (The University of Tokyo, Japan). Data were 1270 
recorded using EPU software (Thermo Fisher Scientific) in standard mode, with a total electron dose of 1271 
approximately 50 e– Å–2 fractionated over 48 frames. The dose-fractionated movies were subjected to 1272 
beam-induced motion correction and dose weighting using Patch Motion Correction, and contrast transfer 1273 
function (CTF) parameters were estimated using Patch-based CTF estimation in cryoSPARC v4.4.0128,129. 1274 

 1275 

2.6. Single-particle cryo-EM data processing 1276 

Data were processed using the cryoSPARC v4.4.0 software platform128. From 8,625 motion-corrected 1277 
and dose-weighted micrographs, 7,877,257 particles were automatically picked using Template Picker, 1278 
followed by several rounds of reference-free 2D classification to select promising particles. The particles 1279 
were further curated by several rounds of Heterogeneous Refinement using maps derived from Ab-initio 1280 
Reconstruction as templates, resulting in 1,299,107 particles for the SpCas9–cgRNA binary complex and 1281 
678,308 particles for the SpCas9–cgRNA–target DNA ternary complex. Each particle set was subjected 1282 
to CTF Refinement, Reference-Based Motion Correction and 3D Classification without alignment. Non-1283 
Uniform (NU) Refinement of the selected particles yielded the SpCas9–cgRNA binary complex and the 1284 
SpCas9–cgRNA–target DNA ternary complex with partial R-loop maps at overall resolutions of 3.26 Å 1285 
and 3.08 Å, respectively130-132. All reported resolutions were based on the gold-standard Fourier shell 1286 
correlation with a cutoff of 0.143, and local resolution was estimated with BlocRes in cryoSPARC. For 1287 
data-processing details, see Figure S3. 1288 

 1289 

2.7. Structural model building, refinement and validation 1290 

The models were built using the cryo-EM structures of the SpCas9–sgRNA binary complex (PDB: 7S37) 1291 
and the SpCas9–sgRNA–target DNA ternary complex (PDB: 4O08), respectively, as reference models. 1292 
After manual model building with Coot133,134, the models were refined against unsharpened half maps 1293 
using Servalcat135, with reference-structure restraints generated by ProSMART136. The models were 1294 
validated using MolProbity137. The 3DFSC sphericity was calculated using the 3DFSC processing server 1295 
(https://3dfsc.salk.edu/upload/info/). Statistics for the 3D reconstruction and model refinement are 1296 
summarized in Table S1. Molecular graphics were prepared using UCSF ChimeraX v1.10.1138. 1297 

 1298 

3. Animals 1299 

B6D2F1 mice, used as wild-type mice in this study, were obtained from Japan SLC or bred in-house by 1300 
crossing C57BL/6 females with DBA/2 males. Mice were maintained under a 14-h light/10-h dark cycle 1301 
with ad libitum access to food and water. All animal experiments were approved by the Institutional Animal 1302 
Care and Use Committee of the University of Osaka Medical School (protocol no. 24-020-007) and were 1303 
conducted in compliance with all applicable guidelines and regulations. 1304 
  1305 
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4. Mammalian cell culture 1306 

4.1. Human cell culture 1307 

The HeLa cell line was obtained from the American Type Culture Collection, and the Lenti-X HEK293T 1308 
cell line was purchased from Takara Bio. Both cell lines were maintained in Dulbecco’s Modified Eagle’s 1309 
Medium (DMEM; Thermo Fisher Scientific, no. 11965092) supplemented with 10% fetal bovine serum 1310 
(FBS; Thermo Fisher Scientific, no. A5256701) at 37 °C with 5% CO2. Cells were routinely checked for 1311 
mycoplasma by PCR. 1312 

The iPS11-10 neonatal male human induced pluripotent stem cell (hiPSC) line was purchased from Cell 1313 
Applications. hiPSCs were maintained in mTeSR1 feeder-free medium (STEMCELL Technologies, no. 1314 
85850) on tissue-culture surfaces coated with Geltrex (Thermo Fisher Scientific, no. A1413301) at 37 °C 1315 
with 5% CO2. Cells were routinely checked for mycoplasma by PCR. 1316 

 1317 

4.2. Mouse embryonic stem cell (mESC) culture 1318 

The mESC line was derived from embryos obtained by crossing 129(+Ter)/SvJcl females with 1319 
C57BL/6NJcl males, as previously described139. mESCs were maintained in low-glucose DMEM (Thermo 1320 
Fisher Scientific, no. 11885084) supplemented with 15% FBS, 1% GlutaMAX (Thermo Fisher Scientific, 1321 
no. 35050061), 1% non-essential amino acids (Thermo Fisher Scientific, no. 11140050), 1% sodium 1322 
pyruvate (Thermo Fisher Scientific, no. 11360070), 0.2 mM β-mercaptoethanol (Sigma-Aldrich, no. 1323 
M6250-100ML), 3 µM CHIR99021 (Sigma-Aldrich, no. SML1046-5MG), 1 µM PD0325901 (Sigma-1324 
Aldrich, no. PZ0162-5MG) and 103 U LIF (R&D Systems, no. 8878-LF-500/CF). Prior to plating mESCs, 1325 
tissue-culture surfaces were coated with 0.2% gelatin (Sigma-Aldrich, no. G9391) in 1× phosphate-1326 
buffered saline (PBS; Thermo Fisher Scientific, no. 10010023) for 30 min at 37 °C with 5% CO2. For 1327 
maintenance, mESC medium was changed every 2 days. Cells were routinely checked for mycoplasma 1328 
by PCR. 1329 

 1330 

5. Differentiation of mESCs to smooth muscle cells (SMCs) 1331 

mESCs were differentiated using a previously described all-trans-retinoic acid (RA)-based differentiation 1332 
protocol89. mESCs were plated at high density on tissue-culture surfaces at 5 × 104 cells per well of a 6-1333 
well plate or 9 × 106 cells per T75 flask. The tissue-culture surfaces were precoated with 0.2% gelatin in 1334 
1× PBS for 1 h at 37 °C with 5% CO2 prior to cell plating. Differentiation medium consisted of DMEM/F-1335 
12 (Thermo Fisher Scientific, no. 11320033) supplemented with 10% FBS, 1 mM GlutaMAX, 0.1 mM non-1336 
essential amino acids, 0.1 mM sodium pyruvate, 0.1 mM β-mercaptoethanol and 10 µM RA (STEMCELL 1337 
Technologies, no. 100-1045). Cultures were maintained at 37 °C with 5% CO2. The differentiation medium 1338 
was replaced daily through day 9 and every 2 days thereafter. 1339 

 1340 

6. Lentivirus production and transduction 1341 

6.1. Single sgRNA, crRNA:tracrRNA, cgRNA, MICR and mCherry–IRES–EGFP Cas9 cleavage-1342 
activity reporter 1343 

Lenti-X HEK293T cells were plated 1 day prior to transfection in 6-well tissue-culture plates at a seeding 1344 
density of 8 × 105 cells per well. The following day, each well was transfected with 1,230 ng of an sgRNA, 1345 
crRNA:tracrRNA, cgRNA or MICR transfer vector (Table S4), or the mCherry–IRES–EGFP transfer 1346 
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vector (pAA054), together with 1,170 ng of psPAX2 vector and 350 ng of pMD2.G vector using 8 µl of 1 1347 
mg ml–1 PEI MAX (Polysciences, no. 24765). At 16 h after transfection, the culture medium was aspirated 1348 
and replaced with fresh medium. Three days after medium replacement, viral supernatant was harvested. 1349 

Lentivirus encoding mCherry–IRES–EGFP was stored at –80 °C prior to downstream cell-line generation. 1350 
sgRNA, crRNA:tracrRNA, cgRNA and MICR lentiviral particles were either left unconcentrated or 1351 
concentrated 10× using Lenti-X Concentrator (Takara Bio, no. 631231) according to the manufacturer’s 1352 
protocol, resuspended in PBS and stored at –80 °C prior to downstream experiments. Unless otherwise 1353 
specified, unconcentrated virus was used for HeLa cell experiments, whereas 10×-concentrated virus 1354 
was used for mESC and hiPSC experiments. 1355 

 1356 

6.2. Large-scale production of pooled mouse cgRNA-library lentivirus 1357 

Lenti-X HEK293T cells were seeded in five 10-cm culture dishes at a density of 6 × 106 cells per dish. 1358 
The following day, each dish was transfected with 7,600 ng of pooled cgRNA-library transfer plasmids, 1359 
8,600 ng of psPAX2, 2,590 ng of pMD2.G and 60 µl of 1 mg ml–1 PEI MAX per dish. At 16 h after 1360 
transfection, the culture medium was aspirated and replaced with fresh medium. Lentiviral supernatants 1361 
were collected daily, pooled and maintained at 4 °C for no longer than 3 days after medium replacement. 1362 
The pooled lentivirus was concentrated 10× using Lenti-X Concentrator (Takara Bio, no. 631231), 1363 
resuspended in PBS and stored at –80 °C until use. 1364 

 1365 

6.3. General transduction conditions 1366 

Unless otherwise stated, lentiviral transductions were performed in the corresponding culture medium 1367 
supplemented with 10 µg ml–1 polybrene (Sigma-Aldrich, no. TR-1003). At 24 h after transduction, the 1368 
polybrene-containing medium was replaced with the corresponding basal culture medium or antibiotic-1369 
selection medium. 1370 

 1371 

7. Mammalian cell line generation 1372 

7.1. Generation of toolkit HeLa cell lines 1373 

7.1.1. HeLa cell line containing the C→T EGFP base-editing reporter and Target-AIDmax 1374 

Transient transfection of plasmid DNA into HeLa cells was performed using FuGENE HD transfection 1375 
reagent (Promega, no. E2311). HeLa cells were plated 1 day prior to transfection in a single well of a 6-1376 
well tissue-culture plate at a density of 2 × 105 cells. The same transfection protocol was used to establish 1377 
all subsequent HeLa toolkit cell lines. 1378 

The following day, cells were transfected with 622.5 ng of PB-INS-CAG-US1-eGFP-EF1a-Neo (pAA026), 1379 
1,022.5 ng of PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (pAA028) and 352 ng of pCMV-PBase using 6 1380 
µl of FuGENE HD. At 3 days after transfection, cells were resuspended in sorting buffer (PBS containing 1381 
10% FBS), and BFP+ cells were isolated using a CytoFLEX SRT cell sorter (Beckman Coulter). Sorted 1382 
cells were selected and expanded in a 6-well tissue-culture plate in antibiotic-selection medium containing 1383 
300 µg ml–1 Geneticin (G418 Sulfate; Thermo Fisher Scientific, no. 10131035). This toolkit HeLa cell line 1384 
and subsequent HeLa cell lines carrying Geneticin resistance were maintained in medium supplemented 1385 
with 100 µg ml–1 Geneticin after expansion. 1386 

 1387 
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7.1.2. HeLa cell line containing the mCherry–IRES–EGFP reporter and wild-type SpCas9 or SaCas9 1388 

Using the transfection protocol described in Section 7.1.1, SpCas9 and SaCas9 toolkit HeLa cell lines 1389 
were generated by transient transfection with 1,645.5 ng of PB-INS-CAG-spCas9-nlsTagBFP2 (pAA031) 1390 
or PB-INS-CAG-saCas9-nlsTagBFP2 (pAA032), respectively, together with 352 ng of pCMV-PBase. At 1391 
3 days after transfection, cells were resuspended in sorting buffer, and BFP+ cells were isolated using a 1392 
CytoFLEX SRT cell sorter. Sorted cells were expanded for 8 days, after which 1 × 105 cells were 1393 
transduced in suspension in a single well of a 12-well tissue-culture plate with lentiviral particles encoding 1394 
mCherry–IRES–EGFP (pAA054) at a transduction efficiency of <20%. After 7 days, transduced cells were 1395 
resuspended in sorting buffer, and mCherry+EGFP+BFP+ cells were isolated using a CytoFLEX SRT cell 1396 
sorter. 1397 

 1398 

7.1.3. HeLa toolkit cells expressing human codon-optimized AGO2, Luc2 or AGO2∆PIWI 1399 

Using the transfection protocol described in Section 7.1.1, toolkit HeLa cells were subjected to a second 1400 
round of transfection with 1,645 ng of PB-INS-CAG-hAgo2-EF1-mCherry (pAA035), PB-INS-CAG-Luc2-1401 
EF1-mCherry (pAA036) or PB-INS-CAG-hAgo2∆PIWI-EF1-mCherry (pAA037), together with 352 ng of 1402 
pCMV-PBase. At 9 days after transfection, cells were resuspended in sorting buffer, and mCherry+BFP+ 1403 
cells were isolated using a CytoFLEX SRT cell sorter (Beckman Coulter). Sorted cells were expanded in 1404 
a 6-well tissue-culture plate in antibiotic-selection medium containing 300 µg ml–1 Geneticin. 1405 

 1406 

7.2. Generation of toolkit stem cell lines 1407 

7.2.1. mESCs carrying the C→T EGFP base-editing reporter and Target-AIDmax variants 1408 

mESCs were seeded at 2 × 105 cells per well in 6-well culture plates 1 day before transfection. Cells were 1409 
transfected with 622.5 ng of PB-INS-CAG-US1-eGFP-EF1a-Neo (pAA026), 1,022.5 ng of PB-INS-CAG-1410 
TargetAIDmax-nlsTagBFP2 (pAA028) or its intron-containing variants (pAA029 and pAA030), and 352 1411 
ng of pCMV-PBase using 6 µl of Lipofectamine 2000 (Thermo Fisher Scientific, no. 11668027). At 3 days 1412 
after transfection, cells were resuspended in sorting buffer, and BFP+ cells were isolated using a 1413 
CytoFLEX SRT cell sorter. Sorted cells were selected and expanded in 6-well tissue-culture plates in 1414 
antibiotic-selection medium containing 300 µg ml–1 Geneticin. These toolkit mESC lines and subsequent 1415 
toolkit mESC lines carrying Geneticin resistance were maintained in medium containing 100 µg ml–1 1416 
Geneticin. 1417 

The functionality of the intron-containing and intron-free Target-AIDmax variants was confirmed by 1418 
transduction with a base-editing reporter-targeting sgRNA. Toolkit mESCs, toolkit-2-intron mESCs and 1419 
toolkit-3-intron mESCs were transduced in suspension at 5 × 104 cells per well in 24-well tissue-culture 1420 
plates with sgRNA (pAA069) lentiviral particles at a transduction efficiency greater than 40%. At 24 h after 1421 
transduction, the culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1 1422 
puromycin (Thermo Fisher Scientific, no. A1113803). At 6 days after transduction, cells were 1423 
resuspended in flow-cytometry buffer (PBS containing 2% FBS), and the percentage of EGFP+ cells in 1424 
the BFP+ population was analyzed using a CytoFLEX flow cytometer (Beckman Coulter). 1425 

 1426 

7.2.2. Toolkit mESCs carrying miR-FF3-targeted cgRNA 1427 

cgFF3-toolkit mESCs were generated by transducing 3 × 105 toolkit mESCs in suspension in a single well 1428 
of a 6-well tissue-culture plate with miR-FF3-targeted cgRNA (pAA091) lentiviral particles at a 1429 
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transduction efficiency of less than 20%. At 24 h after transduction, the culture medium was replaced with 1430 
medium containing 3 µg ml–1 puromycin, and the selected population was expanded. 1431 

To establish a clonal line, cgFF3-toolkit mESCs were seeded at 5,000 cells per well in 6-well culture 1432 
plates and cultured for 6 days to allow the formation of spatially separated colonies. A single colony was 1433 
isolated, dissociated in 50 µl of trypsin–EDTA containing 0.05% trypsin and 0.53 mM EDTA (Thermo 1434 
Fisher Scientific, no. 25300054), and expanded in one well of a 24-well culture plate. 1435 

 1436 

7.2.3. hiPSCs carrying the C→T EGFP base-editing reporter and Target-AIDmax 1437 

Transient transfection of plasmid DNA into hiPSCs was performed using Lipofectamine Stem transfection 1438 
reagent (Thermo Fisher Scientific, no. STEM00003) according to the manufacturer’s instructions. hiPSCs 1439 
were seeded at 2 × 105 cells per well in 6-well culture plates 1 day before transfection. The following day, 1440 
cells were transfected with 622.5 ng of PB-INS-CAG-US1-eGFP-EF1a-Neo (pAA026), 1,022.5 ng of PB-1441 
INS-CAG-TargetAIDmax-nlsTagBFP2 (pAA028) and 352 ng of pCMV-PBase using 5 µl of Lipofectamine 1442 
Stem. At 3 days after transfection, cells were selected in medium containing 300 µg ml–1 Geneticin for 2 1443 
weeks. BFP+ cells were then isolated using a BD FACSMelody cell sorter (BD Biosciences) and 1444 
expanded in one well of a 6-well plate. 1445 

 1446 

7.3. Generation of pri-miRNA knock-in toolkit mESCs 1447 

7.3.1. Design of homology-directed repair donors and genome-targeting constructs  1448 

HDR donors and sgRNAs were designed using a previously described double-cut HDR-donor strategy140. 1449 
sgRNA target sequences were selected in proximity to the stop codon of each target gene. Donors 1450 
contained 300-bp homology arms corresponding to the genomic regions immediately 5′ and 3′ of the 1451 
sgRNA cleavage site. Each donor was flanked by two copies of the genomic sgRNA target site to enable 1452 
Cas9-mediated donor linearization and genomic cleavage using the same sgRNA. Synonymous 1453 
substitutions were introduced into the residual sgRNA target sequence retained within the HDR donor to 1454 
prevent self-targeting. A cassette encoding a T2A ribosome-skipping sequence, mCherry, a synthetic 1455 
intron containing three tandem copies of pri-miR-FF3, and a bovine growth hormone polyadenylation 1456 
signal was placed between the homology arms. 1457 

 1458 

7.3.2. Generation of Nanog-FF3-toolkit-3-intron mESCs 1459 

mESCs were transfected in suspension at 5 × 104 cells per well in 24-well culture plates with 350 ng of 1460 
PB-INS-CAG-spCas9-nlsTagBFP2-Nanog-sgRNA (pAA040) and 150 ng of pNANOG-HDR-mCherry-3x-1461 
miR-FF3 (pAA103) using 1.5 µl of Lipofectamine 2000. The same transfection conditions were also used 1462 
to generate Acta2-FF3 mESCs, as described in Section 7.3.3. At 4 days after transfection, cells were 1463 
resuspended in sorting buffer, and mCherry+ cells were isolated using a CytoFLEX SRT cell sorter. 1464 
Following sorting, cells were expanded for 4 days in one well of a 6-well tissue-culture plate. 1465 

A portion of the expanded Nanog-FF3 mESC population was then subjected to SMC differentiation. At 3 1466 
days after the start of differentiation, cells were imaged by fluorescence microscopy using a Keyence BZ-1467 
X800 high-resolution imaging system (Keyence) to confirm loss of mCherry expression. 1468 

After confirmation of differentiation-associated loss of mCherry expression, 2 × 105 Nanog-FF3 mESCs 1469 
were transfected in suspension in a single well of a 6-well tissue-culture plate with 622.5 ng of PB-INS-1470 
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CAG-US1-eGFP-EF1a-Neo (pAA026), 1,022.5 ng of the three-intron PB-INS-CAG-TargetAIDmax-1471 
nlsTagBFP2 (pAA030) and 352 ng of pCMV-PBase using 6 µl of Lipofectamine 2000. At 3 days after 1472 
transfection, cells were resuspended in sorting buffer, and mCherry+BFP+ cells were isolated using a 1473 
CytoFLEX SRT cell sorter. Sorted cells were expanded in medium containing 300 µg ml–1 Geneticin. The 1474 
resulting population was designated Nanog-FF3-toolkit-3-intron mESCs.  1475 

 1476 

7.3.3. Generation of Acta2-FF3-toolkit-3-intron mESCs 1477 

mESCs were transfected with 350 ng of PB-INS-CAG-spCas9-nlsTagBFP2-Acta2-sgRNA (pAA041) and 1478 
150 ng of pACTA2-HDR-mCherry-3x-miR-FF3 (pAA104) using 1.5 µl of Lipofectamine 2000. At 4 days 1479 
after transfection, cells were resuspended in sorting buffer, and BFP+ cells were isolated using a 1480 
CytoFLEX SRT cell sorter. 1481 

Following sorting, cells were seeded sparsely at 5,000 cells per well in 6-well tissue-culture plates to 1482 
facilitate the formation of mESC colonies and cultured for 6 days. Individual colonies were then isolated 1483 
and dissociated in 50 µl of trypsin. For each colony, 25 µl of the dissociated cell suspension was 1484 
transferred to a well of a 96-well plate for cell-line expansion, and the remaining 25 µl was transferred to 1485 
a separate 96-well plate for genotyping PCR. Cells allocated for genotyping were expanded for 3 days, 1486 
and genomic DNA was extracted by NaOH lysis. Cells were lysed in 100 µl of 50 mM NaOH, heated to 1487 
95 °C for 15 min and then cooled to 4 °C in a thermocycler (Bio-Rad). The lysates were neutralized with 1488 
10 µl of 1 M Tris-HCl, pH 8.0 (Thermo Fisher Scientific, no. 15568025). 1489 

For genotyping PCR, 3 µl of extracted genomic DNA from each clone was amplified using primer pair 1490 
AA120/AA121 and Phusion High-Fidelity DNA Polymerase (NEB, no. M0530L) according to the PCR 1491 
conditions described in Supplementary Note 1, with an annealing temperature of 64 °C and an extension 1492 
time of 30 s. Clones showing the expected knock-in bands were expanded from 96-well to 6-well tissue-1493 
culture plates. 1494 

Genotype-positive clones were then subjected to SMC differentiation. At 3 days after the start of 1495 
differentiation, cells were imaged by fluorescence microscopy using a Keyence BZ-X800 high-resolution 1496 
imaging system to confirm differentiation-induced mCherry expression. A single clone showing high 1497 
mCherry expression after 3 days of differentiation was selected for downstream engineering and 1498 
experiments. 1499 

Following validation, 2 × 105 Acta2-FF3 mESCs were transfected in suspension in a single well of a 6-1500 
well tissue-culture plate with 622.5 ng of PB-INS-CAG-US1-eGFP-EF1a-Neo (pAA026), 1,022.5 ng of the 1501 
three-intron PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (pAA030) and 352 ng of pCMV-PBase using 6 µl 1502 
of Lipofectamine 2000. BFP+ cells were isolated using a CytoFLEX SRT cell sorter and expanded in 1503 
medium containing 300 µg ml–1 Geneticin. The resulting cell line was designated Acta2-FF3-toolkit-3-1504 
intron mESCs. 1505 

 1506 

8. cgRNA singleton activity assays 1507 

8.1. piggyBac transfection-based assessment of genome editing by single cgRNAs and sgRNAs 1508 
in mESCs 1509 

mESCs were plated 1 day prior to transfection in 48-well tissue-culture plates at a density of 1 × 104 cells 1510 
per well. The following day, cells were transfected with 82 ng of an all-in-one reporter–Target-AID vector 1511 
(pAA014 or pAL001–pAL016), 82 ng of a cgRNA (pAL035–pAL053) or sgRNA (pAL018–pAL034) vector, 1512 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 50 

and 68.76 ng of pCMV-PBase using 0.75 µl of Lipofectamine 2000. At 3 days after transfection, 50% of 1513 
the cells in each transfected well were passaged into mESC medium supplemented with 5 µg ml–1 1514 
blasticidin (Thermo Fisher Scientific, no. A1113903). At 3 days after passage and selection, cells were 1515 
resuspended in flow-cytometry buffer, and the percentage of EGFP+ cells in the BFP+ population was 1516 
analyzed using a CytoFLEX flow cytometer. 1517 

 1518 

8.2. Lentivirus-based miRNA-activity-dependent genome editing by single cgRNAs in mammalian 1519 
cell culture 1520 

8.2.1. Comparison of cgRNA with sgRNA, crRNA:tracrRNA and MICR in HeLa toolkit cells 1521 

Toolkit HeLa cells were transduced in suspension at 5 × 104 cells per well in 24-well plates with lentiviral 1522 
particles encoding sgRNA (pAA065 and pAA066), crRNA:tracrRNA (pAA063 and pAA064), MICR 1523 
(pAA055 and pAA059) or cgRNA (pAA056–pAA058 or pAA060–pAA062) at a transduction efficiency of 1524 
10% or less. At 24 h after transduction, the culture medium was replaced, and transduced cells were 1525 
passaged and expanded in 6-well tissue-culture plates for 7 days. After expansion, cells were 1526 
resuspended in sorting buffer, and mCherry+ cells were isolated using a CytoFLEX SRT cell sorter and 1527 
expanded in 6-well tissue-culture plates. 1528 

After expansion, sgRNA-, crRNA:tracrRNA-, MICR- and cgRNA-transduced cell lines were plated at 4 × 1529 
104 cells per well in 24-well tissue-culture plates. The following day, cells were transfected with 0.156 nM 1530 
hsa-miR-122-5p mimic (Dharmacon, 5′-UGGAGUGUGACAAUGGUGUUUG-3′) or non-targeting control 1531 
mimic (Dharmacon, 5′-UCACAACCUCCUAGAAAGAGUAGA-3′) using 0.5 µl of Lipofectamine 1532 
RNAiMAX (Thermo Fisher Scientific, no. 13778030). At 6 days after mimic transfection, cells were either 1533 
resuspended in flow-cytometry buffer, and the percentage of EGFP+ cells in the mCherry+BFP+ 1534 
population was analyzed using a CytoFLEX flow cytometer, or imaged by fluorescence microscopy using 1535 
a Keyence BZ-X800 high-resolution imaging system. Prior to imaging, cells were fixed with 4% 1536 
paraformaldehyde (PFA; Sigma-Aldrich, no. P6148-500G) for 20 min. Following fixation, cells were 1537 
washed twice with PBS to remove PFA and maintained in PBS for imaging. 1538 

MICR (pAA055)- and cgRNA (pAA056–pAA058)-transduced cell lines containing base-editing reporter-1539 
targeting spacer sequences were also tested across a range of miRNA mimic concentrations to generate 1540 
a dose–response curve. These MICR- and cgRNA-transduced cell lines were plated at 4 × 104 cells per 1541 
well in 24-well tissue-culture plates. The following day, cells were transfected with 5, 2.5, 1.25, 0.625, 1542 
0.312, 0.156, 0.078, 0.039, 0.020, 0.009, 0.005 or 0 nM hsa-miR-122-5p mimic using 0.5 µl of 1543 
Lipofectamine RNAiMAX. At 6 days after mimic transfection, cells were resuspended in flow-cytometry 1544 
buffer and analyzed using the same parameters as in the single-dose experiment above with a CytoFLEX 1545 
flow cytometer. 1546 

 1547 

8.2.2. Effect of AGO2 overexpression on cgRNA activity 1548 

AGO2, Luc2 or AGO2∆PIWI toolkit HeLa cells were transduced in suspension at 1 × 105 cells per well in 1549 
24-well tissue-culture plates with lentiviral particles encoding sgRNA (pAA083), miR-21-targeted cgRNA 1550 
(pAA084) or miR-122-targeted cgRNA (pAA085) at a transduction efficiency of 40% or higher. At 24 h 1551 
after transduction, the culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1552 
1 puromycin. At 6 days after selection, cells were resuspended in flow-cytometry buffer, and the 1553 
percentage of EGFP+ cells in the mCherry+BFP+ population was analyzed using a CytoFLEX flow 1554 
cytometer. 1555 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 51 

A portion of the toolkit cell lines transduced with sgRNA or miR-122-targeted cgRNA was independently 1556 
expanded and replated at 4 × 104 cells per well in 24-well tissue-culture plates. The following day, cells 1557 
were transfected with 5 nM hsa-miR-122-5p mimic or non-targeting control mimic using 0.5 µl of 1558 
Lipofectamine RNAiMAX. At 6 days after mimic transfection, cells were resuspended in flow-cytometry 1559 
buffer and analyzed using the same parameters as described above with a CytoFLEX flow cytometer. 1560 

 1561 

8.2.3. Effect of miRNA target truncation on cgRNA activity 1562 

Toolkit HeLa cells were transduced in suspension at 5 × 104 cells per well in 24-well tissue-culture plates 1563 
with cgRNA (pBK009 or pAA048–pAA050) lentiviral particles at a transduction efficiency of 20% or less. 1564 
At 24 h after transduction, the culture medium was replaced, and transduced cells were passaged and 1565 
expanded in 6-well tissue-culture plates for 9 days post-transduction. 1566 

After expansion, cgRNA-transduced cell lines were plated at 4 × 104 cells per well in 24-well tissue-culture 1567 
plates. The following day, cells were transfected with 5 nM hsa-miR-122-5p mimic or non-targeting control 1568 
mimic using 0.5 µl of Lipofectamine RNAiMAX. At 6 days after mimic transfection, cells were resuspended 1569 
in flow-cytometry buffer, and the percentage of EGFP+ cells in the mCherry+BFP+ population was 1570 
analyzed using a CytoFLEX flow cytometer. 1571 

 1572 

8.2.4. Evaluation of cgRNA activity with wild-type SpCas9 and SaCas9 1573 

For miRNA mimic experiments, SpCas9 and SaCas9 toolkit HeLa cells were transduced in suspension 1574 
at 3 × 105 cells per well in 6-well tissue-culture plates with lentiviral particles encoding a miR-122-targeted 1575 
SpCas9 cgRNA (pAA093) for the SpCas9 toolkit cell line or a miR-122-targeted SaCas9 cgRNA (pAA096) 1576 
for the SaCas9 toolkit cell line, at transduction efficiencies of 40% or higher. At 24 h after transduction, 1577 
the culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1 puromycin, and 1578 
cells were expanded to confluence. Transduced cells were then plated at 4 × 104 cells per well in 24-well 1579 
tissue-culture plates. The following day, cells were transfected with 5 nM hsa-miR-122-5p mimic or non-1580 
targeting control mimic using 0.5 µl of Lipofectamine RNAiMAX. At 12 days after mimic transfection, cells 1581 
were resuspended in flow-cytometry buffer, and the percentage of EGFP+ cells in the mCherry+BFP+ 1582 
population was analyzed using a CytoFLEX flow cytometer. 1583 

For endogenous miRNA experiments, SaCas9 toolkit HeLa cells were transduced in suspension at 3 × 1584 
105 cells per well in 6-well tissue-culture plates with lentiviral particles encoding miR-21- or miR-122-1585 
targeted SaCas9 cgRNAs (pAA095 and pAA096, respectively) at a transduction efficiency of 40% or 1586 
higher. At 24 h after transduction, the culture medium was replaced with puromycin-containing medium 1587 
as described above, and cells were expanded to confluence. At 12 days after transduction, cells were 1588 
resuspended in flow-cytometry buffer and analyzed using the same parameters as described above with 1589 
a CytoFLEX flow cytometer. 1590 

 1591 

8.2.5. Effect of lentiviral transduction efficiency on cgRNA activity 1592 

Prior to transduction, 10×-concentrated cgRNA lentiviral particles (pBK003 and pBK009) were serially 1593 
diluted twofold for a total of 11 dilution steps. Toolkit HeLa cells were transduced in suspension at 2 × 104 1594 
cells per well in 48-well tissue-culture plates with each dilution of the cgRNA lentiviral particles. At 24 h 1595 
after transduction, the culture medium was replaced. At 6 days after transduction, cells were resuspended 1596 
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in flow-cytometry buffer, and the percentage of EGFP+ cells in the mCherry+BFP+ population was 1597 
analyzed using a CytoFLEX flow cytometer. 1598 

 1599 

8.2.6. Activity of endogenous miRNA-targeted cgRNAs in HeLa cells and mESCs 1600 

Toolkit HeLa cells and toolkit mESCs were transduced in suspension at 2 × 104 cells per well in 48-well 1601 
tissue-culture plates with lentiviral particles encoding either sgRNA (pAA042) or cgRNA (pBK001–1602 
pBK009) at a transduction efficiency of 20% or less. At 24 h after transduction, the culture medium was 1603 
replaced. At 6 days after transduction, cells were resuspended in flow-cytometry buffer, and the 1604 
percentage of EGFP+ cells in the mCherry+BFP+ population was analyzed using a CytoFLEX flow 1605 
cytometer. 1606 

 1607 

8.2.7. Activity of endogenous miRNA-targeted cgRNAs in hiPSCs  1608 

Toolkit hiPSCs were plated 1 day prior to transduction at 3 × 105 cells per well in 6-well tissue-culture 1609 
plates and then transduced in their respective culture medium without polybrene supplementation with 1610 
lentiviral particles encoding either sgRNA (pAA083) or cgRNA (pAA087–pAA090) at a transduction 1611 
efficiency of 40% or less. At 48 h after transduction, the culture medium was replaced with antibiotic-1612 
selection medium containing 1 µg ml–1 puromycin. At 6 days after transduction, cells were resuspended 1613 
in phenol red-free DMEM (Thermo Fisher Scientific, no. 31053028), and the percentage of EGFP+ cells 1614 
in the BFP+ population was analyzed using a BD Fortessa I analyzer (BD Biosciences). 1615 

 1616 

8.2.8. Evaluation of cgRNA V2 and V3 circularization  1617 

Toolkit HeLa cells were transduced in suspension at 5 × 104 cells per well in 24-well tissue-culture plates 1618 
with lentiviral particles encoding either cgRNA V3 (pBK003 and pBK009) or cgRNA V4 (pAA106 and 1619 
pAA107) at a transduction efficiency of 20% or less. At 24 h after transduction, the culture medium was 1620 
replaced. At 6 days after transduction, cells were resuspended in flow-cytometry buffer, and the 1621 
percentage of EGFP+ cells in the mCherry+BFP+ population was analyzed using a CytoFLEX flow 1622 
cytometer. 1623 

Toolkit mESCs were transduced in suspension at 2 × 104 cells per well in 48-well tissue-culture plates 1624 
with lentiviral particles encoding either cgRNA V3 (pBK001 and pBK009) or cgRNA V5 (pAA045 and 1625 
pAA046) at a transduction efficiency of 20% or less. At 24 h after transduction, the culture medium was 1626 
replaced. At 6 days after transduction, cells were resuspended in flow-cytometry buffer and analyzed 1627 
using the same parameters as described above with a CytoFLEX flow cytometer. 1628 

 1629 

8.2.9. Evaluation of cgRNA loop length on genome-editing activity 1630 

Toolkit HeLa cells were transduced in suspension at 2 × 104 cells per well in 48-well tissue-culture plates 1631 
with cgRNA lentiviral particles containing increasing insertion lengths between the 3′ end of the gRNA 1632 
scaffold and the 5′ end of the miRNA target (pAA070, pAA071 or pAA072–pAA081) at a transduction 1633 
efficiency of 40% or less. At 24 h after transduction, the culture medium was replaced with antibiotic-1634 
selection medium containing 3 µg ml–1 puromycin. At 6 days after transduction, cells were resuspended 1635 
in flow-cytometry buffer, and the percentage of EGFP+ cells in the BFP+ population was analyzed using 1636 
a CytoFLEX flow cytometer. 1637 
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 1638 

8.2.10. Endogenous miRNA-dependent cgRNA activity in SMCs 1639 

Toolkit-2-intron mESCs were either subjected to SMC differentiation as described in Section 5 or 1640 
maintained as mESCs in 6-well tissue-culture plates. On day 6 of differentiation, SMCs were transduced 1641 
with cgRNA lentiviral particles (pAA084–pAA086) at a transduction efficiency of 20% or less. mESCs 1642 
were plated 1 day prior to transduction at 3.5 × 104 cells per well in 24-well tissue-culture plates and then 1643 
transduced with cgRNA lentiviral particles (pAA084–pAA086) at a transduction efficiency of 20% or less. 1644 
At 24 h after transduction, the culture medium for both SMCs and mESCs was replaced with antibiotic-1645 
selection medium containing 3 µg ml–1 puromycin. At 6 days after selection, cells were resuspended in 1646 
flow-cytometry buffer, and the percentage of EGFP+ cells in the BFP+ population was analyzed using a 1647 
CytoFLEX flow cytometer. 1648 

 1649 

9. Engineered pri-miRNA and gene-expression recording with cgRNA 1650 

9.1. Expression of cgRNA by hU6-driven pri-miR-FF3 in HeLa toolkit cells 1651 

Toolkit HeLa cells were co-transduced in suspension at 1 × 105 cells per well in 12-well tissue-culture 1652 
plates with lentiviral particles encoding miR-FF3- or miR-MT1-targeted cgRNA (pAA091 or pAA092, 1653 
respectively) and pri-miR-FF3 (pAA052) at a transduction efficiency of 40% or higher. At 24 h after 1654 
transduction, the culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1 1655 
puromycin. At 6 days after transduction, cells were resuspended in flow-cytometry buffer, and the 1656 
percentage of EGFP+ cells in the mCherry+BFP+ population was analyzed using a CytoFLEX flow 1657 
cytometer. 1658 

 1659 

9.2. Expression of cgRNA by U6- and CAG-driven pri-miR-FF3 in mESCs 1660 

cgFF3-toolkit mESCs and cgFF3 Clone 4 toolkit mESCs were plated 1 day prior to transfection in 24-well 1661 
tissue-culture plates at a density of 5 × 104 cells per well. The following day, cells were transfected with 1662 
400 ng of CAG promoter-driven pri-miR-FF3 (pAA098 and pAA099) or an empty-intron control (pAA097), 1663 
together with 70 ng of pCMV-PBase, using 1 µl of Lipofectamine 2000. At 6 days after transfection, cells 1664 
were resuspended in flow-cytometry buffer, and the percentage of EGFP+ cells in the mCherry+BFP+ 1665 
population was analyzed using a CytoFLEX flow cytometer. 1666 

Additionally, cgFF3-toolkit mESCs were transduced in suspension at 5 × 104 cells per well in 24-well 1667 
tissue-culture plates with pri-miR-FF3 (pAA052) lentiviral particles at a transduction efficiency of 40% or 1668 
less. At 6 days after transduction, cells were resuspended in flow-cytometry buffer and analyzed using 1669 
the same parameters as described above with a CytoFLEX flow cytometer. 1670 

 1671 

9.3. Recording endogenous Nanog and Acta2 expression during SMC differentiation 1672 

Nanog-FF3 mESCs and Acta2-FF3 mESCs were either subjected to SMC differentiation as described in 1673 
Section 5 or maintained as mESCs in 6-well tissue-culture plates. On day 6 of differentiation, SMCs were 1674 
transduced with miR-FF3-targeted cgRNA (pAA091) lentiviral particles at a transduction efficiency of 40% 1675 
or less. mESCs were plated 1 day prior to transduction at 3.5 × 104 cells per well in 24-well tissue-culture 1676 
plates and then transduced with miR-FF3-targeted cgRNA (pAA091) lentiviral particles at a transduction 1677 
efficiency of 40% or less. At 24 h after transduction, the culture medium for both SMCs and mESCs was 1678 
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replaced with antibiotic-selection medium containing 3 µg ml–1 puromycin. At 6 days after transduction, 1679 
cells were resuspended in flow-cytometry buffer, and mCherry expression and the percentage of EGFP+ 1680 
cells in the BFP+ population were analyzed using a CytoFLEX flow cytometer. 1681 

 1682 

9.4. Random integration of pri-miR-FF3 gene-trap cassettes 1683 

cgFF3 Clone 4 toolkit mESCs were plated 1 day prior to transfection in 12-well tissue-culture plates at a 1684 
density of 1 × 105 cells per well. The following day, cells were transfected with 800 ng of PB-geneTrap-1685 
3x-miR-FF3 (pAA100), either together with 140 ng of pCMV-PBase or without pCMV-PBase, using 2 µl 1686 
of Lipofectamine 2000. At 7 days after transfection, cells were resuspended in flow-cytometry buffer, and 1687 
the percentage of EGFP+ cells in the mCherry+BFP+ population was analyzed across different thresholds 1688 
of mCherry intensity using a CytoFLEX flow cytometer. 1689 

 1690 

10. Flow-cytometry data analysis 1691 

All collected flow-cytometry data were analyzed in Python using the FlowCytometryTools package 1692 
(https://eyurtsev.github.io/FlowCytometryTools/). Results of these analyses were visualized and plotted 1693 
in R. All flow-cytometry analysis and plotting scripts are available at https://github.com/yachielab/cgRNA. 1694 

 1695 

11. Genome-wide cgRNA screens 1696 

11.1. Genome-wide recording of miRNA activity in mESCs 1697 

Three independently derived toolkit-2-intron mESC clones (Clone 3, Clone 7 and Clone 10) were 1698 
screened separately. For each clonal population, 1 × 107 mESCs were transduced in suspension with 1699 
lentiviral particles generated from a library of cgRNA sensors containing targets for mouse miRNAs 1700 
genome-wide (cgRNA library) at a transduction efficiency of 10% (approximately 500-fold coverage). 1701 
Each transduced clonal population was plated in a T75 tissue-culture flask. At 24 h after transduction, the 1702 
culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1 puromycin. Puromycin 1703 
selection was maintained during all subsequent medium changes and passages until 1 day prior to cell 1704 
sorting; selection was removed on day 5 after transduction. On day 3 after selection, 6 × 106 cells from 1705 
each population were passaged and distributed across two T75 tissue-culture flasks. 1706 

On day 6 after transduction, each clonal population was resuspended in sorting buffer, and EGFP+ cells 1707 
were isolated using a MoFlo Astrios cell sorter (Beckman Coulter), CytoFLEX SRT cell sorter or Cytek 1708 
Aurora Cell Sorter (Cytek Biosciences). Prior to sorting, 2 × 106 cells from each clonal population were 1709 
set aside as an unsorted control. After sorting, genomic DNA was extracted from the sorted EGFP+ cells 1710 
and unsorted control cells using the Monarch Genomic DNA Purification Kit (NEB, no. T3010S) according 1711 
to the manufacturer’s protocol. genomic DNA from EGFP+ and unsorted cells was eluted in 50 µl and 1712 
100 µl of UltraPure Distilled Water (Thermo Fisher Scientific, no. 10977015), respectively. 1713 

 1714 

11.2. Genome-wide recording of miRNA activity during SMC differentiation 1715 

Toolkit-2-intron Clone 7 mESCs were subjected to mESC-to-SMC differentiation as described in Section 1716 
5. Independent differentiation cultures were established in triplicate for cgRNA recording initiated on day 1717 
3 or day 6 of differentiation. For each replicate, 9 × 106 mESCs were distributed across three T75 tissue-1718 
culture flasks at 3 × 106 cells per flask. On day 3 or day 6 of differentiation, adherent differentiating SMCs 1719 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://eyurtsev.github.io/FlowCytometryTools/
https://github.com/yachielab/cgRNA
https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 55 

were transduced with lentiviral particles generated from the cgRNA library at a transduction efficiency of 1720 
10%. Given the starting population of 9 × 106 cells and the expansive growth phase through day 6, the 1721 
total library coverage was expected to remain approximately 500-fold. At 24 h after transduction, the 1722 
culture medium was replaced with antibiotic-selection medium containing 3 µg ml–1 puromycin. Puromycin 1723 
selection was maintained during all subsequent medium changes and passages until 1 day prior to cell 1724 
sorting; selection was removed on day 7 after transduction. 1725 

On day 8 after transduction, each replicate population was resuspended in sorting buffer, and EGFP+ 1726 
cells were isolated using a MoFlo Astrios cell sorter (Beckman Coulter), CytoFLEX SRT cell sorter or 1727 
Cytek Aurora Cell Sorter. Prior to sorting, 2 × 106 cells from each replicate were set aside as an unsorted 1728 
control. After sorting, genomic DNA was extracted from the sorted EGFP+ cells and unsorted control cells 1729 
using the Monarch Genomic DNA Purification Kit (NEB, no. T3010S) according to the manufacturer’s 1730 
protocol. genomic DNA from EGFP+ and unsorted cells was eluted in 50 µl and 100 µl of UltraPure 1731 
Distilled Water (Thermo Fisher Scientific, no. 10977015), respectively. 1732 

For recording in the mESC state, toolkit-2-intron Clone 7 mESCs were transduced in triplicate using the 1733 
same protocol as described in Section 11.1. However, cell sorting and genomic DNA extraction were 1734 
performed on day 8 after transduction rather than on day 6. 1735 

 1736 

12. Sequencing library preparation 1737 

12.1. Preparation of small RNA sequencing libraries for toolkit HeLa cells and toolkit mESCs 1738 

Total RNA was isolated from toolkit HeLa cells and toolkit mESCs using the mirVana miRNA Isolation Kit 1739 
without phenol (Thermo Fisher Scientific, no. AM1561) according to the manufacturer’s protocol and 1740 
eluted in nuclease-free water. RNA concentration was determined using a NanoDrop 2000 1741 
spectrophotometer (Thermo Fisher Scientific), and RNA integrity was confirmed by an RNA Quality 1742 
Number (RQN) greater than 9 using the R1 Cartridge (BiOptic, no. C105210) on a Qsep100 DNA 1743 
Fragment Analyzer (BiOptic). Total RNA samples were concentrated using an FD-1000 freeze-dryer 1744 
(EYELA) to reduce the sample volume. 1745 

Small RNA sequencing libraries were prepared according to the AQ-seq method65, with modifications. 1746 
Five micrograms of total RNA was resolved on a 15% denaturing polyacrylamide gel, and the 17–29-nt 1747 
small RNA fraction was excised. The gel slices were fragmented by centrifugation through 0.5-ml tubes 1748 
with holes in the bottom at 20,400 × g for 10 min into 2-ml collection tubes. The size-fractionated RNA 1749 
was eluted from the gel fragments in 0.3 M NaCl at 25 °C with shaking at 1,500 rpm overnight. Gel debris 1750 
was removed by centrifugation using Costar Spin-X centrifuge tubes (Corning, no. 8162), and the RNA 1751 
was precipitated with ethanol in the presence of sodium acetate and GlycoBlue Coprecipitant (Thermo 1752 
Fisher Scientific, no. AM9516). 1753 

The size-fractionated RNA was ligated to a 3′-randomized adapter at 25 °C for 16 h in a reaction mixture 1754 
containing 0.25 µM 3′-randomized adapter (HO001), 200 U T4 RNA ligase 2 truncated KQ (NEB, no. 1755 
M0373), 1× T4 RNA ligase reaction buffer (NEB), 20% PEG 8000 (NEB) and 10 U SUPERase•In RNase 1756 
Inhibitor (Thermo Fisher Scientific, no. AM2694). The adapter-ligated RNA (40–55 nt) was size-1757 
fractionated by 15% denaturing polyacrylamide gel electrophoresis to remove unligated adapters and gel-1758 
purified as described above. The 3′-adapter-ligated RNA was then ligated to a 0.18 µM 5′-randomized 1759 
adapter (HO002) with 14 U T4 RNA ligase 1 (NEB, no. M0204), 1× T4 RNA ligase reaction buffer, 20% 1760 
PEG 8000, 1 mM ATP and 14 U SUPERase•In RNase Inhibitor at 37 °C for 1 h, followed by heat 1761 
inactivation at 65 °C for 15 min. 1762 
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The adapter-ligated RNA was reverse-transcribed using 200 U SuperScript III reverse transcriptase 1763 
(Thermo Fisher Scientific, no. 18080044), 1× first-strand buffer (Thermo Fisher Scientific), 0.2 µM RT 1764 
primer (HO003), 0.5 mM dNTPs (included in the TruSeq Small RNA Kit; Illumina) and 5 mM DTT (Thermo 1765 
Fisher Scientific) at 50 °C for 1 h. Reverse transcriptase was heat-inactivated at 70 °C for 15 min after 1766 
reverse transcription. The cDNA library was amplified using 1 U Phusion High-Fidelity DNA Polymerase 1767 
(Thermo Fisher Scientific, no. F530S), 1× Phusion HF buffer (Thermo Fisher Scientific), 0.5 µM primers 1768 
(RP1 forward primer and RPIX reverse primer from the TruSeq Small RNA Kit; Illumina) and 0.2 mM 1769 
dNTPs (Takara Bio). 1770 

The amplified cDNA library was size-fractionated (145–160 nt) on a 6% non-denaturing polyacrylamide 1771 
gel to remove adapter dimers. The size-fractionated cDNA library was gel-purified and precipitated as 1772 
described above. The size of the cDNA library was evaluated using an S1 Cartridge (BiOptic, no. 1773 
C105202) on a Qsep100 DNA Fragment Analyzer, and the concentration of each library was quantified 1774 
using KAPA Library Quantification Kits (KAPA Biosystems, no. KK4873). The concentration of the pooled 1775 
cDNA library was quantified using Qubit 1X dsDNA High Sensitivity Assay Kits (Thermo Fisher Scientific, 1776 
no. Q33230). The pooled cDNA library was sequenced on a NextSeq 500 platform (Illumina) using a 1777 
NextSeq 500/550 High Output Kit v2.5 (75 cycles; Illumina). 1778 

 1779 

12.2. Preparation of amplicon sequencing libraries from genome-wide cgRNA screens 1780 

miRNA target sequences from genome-integrated cgRNAs were amplified from genomic DNA isolated 1781 
from EGFP+ and unsorted mESC and SMC populations generated in the genome-wide cgRNA screens. 1782 
Sequencing libraries were prepared by two successive rounds of PCR. 1783 

 1784 

12.2.1. First-round amplification of miRNA targets from genome-integrated cgRNAs 1785 

miRNA target regions from genome-integrated cgRNAs were amplified by PCR from genomic DNA 1786 
collected from EGFP+ and unsorted mESCs or SMCs transduced with the cgRNA library. In the first 1787 
round of PCR, the miRNA target region was amplified from 50 µl of genomic DNA divided between two 1788 
50-µl reactions using a pool of staggered-length forward primers (AA112–AA118) and a single reverse 1789 
primer (AA119), under the reaction and thermocycling conditions described in Supplementary Note 2. 1790 
The first-round PCR products were then purified by column purification using the GeneJET Gel Extraction 1791 
Kit (Thermo Fisher Scientific, no. K0692) according to the manufacturer’s protocol and eluted in 35 µl of 1792 
UltraPure Distilled Water. 1793 

 1794 

12.2.2. Addition of Illumina adapters and sample indexes 1795 

In the second round of PCR, 25 µl of the purified first-round PCR product was amplified in a single 50-µl 1796 
reaction under the PCR reaction and thermocycling conditions described in Supplementary Note 2. First-1797 
round PCR products from the mESC genome-wide screen (Section 11.1) were amplified using a common 1798 
Illumina P5 adapter primer and custom i7-indexed Illumina P7 adapter primers (Table S6). First-round 1799 
PCR products from the SMCs and mESCs in the SMC genome-wide screen (Section 11.2) were amplified 1800 
using custom i5-indexed Illumina P5 adapter primers and custom i7-indexed Illumina P7 adapter primers 1801 
(Table S6). 1802 

Second-round PCR products were size-selected by electrophoresis on a 2% agarose gel prepared in 1× 1803 
Tris-borate-EDTA buffer using agarose from Thermo Fisher Scientific (no. 16500500). The products were 1804 
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purified by gel extraction using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, 1805 
and the concentrations of the purified libraries were measured using a Qubit fluorometer (Thermo Fisher 1806 
Scientific) prior to qPCR quantification. 1807 

The libraries were then quantified by qPCR using the NEBNext Library Quant Kit for Illumina (NEB, no. 1808 
E7630S). Library concentrations were calculated based on the mean length of the expected amplicons 1809 
(502 bp), and the libraries were pooled in equimolar amounts. For the mESC genome-wide screen 1810 
(Section 11.1), the pooled sequencing library was sequenced on an Illumina NextSeq system using a 1811 
NextSeq P1 100 150-cycle kit, with a 110-cycle single-end Read 1 and an 8-cycle index read for the i7 1812 
index. For the SMC genome-wide screen (Section 11.2), the same sequencer and sequencing kit were 1813 
used, with a 120-cycle single-end Read 1, an 8-cycle index read for the i7 index and an 8-cycle index 1814 
read for the i5 index. PhiX DNA was spiked into each run at 30% to improve sequence diversity on the 1815 
flow cell. 1816 

 1817 

13. Sequencing and computational analysis 1818 

NextSeq outputs generated BCL files, which were demultiplexed based on single or paired indexes and 1819 
converted to FASTQ files using bcl2fastq2. All analysis scripts referenced in the following sections, 1820 
together with their outputs, are available at https://github.com/yachielab/cgRNA. 1821 

 1822 

13.1. Small RNA sequencing analysis 1823 

For AQ-seq reads, the 3′ adapter sequence and 4-nt degenerate sequences at the 5′ and 3′ ends were 1824 
trimmed using cutadapt141. Reads shorter than 18 nt were removed. Low-quality reads, defined as reads 1825 
with a Phred quality score of 20 or below for more than 95% of bases or 30 or below for more than 50% 1826 
of bases, as well as artifact reads, were removed using FASTX-Toolkit 1827 
(http://hannonlab.cshl.edu/fastx_toolkit/). The processed reads were analyzed using the miRge2.0 1828 
pipeline142 to obtain miRNA read counts. 1829 

 1830 

13.2. Analysis of the genome-wide cgRNA screen in mESCs 1831 

13.2.1. Counting miRNA target reads 1832 

miRNA target reads were counted from raw sequencing reads in Python using a modified version of a 1833 
previously described barcode-counting script143 (cgLibV2_BC_counter.ipynb). The list of synthesized 1834 
targets in the cgRNA library (Table S2) was used to generate a whitelist for the counting script. Adjacent 1835 
bases from the 3′ end of the gRNA scaffold were appended to each target sequence such that all 1836 
reference sequences were 28 nt in length before being used for target counting 1837 
(mmuReferenceList.ipynb). Raw target counts were then compiled into a meta-label (replicate or 1838 
condition)–miRNA target count table using multiClonal_cgRNA_matrix.ipynb (Table S7) for differential 1839 
enrichment analysis using DESeq2 in R (Table S3)82. 1840 

 1841 

13.2.2. Counting miRNA target reads and gene set enrichment analysis 1842 

Enrichment of each miRNA target in EGFP+ cells relative to unsorted cells was analyzed using DESeq2. 1843 
For each target, the mean log2-transformed fold enrichment in EGFP+ cells relative to unsorted cells was 1844 
calculated, together with a Benjamini–Hochberg-adjusted P value to control the false discovery rate 1845 
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(FDR). A miRNA target was classified as an active hit when its log2 fold enrichment was greater than 1 1846 
and its FDR was less than 0.05. 1847 

Active miRNA hits were subjected to gene set enrichment analysis using miEAA83 with the Mus musculus 1848 
library. Predicted gene targets associated with the miRNA hits were analyzed within each gene-set term 1849 
category. Terms were considered significant at a Benjamini–Hochberg FDR threshold of 0.05 and were 1850 
required to be associated with at least two miRNA hits. 1851 

 1852 

13.2.3. Classification of paired miRNA strands by cleavage activity 1853 

Mature miRNA targets derived from opposite arms of the same pre-miRNA hairpin were paired. Pairs 1854 
were classified as homoactive when both strands met the active-hit criteria, heteroactive when only one 1855 
strand met the criteria, and homoinactive when neither strand met the criteria. 1856 

Screen enrichment and AQ-seq expression were compared among active strands from homoactive pairs, 1857 
active and inactive strands from heteroactive pairs, and inactive strands from homoinactive pairs. AQ-1858 
seq expression was analyzed both including and excluding miRNAs with zero read counts. Differences 1859 
among activity categories were assessed using two-sided Mann–Whitney U-tests for unpaired 1860 
comparisons. 1861 

 1862 

13.2.4. Sequence-based assignment of loading and passenger motifs to miRNA strands 1863 

A simplified sequence-scoring heuristic was used to classify each mature miRNA strand according to its 1864 
resemblance to the loading motif 5′-URn or the passenger motif 5′-CYn, based on previously reported 1865 
nucleotide-composition biases associated with miRNA strand selection86. Here, R denotes a purine and 1866 
Y denotes a pyrimidine. These classifications represent sequence-based predictions and do not directly 1867 
measure Argonaute loading. 1868 

For each mature miRNA strand, loading- and passenger-motif scores were calculated independently. For 1869 
the loading-motif score, a 5′ uridine contributed 5.0 points, each purine at subsequent positions 1870 
contributed 0.5 points, and a 5′ cytosine contributed –2.5 points. Conversely, for the passenger-motif 1871 
score, a 5′ cytosine contributed 5.0 points, each pyrimidine at subsequent positions contributed 0.5 1872 
points, and a 5′ uridine contributed –2.5 points. 1873 

Using a threshold of 5.0 points, a strand was assigned the loading motif when its loading-motif score 1874 
exceeded the threshold and its passenger-motif score fell below it. Similarly, a strand was assigned the 1875 
passenger motif when its passenger-motif score exceeded the threshold and its loading-motif score fell 1876 
below it. All other cases, including those with equal loading- and passenger-motif scores, were classified 1877 
as ambiguous. Motif scores and assignments were calculated using importHits2File.Rmd and 1878 
riscLoadingModel.ipynb (Table S8). Paired-strand analyses were restricted to miRNA pairs for which both 1879 
strands received unambiguous motif assignments. 1880 

 1881 

13.2.5. Paired-strand motif analysis 1882 

Motif assignments were summarized according to strand activity and miRNA-pair class using 1883 
ago2ModelResults.Rmd. For heteroactive pairs, conditional motif frequencies were calculated to assess 1884 
whether the motif assignment of one strand depended on the activity status and motif assignment of the 1885 
opposite strand from the same pre-miRNA. 1886 
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For each comparison, one member of the pair was designated the focusing strand and the other the 1887 
paired strand. The probability that the focusing strand carried a loading or passenger motif was calculated 1888 
conditional on the activity status of the focusing strand and the motif assignment and activity status of the 1889 
paired strand. To account for the overall excess of loading-motif assignments, each conditional probability 1890 
was divided by the corresponding global frequency of that motif among all unambiguously assigned 1891 
strands from heteroactive pairs. Values greater than 1 indicated enrichment relative to the global motif-1892 
assignment frequency, whereas values below 1 indicated depletion. 1893 

Heteroactive pairs were also grouped according to the combination of motif assignments carried by their 1894 
active and inactive strands. AQ-seq expression values of the active and inactive strands within each 1895 
group were compared using a two-sided Wilcoxon signed-rank test. 1896 

 1897 

13.3. Analysis of genome-wide cgRNA recording during SMC differentiation 1898 

miRNA target counts from mESCs and from day 3 and day 6 of SMC differentiation were generated from 1899 
raw sequencing reads as described in Section 13.2, using cgLibV2_BC_SMC_counter.ipynb for miRNA 1900 
target counting and SMC_cgRNA_matrix.ipynb for count-matrix generation. 1901 

For each recording condition, differential representation between EGFP+ and unsorted populations was 1902 
analyzed independently using DESeq2. Active hits were defined as targets with a log2 fold enrichment 1903 
greater than 1 and a Benjamini–Hochberg-adjusted P value below 0.05. 1904 

Targets classified as active in at least one condition were compiled into a unified table containing the 1905 
enrichment value and adjusted P value for all three recording conditions. Targets were grouped by 1906 
hierarchical clustering of their enrichment profiles. Shared and condition-specific active hits were 1907 
identified and visualized using eulerr144,145. 1908 

 1909 

14. Mouse engineering 1910 

14.1. In vitro fertilization and zygote cryopreservation 1911 

Cumulus–oocyte complexes (COCs) were collected from 5- to 6-week-old B6D2F1 female mice 1912 
superovulated by sequential intraperitoneal injections of 0.15 ml CARD HyperOva (Kyudo, no. F021) and 1913 
6.5 IU human chorionic gonadotropin (hCG; GONATROPIN 3000, ASKA Animal Health) administered 48 1914 
h apart. Sperm obtained from 12-week-old B6D2F1 males were preincubated in TYH medium at 37 °C 1915 
under 5% CO2 for 2 h. COCs were then inseminated with sperm at a final concentration of 2 × 105 sperm 1916 
ml–1. At 3 h after insemination, COCs were treated with 0.33 mg ml–1 hyaluronidase at 37 °C in air for 10 1917 
min and washed in fresh KSOM to completely remove cumulus cells. Cumulus-free oocytes were then 1918 
cultured in KSOM at 37 °C under 5% CO2 for an additional 3 h, after which two-pronuclear zygotes were 1919 
selected for cryopreservation. 1920 

Zygotes were washed three times at room temperature in PB1 medium containing 1 M DMSO. Up to 80 1921 
zygotes in 5 µl of medium were transferred directly into a cryogenic vial and incubated at 0 °C for 5 min, 1922 
followed by the addition of 45 µl of ice-cold DAP213 (ARK-Resource, no. I0BAI1100) and incubation at 0 1923 
°C for an additional 5 min. Cryovials were then mounted on cryogenic canes covered with plastic sleeves 1924 
and gently immersed in liquid nitrogen for long-term storage. 1925 

 1926 
  1927 
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14.2. Synthesis and purification of piggyBac transposase mRNA 1928 

Hyperactive piggyBac transposase (hyPBase) mRNA was synthesized using the mMESSAGE 1929 
mMACHINE T7 Transcription Kit (Thermo Fisher Scientific, no. AM1345), followed by addition of a poly(A) 1930 
tail using the Poly(A) Tailing Kit (Thermo Fisher Scientific, no. AM1350). In vitro-transcribed mRNA was 1931 
purified by phenol–chloroform extraction and ethanol precipitation, desalted using MicroSpin G-25 1932 
Columns (Cytiva, no. 27532501), diluted to 600 ng µl–1 in nuclease-free water, aliquoted in 2-µl volumes 1933 
into 0.5-ml DNA LoBind Tubes (Eppendorf, no. EP0030122348), and stored at –80 °C for no longer than 1934 
3 months. 1935 

 1936 

14.3. Zygote thawing and electroporation 1937 

A cryovial was placed at room temperature with the cap removed for 1.5 min. Next, 0.9 ml of 0.25 M 1938 
sucrose in PB1 was added, and the contents were gently mixed by pipetting 10 times. Zygotes were 1939 
immediately recovered and washed in fresh KSOM to remove the cryoprotectant. A 2-µl aliquot of 1940 
hyPBase mRNA was thawed at room temperature and diluted with 38 µl of Opti-MEM to a final 1941 
concentration of 30 ng µl–1. The resulting 40-µl mRNA solution was loaded into the electroporation 1942 
chamber of a CUY520P5 petri dish (NEPA GENE), and the impedance was confirmed to be between 490 1943 
and 590 Ω. After incubation at 37 °C under 5% CO2 for 30 min, zygotes were washed three times in fresh 1944 
Opti-MEM, transferred to the electroporation chamber, and aligned in two parallel rows perpendicular to 1945 
the direction of the electroporation pulse. Following electroporation, zygotes were washed three times in 1946 
KSOM and cultured at 37 °C under 5% CO2 for 3 h before microinjection. 1947 

 1948 

14.4. Plasmid purification, pronuclear microinjection, and embryo transfer 1949 

Before microinjection, piggyBac plasmids were freshly purified by phenol–chloroform extraction and 1950 
ethanol precipitation and passed through Ultrafree-MC Centrifugal Filters (Millipore Sigma, no. 1951 
UFC30GV0S). Plasmids were then diluted to 6 ng µl–1 in T10E0.1 buffer. The base-editing reporter plasmid 1952 
(pAA109) was mixed with an equal volume of either an sgRNA/Target-AIDmax plasmid containing three 1953 
introns (pAA111) or a cgRNA/Target-AIDmax plasmid containing three introns (pAA110). 1954 

Holding and injection capillaries were freshly prepared using a P-1000 Micropipette Puller (Sutter 1955 
Instrument) and bent to 20° using an MF-3 microforge (Narishige). Electroporated zygotes were washed 1956 
three times in FHM and transferred to an FHM drop covered with mineral oil. The male pronucleus was 1957 
injected with the plasmid mixture at room temperature using a Narishige micromanipulation system 1958 
equipped with a manual CellTram 4r Air microinjector (Eppendorf) for the holding pipette and a 1959 
semiautomatic FemtoJet 4i microinjector (Eppendorf) for the injection pipette. Following microinjection, 1960 
zygotes were washed three times in KSOM and cultured overnight at 37 °C under 5% CO2. 1961 

The following day, embryos that had developed to the 2-cell stage were transferred into the oviductal 1962 
ampullae of 0.5-dpc pseudopregnant ICR females (Japan SLC). 1963 

 1964 

14.5. Embryo extraction and imaging 1965 

E17.5 embryos were dissected from the uteri of pseudopregnant females and kept on ice. The abdominal 1966 
wall was removed to expose the internal organs. Fluorescence images were captured using a Keyence 1967 
BZ-X800 microscope. 1968 
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 1969 

15. Detailed molecular cloning methods 1970 

Unless otherwise specified, PCR primers and synthetic oligonucleotides are listed in Table S6, and 1971 
plasmids are listed in Table S4. The common procedures described in the Supplementary Notes were 1972 
used throughout the construction of individual plasmids. Plasmid-construction-specific templates, 1973 
primers, restriction enzymes, annealing temperatures, extension times, fragment ratios and deviations 1974 
are specified in the corresponding subsections. 1975 

 1976 

15.1. MICR gRNAs 1977 

MICR gRNAs were produced by PCR amplification, double restriction enzyme digestion and ligation. 1978 
First, 15 µl of the PB4-CAGGS-17T-MICR backbone was digested with EcoRI-HF (NEB, no. R3101L) 1979 
and BamHI-HF (NEB, no. R3136L) for 2 h at 37 °C using the common restriction enzyme digestion 1980 
protocol described in Supplementary Note 1. The backbone band was size-selected by electrophoresis 1981 
on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the 1982 
manufacturer’s protocol. 1983 

MICR gRNA fragments were amplified from PB4-CAGGS-17T-MICR using the primer pairs listed in Table 1984 
S6 and the Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature 1985 
of 64 °C and an extension time of 30 s. Amplified fragments were size-selected by electrophoresis on a 1986 
2% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 1987 
protocol. 1988 

The gel-purified MICR gRNA PCR products were then digested with EcoRI-HF and BamHI-HF for 1 h at 1989 
37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1, 1990 
PCR-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated 1991 
between the EcoRI and BamHI sites of the digested PB4-CAGGS-17T-MICR backbone at a 3:1 insert-1992 
to-backbone molar ratio using T4 DNA Ligase (NEB, no. M0202L) in 1× T4 DNA Ligase Buffer with ATP 1993 
(NEB, no. B0202L) at 25 °C for 10 min. 1994 

 1995 

15.2. cgRNAs and sgRNAs  1996 

cgRNAs and sgRNAs were generated using the common Golden Gate assembly protocol described in 1997 
Supplementary Note 3, with DNA oligonucleotide pairs and backbones listed in Table S6. 1998 

 1999 

15.3. cgRNA library 2000 

The protocols for amplifying miRNA targets from a Twist Bioscience-synthesized oligonucleotide pool and 2001 
inserting the amplified targets into a cgRNA backbone are described in detail in Supplementary Note 4. 2002 

 2003 

15.4. piggyBac expression vectors for gRNA units and early Target-AID reporter configuration 2004 

15.4.1. PB4 cgRNA backbones 2005 

cgRNA V1. To produce PB4-cgRNA-V1 (cloning backbone), the PB4-CAGGS-17T-MICR backbone was 2006 
first digested with KpnI-HF (NEB, no. R3142L) and BamHI-HF for 2 h at 37 °C using the common 2007 
restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-2008 
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selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2009 
according to the manufacturer’s protocol. The hU6-cgRNA-V1 transcriptional unit was amplified from a 2010 
double-stranded DNA gene block purchased from Twist Bioscience (GID001) using AA001/AA002 and 2011 
the Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 66 °C 2012 
and an extension time of 30 s. The amplified fragment was size-selected by electrophoresis on a 2% 2013 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2014 
protocol. The gel-purified hU6-cgRNA-V1 PCR product was then digested with KpnI-HF and BamHI-HF 2015 
for 1 h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary 2016 
Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and 2017 
ligated between the KpnI and BamHI sites of the digested PB4-CAGGS-17T-MICR backbone at a 3:1 2018 
insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 2019 
10 min. 2020 

cgRNA V2. To produce PB4-cgRNA-V2 (cloning backbone), the PB4-cgRNA-V1 cloning backbone was 2021 
first digested with MluI-HF (NEB, no. R3198L) and BamHI-HF for 2 h at 37 °C using the common 2022 
restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-2023 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2024 
according to the manufacturer’s protocol. The hU6-5′-ribozyme and cgRNA-3′-ribozyme fragments were 2025 
amplified from double-stranded DNA gene blocks purchased from Twist Bioscience (GID002 and 2026 
GID003) using AA001/AA003 and AA004/AA005, respectively, and the Phusion PCR protocol described 2027 
in Supplementary Note 1, with an annealing temperature of 64 °C and an ET of 30 s. The amplified 2028 
fragments were size-selected by electrophoresis on a 2% agarose gel and gel-purified using the GeneJET 2029 
Gel Extraction Kit according to the manufacturer’s protocol. The purified hU6-5′-ribozyme and cgRNA-3′-2030 
ribozyme fragments and the digested and purified PB4-cgRNA-V1 backbone were then mixed at a molar 2031 
ratio of 3:3:1 (insert:insert:backbone) and assembled by Gibson assembly at 50 °C for 1 h. 2032 

cgRNA V3. To produce PB4-cgRNA-V3 (cloning backbone), the PB4-cgRNA-V1 cloning backbone was 2033 
first digested with MluI-HF and BbsI-HF (NEB, no. R3539L) for 2 h at 37 °C using the common restriction 2034 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2035 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2036 
to the manufacturer’s protocol. The hU6 promoter was amplified from PB4-cgRNA-V1 using 2037 
AA001/AA006, and the cgRNA-V3 scaffold and 3′-bGH poly(A) signal fragments were amplified from 2038 
PB4-CAGGS-17T-MICR using AA007/AA008 and AA009/AA010, respectively, using the Phusion PCR 2039 
protocol described in Supplementary Note 1, with an annealing temperature of 61 °C and an extension 2040 
time of 30 s. The amplified fragments were size-selected by electrophoresis on a 2% agarose gel and 2041 
gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The purified 2042 
hU6 promoter, cgRNA-V3 scaffold and 3′-bGH poly(A) signal fragments and the digested and purified 2043 
PB4-cgRNA-V1 backbone were then mixed at a molar ratio of 3:3:3:1 (insert:insert:insert:backbone) and 2044 
assembled by Gibson assembly at 50 °C for 1 h. 2045 

 2046 

15.4.2. PB4 sgRNA 2047 

To produce PB4-US1-sgRNA and PB4-Scr-sgRNA, the same PB4-cgRNA-V1 cloning-backbone digest 2048 
used to produce PB4-cgRNA-V2 was used for assembly. The hU6-US1-sgRNA and hU6-Scr-sgRNA 2049 
fragments were generated by fusion PCR. The hU6-US1 and US1-sgRNA fragments and the hU6-Scr 2050 
and Scr-sgRNA fragments were first amplified from a gene block synthesized by Twist Bioscience 2051 
(GID004) using AA001/AA011 and AA012/AA013, and AA001/AA014 and AA015/AA013, respectively, 2052 
using the Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 2053 
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61 °C and an extension time of 30 s. The amplified fragments were size-selected by electrophoresis on 2054 
a 2% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2055 
protocol. 2056 

The purified hU6-US1 and US1-sgRNA fragments were mixed at equal volumes (5 µl each), and 1 µl of 2057 
the mixture was amplified using AA001/AA013 and the Phusion PCR protocol described in 2058 
Supplementary Note 1, with an annealing temperature of 65 °C and an extension time of 30 s. The 2059 
resulting hU6-US1-sgRNA fusion PCR product was size-selected by electrophoresis on a 2% agarose 2060 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2061 
same procedure was performed with the hU6-Scr and Scr-sgRNA fragments to generate the hU6-Scr-2062 
sgRNA fragment. 2063 

The gel-purified hU6-US1-sgRNA and hU6-Scr-sgRNA PCR products were then digested with MluI-HF 2064 
and BamHI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described in 2065 
Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2066 
manufacturer’s protocol, and ligated between the MluI and BamHI sites of the digested PB4-cgRNA-V1 2067 
backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with 2068 
ATP at 25 °C for 10 min. 2069 

 2070 

15.4.3. Single piggyBac vector for base-editing reporter and Target-AID 2071 

To produce PB-CAG-US1-eGFP-EF1-Target-AID, the pRS290 backbone plasmid was first digested with 2072 
MfeI-HF (NEB, no. R3589L) and AvrII (NEB, no. R0174L) for 2 h at 37 °C using the common restriction 2073 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2074 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2075 
to the manufacturer’s protocol. The full-length EF1a promoter sequence was amplified from pSI-172-2076 
pcDNA3.1-EF1a using AA016/AA017 and the Phusion PCR protocol described in Supplementary Note 2077 
1, with an annealing temperature of 62 °C and an extension time of 60 s. The amplified fragment was 2078 
size-selected by electrophoresis on a 2% agarose gel and gel-purified using the GeneJET Gel Extraction 2079 
Kit according to the manufacturer’s protocol. The gel-purified full-length EF1a promoter PCR product was 2080 
then digested with MfeI-HF and AvrII for 1 h at 37 °C using the common restriction enzyme digestion 2081 
protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit 2082 
according to the manufacturer’s protocol, and ligated between the MfeI and AvrII sites of the digested 2083 
pRS290 backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase 2084 
Buffer with ATP at 25 °C for 10 min. 2085 

The resulting intermediate vector was confirmed by Sanger sequencing for correct insertion and then 2086 
digested with NotI-HF (NEB, no. R3189L) and AgeI-HF (NEB, no. R3552L) for 2 h at 37 °C using the 2087 
common restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band 2088 
was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2089 
Extraction Kit according to the manufacturer’s protocol. The mutated EGFP fragment containing the US1 2090 
spacer target (US1-EGFP) was amplified from pRS290 using AA018/AA019 and the Phusion PCR 2091 
protocol described in Supplementary Note 1, with an annealing temperature of 65 °C and an extension 2092 
time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-2093 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2094 
US1-EGFP PCR product was then digested with NotI-HF and AgeI-HF for 1 h at 37 °C using the common 2095 
restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the 2096 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the NotI and 2097 
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AgeI sites of the digested intermediate vector at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase 2098 
in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2099 

To produce additional base-editing reporter targets, PB-CAG-US1-eGFP-EF1-Target-AID was first 2100 
digested with NotI-HF (NEB, no. R3189L) and AgeI-HF (NEB, no. R3552L) for 2 h at 37 °C using the 2101 
common restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band 2102 
was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2103 
Extraction Kit according to the manufacturer’s protocol. Target-EGFP fragments were generated by 2104 
amplifying the start-codon-mutated EGFP coding sequence from PB-CAG-US1-eGFP-EF1-Target-AID 2105 
using the target-containing forward primers listed in Table S6 and the common reverse primer AA019, 2106 
according to the Phusion PCR protocol described in Supplementary Note 1, with an annealing 2107 
temperature of 65 °C and an extension time of 30 s. The amplified fragments were size-selected by 2108 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2109 
the manufacturer’s protocol. The gel-purified Target-EGFP PCR products were then digested with NotI-2110 
HF and AgeI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described in 2111 
Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2112 
manufacturer’s protocol, and ligated between the NotI and AgeI sites of the digested PB-CAG-US1-2113 
eGFP-EF1-Target-AID backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 2114 
DNA Ligase Buffer with ATP at 25 °C for 10 min. 2115 

 2116 

15.4.4. piggyBac vectors expressing mCherry and cgRNA V3 or sgRNA controls 2117 

To produce PB-CAG-mCherry-cgRNA-V3 (cloning backbone) and PB-CAG-sgRNA-BB, the PB-CAG-2118 
US1-eGFP-EF1-Target-AID backbone was first digested with NotI-HF and AgeI-HF for 2 h at 37 °C using 2119 
the common restriction enzyme digestion protocol described in Supplementary Note 1. The backbone 2120 
band was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2121 
Extraction Kit according to the manufacturer’s protocol. The mCherry fragment was amplified from pSI-2122 
173-CMVp-MCS-mCherry using AA020/AA021 and the Phusion PCR protocol described in 2123 
Supplementary Note 1, with an annealing temperature of 65 °C and an extension time of 30 s. The 2124 
amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2125 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified mCherry PCR 2126 
product was then digested with NotI-HF and AgeI-HF for 1 h at 37 °C using the common restriction 2127 
enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel 2128 
Extraction Kit according to the manufacturer’s protocol, and ligated between the NotI and AgeI sites of 2129 
the digested PB-CAG-US1-eGFP-EF1-Target-AID backbone at a 3:1 insert-to-backbone molar ratio using 2130 
T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2131 

The resulting intermediate vector was confirmed by Sanger sequencing for correct insertion and then 2132 
digested with MfeI-HF and ClaI (NEB, no. R0197L) for 2 h at 37 °C using the common restriction enzyme 2133 
digestion protocol described in Supplementary Note 1. The backbone band was size-selected by 2134 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2135 
the manufacturer’s protocol. The hU6-cgRNA-V3 and hU6-sgRNA fragments were amplified from PB4-2136 
cgRNA-V3 and a gene block synthesized by Twist Bioscience (GID004), respectively, using 2137 
AA022/AA023 and AA022/AA024, respectively, and the Phusion PCR protocol described in 2138 
Supplementary Note 1, with an annealing temperature of 64 °C and an extension time of 30 s. The 2139 
amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2140 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified hU6-cgRNA-2141 
V3 and hU6-sgRNA PCR products were then digested with MfeI-HF and ClaI for 1 h at 37 °C using the 2142 
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common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using 2143 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the MfeI 2144 
and ClaI sites of the digested intermediate vector at a 3:1 insert-to-backbone molar ratio using T4 DNA 2145 
Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2146 

 2147 

15.5. Insulated piggyBac expression vectors for BE reporters, codon-optimized Cas9 editors and 2148 
hAgo2 2149 

15.5.1. piggyBac vectors expressing a base-editing reporter and G418 resistance gene 2150 

To produce PB-INS-CAG-US1-eGFP-EF1a-Neo, PB-U6insert-Puro (Addgene, no. 104537) was first 2151 
digested with BamHI-HF and SalI-HF (NEB, no. R3138L) for 2 h at 37 °C using the common restriction 2152 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2153 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2154 
to the manufacturer’s protocol. The EF1-NeoR transcriptional unit was amplified from a double-stranded 2155 
DNA gene block purchased from Twist Bioscience (GID005) using AA025/AA026 and the Phusion PCR 2156 
protocol described in Supplementary Note 1, with an annealing temperature of 62 °C and an extension 2157 
time of 60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-2158 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2159 
EF1-NeoR PCR product was then digested with BamHI-HF and SalI-HF for 1 h at 37 °C using the 2160 
common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using 2161 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI 2162 
and SalII sites of the digested PB-U6insert-Puro backbone at a 3:1 insert-to-backbone molar ratio using 2163 
T4 DNA Ligase in 1× T4 DNA Ligase Buffer with annealing temperatureP at 25 °C for 10 min. 2164 

The assembled product was confirmed by Sanger sequencing and then digested with SpeI-HF (NEB, no. 2165 
R3133L) and AgeI-HF for 2 h at 37 °C using the common restriction enzyme digestion protocol described 2166 
in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose 2167 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. To 2168 
obtain the CAG-US1-EGFP transcriptional unit, PB-CAG-US1-EF1-Target-AID was digested with NheI-2169 
HF (NEB, no. R3131L) and AgeI-HF for 2 h at 37 °C using the common restriction enzyme digestion 2170 
protocol described in Supplementary Note 1. The insert band was size-selected by electrophoresis on 2171 
a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2172 
protocol. The digested CAG-US1-EGFP fragment was then ligated between the SpeI and AgeI sites of 2173 
the digested assembly backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 2174 
DNA Ligase Buffer with ATP (NEB) at 25 °C for 10 min. 2175 

To produce PB-INS-CAG-US1-eGFP-EF1a-mCherry, PB-INS-CAG-US1-eGFP-EF1a-Neo was first 2176 
digested with MfeI-HF and SalI-HF (NEB, no. R3138L) for 2 h at 37 °C using the common restriction 2177 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2178 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2179 
to the manufacturer’s protocol. The EF1-mCherry transcriptional unit was amplified from LVSIN-U6-2180 
cgRNA-V3-EF1a-mCherry (cloning backbone) using AA124/AA062 and the Phusion PCR protocol 2181 
described in Supplementary Note 1, with an annealing temperature of 63 °C and an extension time of 2182 
60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2183 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified EF1-2184 
mCherry PCR product was then digested with MfeI-HF and SalI-HF for 1 h at 37 °C using the common 2185 
restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the 2186 
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GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the MfeI and 2187 
SalII sites of the digested PB-INS-CAG-US1-eGFP-EF1a-mCherry backbone at a 3:1 insert-to-backbone 2188 
molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2189 

 2190 

15.5.2. piggyBac vector expressing codon-optimized Target-AID with mTagBFP2 2191 

To produce PB-INS-EF1a-Target-AID-T2A-mTagBFP2, PB-CAG-US1-eGFP-EF1-Target-AID was first 2192 
digested with SpeI-HF and SalI-HF for 2 h at 37 °C using the common restriction enzyme digestion 2193 
protocol described in Supplementary Note 1. The backbone band was size-selected by electrophoresis 2194 
on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the 2195 
manufacturer’s protocol. The EF1a-nCas9, Cas9-pmCDA1-UGI-T2A and mTagBFP2 fragments were 2196 
amplified with homologous overlapping regions from PB-CAG-US1-eGFP-EF1-Target-AID, PB-CAG-2197 
US1-eGFP-EF1-Target-AID and dAAVS1_EF1a-BxB1_mTagBFP2, respectively, using AA027/AA028, 2198 
AA029/AA030 and AA031/AA032, respectively, and the Phusion PCR protocol described in 2199 
Supplementary Note 1, with an annealing temperature of 62 °C and an extension time of 150 s. The 2200 
amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2201 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified EF1a-nCas9, 2202 
Cas9-pmCDA1-UGI-T2A and mTagBFP2 fragments were then assembled into the restriction-enzyme-2203 
digested PB-CAG-US1-eGFP-EF1-Target-AID backbone by Gibson assembly at 50 °C for 1 h at a 2:2:1 2204 
molar ratio (insert:insert:backbone). The assembled product was confirmed by whole-plasmid 2205 
sequencing. 2206 

To produce PB-INS-CAG-TargetAIDmax-nlsTagBFP2, PB-INS-CAG-US1-eGFP-EF1a-Neo was first 2207 
digested with NotI-HF and SalI-HF for 2 h at 37 °C using the common restriction enzyme digestion 2208 
protocol described in Supplementary Note 1. The backbone band was size-selected by electrophoresis 2209 
on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the 2210 
manufacturer’s protocol. The Target-AIDmax and mTagBFP2 fragments were amplified with homologous 2211 
overlapping regions from pCMV-Target-AIDmax and PB-INS-EF1a-Target-AID-T2A-mTagBFP2, 2212 
respectively, using AA033/AA034 and AA035/AA032, respectively, and the Phusion PCR protocol 2213 
described in Supplementary Note 1, with an annealing temperature of 62 °C and an extension time of 2214 
180 s. The amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-2215 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2216 
Target-AIDmax and mTagBFP2 fragments were then assembled into the restriction-enzyme-digested PB-2217 
INS-CAG-US1-eGFP-EF1a-Neo backbone by Gibson assembly at 50 °C for 1 h at a 2:2:1 molar ratio 2218 
(insert:insert:backbone). The assembled product was confirmed by whole-plasmid sequencing. 2219 

 2220 

15.5.3. piggyBac vector expressing codon-optimized Target-AID containing endogenous mouse introns 2221 
with mTagBFP2 2222 

Introns from the mouse genome were sequentially introduced into the codon-optimized Target-AID coding 2223 
sequence. In the first step, PB-INS-CAG-TargetAIDmax-nlsTagBFP2 was digested with NotI-HF and 2224 
PmlI-HF (NEB, no. R0532L) for 2 h at 37 °C using the common restriction enzyme digestion protocol 2225 
described in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% 2226 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2227 
protocol. The first intron of mouse Gapdh was amplified from 100 ng of mouse genomic DNA extracted 2228 
from mESCs using AA036/AA037 and the Phusion PCR protocol described in Supplementary Note 1, 2229 
with an annealing temperature of 64 °C and an extension time of 60 s. The amplified fragment was size-2230 
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selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2231 
according to the manufacturer’s protocol. Two Target-AIDmax fragments containing homologous 2232 
overlaps with the 5′ and 3′ ends of Gapdh intron 1 were amplified from PB-INS-CAG-TargetAIDmax-2233 
nlsTagBFP2 using AA033/AA038 and AA039/AA040, respectively, and the Phusion PCR protocol 2234 
described in Supplementary Note 1, with an annealing temperature of 66 °C and an extension time of 2235 
120 s. The amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-2236 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2237 
5′ Target-AIDmax, Gapdh intron 1 and 3′ Target-AIDmax fragments were then assembled into the 2238 
restriction-enzyme-digested PB-INS-CAG-TargetAIDmax-nlsTagBFP2 backbone by Gibson assembly at 2239 
50 °C for 1 h at a 10:3:3:1 molar ratio (insert:insert:insert:backbone). The assembled product was 2240 
confirmed by whole-plasmid sequencing before proceeding to the next assembly step. 2241 

To assemble PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (two-introns), the one-intron assembly product 2242 
from the previous step was digested with NotI-HF and PmlI-HF for 2 h at 37 °C using the common 2243 
restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-2244 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2245 
according to the manufacturer’s protocol. The third intron of mouse Actb was amplified from 100 ng of 2246 
mouse genomic DNA extracted from mESCs using AA041/AA042 and the Phusion PCR protocol 2247 
described in Supplementary Note 1, with an annealing temperature of 65 °C and an extension time of 2248 
60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2249 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. Two Target-AIDmax 2250 
fragments containing homologous overlaps with the 5′ and 3′ ends of Actb intron 3 were amplified from 2251 
the Intron+1 product using AA033/AA043 and AA044/AA040, respectively, and the Phusion PCR protocol 2252 
described in Supplementary Note 1, with an annealing temperature of 64 °C and an extension time of 2253 
120 s. The amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-2254 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2255 
5′ Target-AIDmax, Actb intron 3 and 3′ Target-AIDmax fragments were then assembled into the 2256 
restriction-enzyme-digested one-intron backbone by Gibson assembly at 50 °C for 1 h at a 3:5:3:1 molar 2257 
ratio (insert:insert:insert:backbone). The assembled product was confirmed by whole-plasmid 2258 
sequencing. 2259 

To assemble PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (three-introns), PB-INS-CAG-TargetAIDmax-2260 
nlsTagBFP2 (two-introns) was digested with NotI-HF and PmlI-HF for 2 h at 37 °C using the common 2261 
restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-2262 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2263 
according to the manufacturer’s protocol. The first intron of mouse Tuba was amplified from 100 ng of 2264 
mouse genomic DNA extracted from mESCs using AA045/AA046 and the Phusion PCR protocol 2265 
described in Supplementary Note 1, with an annealing temperature of 65 °C and an extension time of 2266 
60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2267 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. Two Target-AIDmax 2268 
fragments containing homologous overlaps with the 5′ and 3′ ends of Tuba intron 1 were amplified from 2269 
TargetAIDmax-nlsTagBFP2 (Intron+2) using AA033/AA047 and AA048/AA040, respectively, and the 2270 
Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 64 °C and 2271 
an extension time of 120 s. The amplified fragments were size-selected by electrophoresis on a 1% 2272 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2273 
protocol. The gel-purified 5′ Target-AIDmax, Tuba intron 3 and 3′ Target-AIDmax fragments were then 2274 
assembled into the restriction-enzyme-digested PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (two-intron) 2275 
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backbone by Gibson assembly at 50 °C for 1 h at a 3:3:3:1 molar ratio (insert:insert:insert:backbone). 2276 
The assembled product was confirmed by whole-plasmid sequencing. 2277 

 2278 

15.5.4. piggyBac vectors expressing codon-optimized wild-type SpCas9 or SaCas9 with mTagBFP2 2279 

SpCas9. To produce PB-INS-CAG-spCas9-nlsTagBFP2, PB-INS-CAG-TargetAIDmax-nlsTagBFP2 was 2280 
first digested with 1 µl of SalI-HF for 2 h at 37 °C under the common restriction enzyme digestion 2281 
conditions described in Supplementary Note 1. The backbone band was size-selected by 2282 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2283 
the manufacturer’s protocol. The SpCas9 and mTagBFP2 fragments were amplified with homologous 2284 
overlapping regions from PB-INS-CAG-TargetAIDmax-nlsTagBFP2 using AA049/AA050 and 2285 
AA051/AA032, respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an 2286 
annealing temperature of 62 °C and an extension time of 180 s. The amplified fragments were size-2287 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2288 
according to the manufacturer’s protocol. The gel-purified SpCas9 and mTagBFP2 fragments were then 2289 
assembled into the restriction-enzyme-digested PB-INS-CAG-TargetAIDmax-nlsTagBFP2 backbone by 2290 
Gibson assembly at 50 °C for 1 h at a 2:2:1 molar ratio (insert:insert:backbone). The assembled product 2291 
was confirmed by whole-plasmid sequencing. 2292 

SaCas9. To produce PB-INS-CAG-saCas9-nlsTagBFP2, PB-INS-CAG-US1-eGFP-EF1a-Neo was first 2293 
digested with NotI-HF and SalI-HF (NEB) for 2 h at 37 °C using the common restriction enzyme digestion 2294 
protocol described in Supplementary Note 1. The backbone band was size-selected by electrophoresis 2295 
on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the 2296 
manufacturer’s protocol. The SaCas9 and mTagBFP2 fragments were amplified with homologous 2297 
overlapping regions from pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA and PB-2298 
INS-CAG-spCas9-nlsTagBFP2, respectively, using AA052/AA053 and AA054/AA032, respectively, and 2299 
the Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 65 °C 2300 
and an extension time of 120 s. The amplified fragments were size-selected by electrophoresis on a 1% 2301 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2302 
protocol. The gel-purified SaCas9 and mTagBFP2 fragments were then assembled into the restriction-2303 
enzyme-digested PB-INS-CAG-US1-eGFP-EF1a-Neo backbone by Gibson assembly at 50 °C for 1 h at 2304 
a 2:2:1 molar ratio (insert:insert:backbone). The assembled product was confirmed by whole-plasmid 2305 
sequencing. 2306 

 2307 

15.5.5. piggyBac vectors expressing AGO2 or mCherry control and mTagBFP2 2308 

To produce PB-CAG-hAgo2-EF1-mTagBFP2 and PB-CAG-control-EF1-mTagBFP2, the PB-CAG-US1-2309 
eGFP-EF1-Target-AID backbone was first digested with AvrII-HF and ClaI for 2 h at 37 °C using the 2310 
common restriction enzyme digestion protocol described in Supplementary Note 1. The backbone band 2311 
was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2312 
Extraction Kit according to the manufacturer’s protocol. The mTagBFP2 fragment was amplified from 2313 
dAAVS1_EF1a-BxB1_mTagBFP2 using AA055/AA056 and the Phusion PCR protocol described in 2314 
Supplementary Note 1, with an annealing temperature of 62 °C and an extension time of 30 s. The 2315 
amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2316 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified mTagBFP2 PCR 2317 
product was then digested with AvrII-HF and ClaI for 1 h at 37 °C using the common restriction enzyme 2318 
digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction 2319 
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Kit according to the manufacturer’s protocol, and ligated between the AvrII and ClaI sites of the digested 2320 
PB-CAG-US1-eGFP-EF1-Target-AID backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA 2321 
Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. The resulting intermediate vector was 2322 
confirmed by Sanger sequencing for correct insertion and then digested with NotI-HF and AgeI-HF for 2 2323 
h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1. 2324 
The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2325 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. 2326 

The N-terminal and C-terminal halves of AGO2 were amplified with homologous overlapping regions from 2327 
two gene blocks synthesized by Twist Bioscience (GID006 and GID007) using AA057/AA058 and 2328 
AA059/AA060, respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an 2329 
annealing temperature of 65 °C and an extension time of 90 s. The amplified fragments were size-2330 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2331 
according to the manufacturer’s protocol. The gel-purified AGO2 fragments were then assembled into the 2332 
restriction-enzyme-digested vector from the previous step by Gibson assembly at 50 °C for 1 h at a 3:1 2333 
insert-to-vector molar ratio. 2334 

For construction of the mCherry control vector, the mCherry fragment was amplified from pSI-173-CMVp-2335 
MCS-mCherry using AA020/AA021 and the Phusion PCR protocol described in Supplementary Note 1, 2336 
with an annealing temperature of 62 °C and an extension time of 30 s. The amplified fragment was size-2337 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2338 
according to the manufacturer’s protocol. The gel-purified mCherry PCR product was then digested with 2339 
NotI-HF and AgeI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described 2340 
in Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2341 
manufacturer’s protocol, and ligated between the NotI and AgeI sites of the same digested vector used 2342 
for the AGO2 Gibson assembly at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 2343 
DNA Ligase Buffer with ATP at 25 °C for 10 min. The assembled products were confirmed by whole-2344 
plasmid sequencing. 2345 

 2346 

15.5.6. piggyBac vectors expressing hAgo2, Luc2 or hAgo2∆PIWI and mCherry 2347 

To produce PB-INS-CAG-hAgo2-EF1-mCherry, PB-INS-CAG-Luc2-EF1-mCherry and PB-INS-CAG-2348 
hAgo2∆PIWI-EF1-mCherry, the PB-INS-CAG-US1-eGFP-EF1a-Neo backbone was first digested with 2349 
AvrII-HF and SalI-HF for 2 h at 37 °C using the common restriction enzyme digestion protocol described 2350 
in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose 2351 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2352 
mCherry fragment was amplified from PB-CAG-control-EF1-mTagBFP2 using AA061/AA062 and the 2353 
Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 62 °C and 2354 
an extension time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose 2355 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2356 
gel-purified mCherry PCR product was then digested with AvrII-HF and SalI for 1 h at 37 °C using the 2357 
common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using 2358 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the AvrII 2359 
and SalI sites of the digested PB-INS-CAG-US1-eGFP-EF1a-Neo backbone at a 3:1 insert-to-backbone 2360 
molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2361 

The resulting intermediate vector was validated for correct insertion by restriction-enzyme digestion with 2362 
AvrII-HF and SalI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described 2363 
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in Supplementary Note 1. The validated vector was then digested with NotI-HF and AgeI-HF for 2 h at 2364 
37 °C using the same common restriction enzyme digestion protocol. The backbone band was size-2365 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2366 
according to the manufacturer’s protocol. The AGO2 and AGO2∆PIWI fragments were amplified from 2367 
PB-CAG-hAgo2-EF1-mTagBFP2 using AA057/AA060 and AA057/AA063, respectively, and the Luc2 2368 
fragment was amplified from pHAGE-CMV-Luc2-IRES-ZsGreen-W using AA064/AA065. The fragments 2369 
were amplified using the Phusion PCR protocol described in Supplementary Note 1, with an annealing 2370 
temperature of 62 °C and an extension time of 90 s. The amplified fragments were size-selected by 2371 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2372 
the manufacturer’s protocol. The gel-purified AGO2, Luc2 and AGO2∆PIWI PCR products were then 2373 
assembled into the restriction-enzyme-digested vector from the previous step by Gibson assembly at 50 2374 
°C for 1 h at a 3:1 vector-to-insert molar ratio. The assembled products were confirmed by whole-plasmid 2375 
sequencing. 2376 

 2377 

15.5.7. piggyBac vectors expressing codon-optimized wild-type SpCas9 with mTagBFP2 and Nanog- or 2378 
Acta2-targeting sgRNAs 2379 

To produce PB-INS-CAG-spCas9-nlsTagBFP2-NANOG-sgRNA and PB-INS-CAG-spCas9-nlsTagBFP2-2380 
ACTA2-sgRNA, PB-INS-CAG-spCas9-nlsTagBFP2 was first digested with HindIII-HF (NEB, no. R3104L) 2381 
and HpaI-HF (NEB, no. R0105L) for 2 h at 37 °C using the common restriction enzyme digestion protocol 2382 
described in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% 2383 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2384 
protocol. 2385 

The Nanog-sgRNA and Acta2-sgRNA fragments were generated by first cloning Nanog- and Acta2-2386 
targeting spacers, respectively, into PB-sgRNA-BB using the Golden Gate assembly protocol described 2387 
in Supplementary Note 3 and the corresponding DNA oligonucleotide pairs listed in Table S6. The 2388 
resulting sgRNA constructs were confirmed by Sanger sequencing for correct insertion and used in 2389 
subsequent cloning steps. The bGH poly(A)-hU6-Nanog-sgRNA and bGH poly(A)-hU6-Acta2-sgRNA 2390 
fragments were then amplified from the PB-Nanog-sgRNA and PB-Acta2-sgRNA cloning products, 2391 
respectively, using AA066/AA067 and the Phusion PCR protocol described in Supplementary Note 1, 2392 
with an annealing temperature of 65 °C and an extension time of 30 s. The amplified fragments were 2393 
size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction 2394 
Kit according to the manufacturer’s protocol. 2395 

The gel-purified bGH poly(A)-hU6-Nanog-sgRNA and bGH poly(A)-hU6-Acta2-sgRNA PCR products 2396 
were then digested with HindIII-HF and HpaI-HF for 1 h at 37 °C using the common restriction enzyme 2397 
digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction 2398 
Kit according to the manufacturer’s protocol, and ligated between the HindIII and HpaI sites of the 2399 
digested PB-INS-CAG-spCas9-nlsTagBFP2 vector at a 3:1 insert-to-backbone molar ratio using T4 DNA 2400 
Ligase in 1× T4 DNA Ligase Buffer with ATP at 16 °C for 1 h. The assembled products were confirmed 2401 
by whole-plasmid sequencing. 2402 
  2403 
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15.6. Lentiviral expression vectors 2404 

15.6.1. Lentiviral vectors expressing mCherry and cgRNA V3, V4, cgRNA V3-SL2 (cgRNA V5) or US1-2405 
sgRNA 2406 

To produce LVSIN-U6-cgRNA-V3-EF1a-mCherry (cloning backbone), LVSIN-U6-US1-sgRNA-EF1a-2407 
mCherry, LVSIN-U6-cgRNA-V3-SL2-EF1a-mCherry (cloning backbone) and LVSIN-U6-cgRNA-V4-2408 
EF1a-mCherry (cloning backbone), pLV-SI-112 was first digested with BamHI-HF and MluI-HF for 2 h at 2409 
37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1. The 2410 
backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2411 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The EF1a promoter region and 2412 
mCherry coding sequence were amplified with homologous overlapping regions from PB-CAG-US1-2413 
eGFP-EF1-Target-AID and pSI-173-CMVp-MCS-mCherry, respectively, using AA068/AA069 and 2414 
AA070/AA071, respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an 2415 
annealing temperature of 63 °C and an extension time of 60 s. The amplified fragments were size-2416 
selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit 2417 
according to the manufacturer’s protocol. The gel-purified EF1a promoter and mCherry coding-sequence 2418 
fragments were then assembled into the restriction-enzyme-digested pLV-SI-112 backbone by Gibson 2419 
assembly at 50 °C for 1 h at a 3:3:1 molar ratio (insert:insert:vector). 2420 

The assembled product was confirmed by Sanger sequencing and then digested with BamHI-HF and 2421 
ClaI for 2 h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary 2422 
Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2423 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The hU6-cgRNA-V3, 2424 
hU6-US1-sgRNA and hU6-cgRNA-V3-SL2 fragments were amplified from PB4-cgRNA-V3, PB4-US1-2425 
sgRNA and a gene block synthesized by Twist Bioscience (GID008), respectively, using AA072/AA073, 2426 
AA072/AA074 and AA072/AA075, respectively, and the Phusion PCR protocol described in 2427 
Supplementary Note 1, with an annealing temperature of 61 °C and an extension time of 30 s. The 2428 
amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2429 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. hU6-cgRNA-V4 was 2430 
synthesized by Twist Bioscience as a gene block (GID009) flanked by BamHI and ClaI restriction sites. 2431 
The gel-purified hU6-cgRNA-V3, hU6-US1-sgRNA and hU6-cgRNA-V3-SL2 PCR products and the hU6-2432 
cgRNA-V4 gene block were then digested with BamHI-HF and ClaI for 1 h at 37 °C using the common 2433 
restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the 2434 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI 2435 
and ClaI sites of the digested first-assembly vector at a 3:1 insert-to-backbone molar ratio using T4 DNA 2436 
Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2437 

To produce pLVSIN-U6-RFP-US1-cgRNA-V3-EF1a-mCherry (cloning backbone), LVSIN-U6-cgRNA-V3-2438 
EF1a-mCherry was first digested with BamHI-HF and ClaI for 2 h at 37 °C using the common restriction 2439 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2440 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2441 
to the manufacturer’s protocol. The hU6 and US1-cgRNA-V3 fragments were amplified from LVSIN-U6-2442 
cgRNA-V3-EF1a-mCherry using AA072/AA093 and AA073/AA094, respectively, and the Phusion PCR 2443 
protocol described in Supplementary Note 1, with an annealing temperature of 69 °C and an extension 2444 
time of 30 s. The amplified fragments were size-selected by electrophoresis on a 1% agarose gel and 2445 
gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The purified 2446 
hU6 and US1-cgRNA-V3 fragments were mixed at equal volumes (1 µl each), and the mixture was 2447 
amplified using AA072/AA073 and the Phusion PCR protocol described in Supplementary Note 1, with 2448 
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an annealing temperature of 69 °C and an extension time of 30 s. The resulting hU6-US1-cgRNA-V3 2449 
fusion PCR product was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2450 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified hU6-US1-cgRNA-2451 
V3 product was then digested with BamHI-HF and ClaI for 1 h at 37 °C using the common restriction 2452 
enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel 2453 
Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI and ClaI sites of 2454 
the digested first-assembly vector at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 2455 
DNA Ligase Buffer with ATP at 25 °C for 10 min. 2456 

The assembled product was confirmed by Sanger sequencing, after which 15 µl of the assembled vector 2457 
was digested with BsmBI-v2 (NEB, no. R0739L) in 1× NEB 3.1 Buffer in a total reaction volume of 30 µl 2458 
for 2 h at 55 °C. The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-2459 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The RFP 2460 
transcriptional-unit fragment was amplified from pU6-pegRNA-GG-acceptor using AA095/AA096 and the 2461 
Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 69 °C and 2462 
an extension time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose 2463 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2464 
gel-purified RFP PCR product was then digested with 1 µl of BsaI-HF-v2 (NEB, no. R3733L) for 1 h at 37 2465 
°C under the common restriction enzyme digestion conditions described in Supplementary Note 1, PCR-2466 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated 2467 
between the complementary overhangs generated by BsmBI-v2 digestion of the first-assembly vector at 2468 
a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C 2469 
for 10 min. 2470 

 2471 

15.6.2. Lentiviral vector expressing mCherry and synthetic miRNAs 2472 

To produce LVSIN-U6-pri-miRNA-V3-EF1a-mCherry (cloning backbone), LVSIN-U6-cgRNA-V3-EF1a-2473 
mCherry was first digested with BamHI-HF and ClaI-HF for 2 h at 37 °C using the common restriction 2474 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2475 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2476 
to the manufacturer’s protocol. The hU6-pri-miRNA-scaffold was synthesized by Twist Bioscience as a 2477 
gene block (GID010), digested with BamHI-HF and ClaI for 1 h at 37 °C using the common restriction 2478 
enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel 2479 
Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI and ClaI sites of 2480 
the digested LVSIN-U6-cgRNA-V3-EF1a-mCherry backbone at a 3:1 insert-to-backbone molar ratio using 2481 
T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2482 

 2483 

15.6.3. Lentiviral vector expressing mCherry–IRES–EGFP for assessing wild-type Cas9 activity 2484 

To produce LVSIN-EF1-mCherry-IRES-EGFP, LVSIN-U6-cgRNA-V3-EF1a-mCherry was first digested 2485 
with MluI-HF and ClaI for 2 h at 37 °C using the common restriction enzyme digestion protocol described 2486 
in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose 2487 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2488 
EF1-mCherry and IRES-EGFP fragments were amplified from double-stranded DNA gene blocks 2489 
purchased from Twist Bioscience (GID011 and GID012) using AA076/AA077 and AA078/AA079, 2490 
respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an annealing 2491 
temperature of 65 °C and an extension time of 90 s. The amplified fragments were size-selected by 2492 
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electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2493 
the manufacturer’s protocol. The purified EF1-mCherry and IRES-EGFP fragments and the digested and 2494 
purified LVSIN-U6-cgRNA-V3-EF1a-mCherry backbone were then mixed at a 3:3:1 molar ratio 2495 
(insert:insert:backbone) and assembled by Gibson assembly at 50 °C for 1 h. 2496 

 2497 

15.6.4. Lentiviral vectors expressing mCherry and sgRNA, crRNA:tracrRNA, miR-122-targeted MICR and 2498 
cgRNA transcriptional units with a bGH poly(A) signal for comparison with MICR 2499 

To produce LVSIN-pA30-bgH-EF1a-mCherry, LVSIN-U6-cgRNA-V3-EF1a-mCherry was first digested 2500 
with BamHI-HF and ClaI for 2 h at 37 °C using the common restriction enzyme digestion protocol 2501 
described in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% 2502 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2503 
protocol. The TETp-RFP transcriptional unit and bGH poly(A) signal sequence were amplified with 2504 
homologous overlapping regions from pU6-pegRNA-GG-acceptor (Addgene, no. 132777) and PB4-2505 
CAGGS-17T-sgRNA-MICR, respectively, using AA080/AA081 and AA082/AA083, respectively, and the 2506 
Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 60 °C and 2507 
an extension time of 60 s. The amplified fragments were size-selected by electrophoresis on a 1% 2508 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2509 
protocol. The gel-purified TETp-RFP transcriptional unit and bGH poly(A) signal sequence were then 2510 
assembled into the restriction-enzyme-digested LVSIN-pA30-bgH-EF1a-mCherry backbone by Gibson 2511 
assembly at 50 °C for 1 h at a 3:5:1 molar ratio (insert:insert:backbone). 2512 

The assembled product was confirmed by Sanger sequencing and then digested with HpaI-HF and NotI-2513 
HF for 2 h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary 2514 
Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2515 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. PB4-US1-sgRNA, PB4-2516 
Scr-sgRNA, PB4-122T-US1-MICR, PB4-122T-Scr-MICR, PB4-122T-US1-cgRNA-V1, PB4-122T-US1-2517 
cgRNA-V2, PB4-122T-US1-cgRNA-V3, PB4-122T-Scr-cgRNA-V1, PB4-122T-Scr-cgRNA-V2 and PB4-2518 
122T-Scr-cgRNA-V3 were then digested with EcoRV-HF (NEB, no. R3195L) and NotI-HF for 2 h at 37 2519 
°C using the common restriction enzyme digestion protocol described in Supplementary Note 1. The 2520 
gRNA-containing fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified 2521 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified gRNA-2522 
containing fragments were then ligated into the digested LVSIN-pA30-bgH-EF1a-mCherry backbone at 2523 
a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 16 °C 2524 
for 1 h. 2525 

To produce the US1-crRNA:tracrRNA and Scr-crRNA:tracrRNA constructs, the hU6-US1-crRNA-mU6-2526 
TRACR and hU6-Scr-crRNA-mU6-TRACR fragments were synthesized by Twist Bioscience as double-2527 
stranded DNA gene blocks (GID013 and GID014), digested with NotI-HF (NEB) for 2 h at 37 °C under 2528 
the common restriction enzyme digestion conditions described in Supplementary Note 1, PCR-purified 2529 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated into the 2530 
digested LVSIN-pA30-bgH-EF1a-mCherry backbone at a 3:1 insert-to-backbone molar ratio using T4 2531 
DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 16 °C for 1 h. 2532 

 2533 
  2534 
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15.6.5. Lentiviral acceptor vectors for cgRNA transcriptional units with puromycin resistance 2535 

To produce LVSIN-acceptor-pGK-Puro, pLVSIN-CMV Pur Vector (Takara Bio) was first digested with 2536 
EcoRI-HF and ClaI for 2 h at 37 °C using the common restriction enzyme digestion protocol described in 2537 
Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose gel 2538 
and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2539 
TETp-RFP transcriptional unit was amplified from pU6-pegRNA-GG-acceptor using AA084/AA085 and 2540 
the Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 65 °C 2541 
and an extension time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% 2542 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2543 
protocol. The gel-purified TETp-RFP PCR product was then digested with EcoRI-HF and ClaI for 1 h at 2544 
37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1, 2545 
PCR-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated 2546 
between the EcoRI and ClaI sites of the digested pLVSIN-CMV Pur Vector at a 3:1 insert-to-backbone 2547 
molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. The assembled 2548 
product was confirmed by whole-plasmid sequencing. 2549 

To produce LVcHS4-acceptor-pGK-Puro, pLV.CMVenh.gp91.eGFP.cHS4 was first digested with XhoI 2550 
(NEB, no. R0146L) and BsrGI-HF (NEB, no. R3575L) for 2 h at 37 °C using the common restriction 2551 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2552 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2553 
to the manufacturer’s protocol. The pTET-RFP-pGK-Puro transcriptional unit was amplified from LVSIN-2554 
acceptor-pGK-Puro using AA084/AA086 and the Phusion PCR protocol described in Supplementary 2555 
Note 1, with an annealing temperature of 62 °C and an extension time of 90 s. The amplified fragment 2556 
was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2557 
Extraction Kit according to the manufacturer’s protocol. The gel-purified pTET-RFP-pGK-Puro PCR 2558 
product was then digested with XhoI-HF and BsrGI-HF for 1 h at 37 °C using the common restriction 2559 
enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the GeneJET Gel 2560 
Extraction Kit according to the manufacturer’s protocol, and ligated between the XhoI and BsrGI sites of 2561 
the digested pLV.CMVenh.gp91.eGFP.cHS4 backbone at a 3:1 insert-to-backbone molar ratio using T4 2562 
DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. The assembled product was 2563 
confirmed by whole-plasmid sequencing. 2564 

 2565 

15.6.6. Lentiviral vectors expressing puromycin resistance and cgRNA V3 or US1-sgRNA 2566 

To produce LVSIN-U6-US1-sgRNA-pGK-Puro, LVSIN-U6-21T-US1-cgRNA-V3-pGK-Puro and LVSIN-2567 
U6-NCT-US1-cgRNA-V3-pGK-Puro, LVSIN-acceptor-pGK-Puro was first digested with BamHI-HF and 2568 
ClaI for 2 h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary 2569 
Note 1. The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2570 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The hU6-21T-US1-2571 
cgRNA-V3, hU6-NCT-US1-cgRNA-V3 and hU6-US1-sgRNA fragments were amplified from LVSIN-U6-2572 
21T-US1-cgRNA-V3-EF1a-mCherry, LVSIN-U6-NCT-US1-cgRNA-V3-EF1a-mCherry and LVSIN-U6-2573 
US1-sgRNA-EF1a-mCherry, respectively, using AA072/AA073, AA072/AA073 and AA072/AA074, 2574 
respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an annealing 2575 
temperature of 62 °C and an extension time of 30 s. The amplified fragments were size-selected by 2576 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2577 
the manufacturer’s protocol. The gel-purified cgRNA-V3 and sgRNA PCR products were then digested 2578 
with BamHI-HF and ClaI for 1 h at 37 °C using the common restriction enzyme digestion protocol 2579 
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described in Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to 2580 
the manufacturer’s protocol, and ligated between the BamHI and ClaI sites of the digested LVSIN-2581 
acceptor-pGK-Puro backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA 2582 
Ligase Buffer with ATP at 25 °C for 10 min. 2583 

To produce LVcHS4-RFP-cgRNA-V3-pGK-Puro (cloning backbone), LVcHS4-acceptor-pGK-Puro was 2584 
first digested with 1 µl of BamHI-HF for 2 h at 37 °C and then PCR-purified using the GeneJET Gel 2585 
Extraction Kit according to the manufacturer’s protocol, with an elution volume of 26 µl. The purified 2586 
digestion product was subsequently digested with 1 µl of FastDigest KflI (Thermo Fisher Scientific, no. 2587 
FD2164) in 1× FastDigest Buffer for 2 h at 37 °C. The backbone band was size-selected by 2588 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2589 
the manufacturer’s protocol. The 5′-hU6-cgRNA-V3, TETp-RFP and 3′-cgRNA-V3 fragments were 2590 
amplified with homologous overlapping regions from LVSIN-U6-cgRNA-V3-EF1a-mCherry, pU6-2591 
pegRNA-GG-acceptor and LVSIN-U6-cgRNA-V3-EF1a-mCherry, respectively, using AA087/AA088, 2592 
AA089/AA090 and AA091/AA092, respectively, and the Phusion PCR protocol described in 2593 
Supplementary Note 1, with an annealing temperature of 60 °C and an extension time of 30 s. The 2594 
amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2595 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 5′-hU6-cgRNA-2596 
V3, TETp-RFP and 3′-cgRNA-V3 fragments were then assembled into the restriction-enzyme-digested 2597 
LVcHS4-acceptor-pGK-Puro backbone by Gibson assembly at 50 °C for 1 h at a 3:3:3:1 molar ratio 2598 
(insert:insert:insert:backbone). 2599 

To produce LVcHS4-RFP-US1-cgRNA-V3-pGK-Puro (cloning backbone), LVcHS4-RFP-US1-cgRNA-2600 
V3-pGK-Puro was first digested with BamHI-HF and ClaI for 2 h at 37 °C using the common restriction 2601 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2602 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2603 
to the manufacturer’s protocol. The U6-RFP-US1-cgRNA-V3 fragment was amplified from pLVSIN-U6-2604 
RFP-US1-cgRNA-V3-EF1a-mCherry (cloning backbone) using AA072/AA073 and the Phusion PCR 2605 
protocol described in Supplementary Note 1, with an annealing temperature of 69 °C and an extension 2606 
time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-2607 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified 2608 
U6-RFP-US1-cgRNA-V3 product was then digested with BamHI-HF and ClaI for 1 h at 37 °C using the 2609 
common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using 2610 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI 2611 
and ClaI sites of the digested LVcHS4-RFP-US1-cgRNA-V3-pGK-Puro cloning backbone at a 3:1 insert-2612 
to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2613 

To produce LVcHS4-cgRNA-saV3-pGK-Puro (cloning backbone), LVcHS4-cgRNA-V3-pGK-Puro was 2614 
first digested with BamHI-HF and ClaI for 2 h at 37 °C using the common restriction enzyme digestion 2615 
protocol described in Supplementary Note 1. The backbone band was size-selected by electrophoresis 2616 
on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the 2617 
manufacturer’s protocol. The SaCas9-cgRNA-V3 fragment was synthesized by Twist Bioscience as a 2618 
double-stranded DNA gene block (GID015), digested with BamHI-HF and ClaI (NEB) for 2 h at 37 °C 2619 
using the common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-2620 
purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated 2621 
between the BamHI and ClaI sites of the digested LVcHS4-cgRNA-V3-pGK-Puro backbone at a 3:1 2622 
insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 2623 
10 min. 2624 
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 2625 

15.6.7. Lentiviral vectors expressing puromycin resistance and cgRNA V3 sensors with extended linkers 2626 

To produce pAA072–pAA081, LVSIN-acceptor-pGK-Puro was first digested with BamHI-HF and ClaI for 2627 
2 h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 2628 
1. The backbone band was size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2629 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The hU6-cgRNA-V3 2630 
transcriptional units were amplified from pAA072–pAA081 using AA072/AA073 and the Phusion PCR 2631 
protocol described in Supplementary Note 1, with an annealing temperature of 62 °C and an extension 2632 
time of 30 s. The amplified fragments were size-selected by electrophoresis on a 1% agarose gel and 2633 
gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-2634 
purified cgRNA-V3 PCR products were then digested with BamHI-HF and ClaI for 1 h at 37 °C using the 2635 
common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using 2636 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the BamHI 2637 
and ClaI sites of the digested LVSIN-acceptor-pGK-Puro backbone at a 3:1 insert-to-backbone molar 2638 
ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2639 

 2640 

15.7. miR-FF3 gene-trap and HDR donor vectors 2641 

15.7.1. piggyBac vectors expressing mCherry and synthetic intronic miRNA or miRNA clusters 2642 

To produce PB-INS-CAG-mCherry-synIntron (cloning backbone), the PB-INS-CAG-US1-eGFP-EF1a-2643 
Neo backbone was first digested with NotI-HF and HpaI-HF for 2 h at 37 °C using the common restriction 2644 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2645 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2646 
to the manufacturer’s protocol. The 5′-mCherry-synIntron and 3′-synIntron fragments were amplified from 2647 
a gene block synthesized by Twist Bioscience (GID016) using AA097/AA098 and AA099/AA100, 2648 
respectively, and the Phusion PCR protocol described in Supplementary Note 1, with an annealing 2649 
temperature of 63 °C and an extension time of 30 s. The amplified fragments were size-selected by 2650 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2651 
the manufacturer’s protocol. The gel-purified 5′-mCherry-synIntron and 3′-synIntron fragments were 2652 
mixed at equal volumes (1 µl each), and the mixture was amplified using AA097/AA0100 and the Phusion 2653 
PCR protocol described in Supplementary Note 1, with an annealing temperature of 63 °C and an 2654 
extension time of 30 s. The resulting mCherry-synIntron fusion PCR product was size-selected by 2655 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2656 
the manufacturer’s protocol. The gel-purified mCherry-synIntron product was then digested with NotI-HF 2657 
and HpaI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described in 2658 
Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2659 
manufacturer’s protocol, and ligated between the NotI-HF and HpaI-HF sites of the digested PB-INS-2660 
CAG-US1-eGFP-EF1a-Neo backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× 2661 
T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2662 

A single miR-FF3 sequence was cloned into the PB-INS-CAG-mCherry-synIntron backbone by first 2663 
amplifying miR-FF3 from LVSIN-U6-pri-miRNA-FF3-EF1a-mCherry using AA101/AA106 and the Phusion 2664 
PCR protocol described in Supplementary Note 1, with an annealing temperature of 60 °C and an 2665 
extension time of 30 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose 2666 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2667 
gel-purified miR-FF3 fragment was then assembled into the PB-INS-CAG-mCherry-synIntron-filler 2668 
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backbone in a 25-µl Golden Gate assembly reaction at a 3:1 insert-to-vector molar ratio using 50 ng of 2669 
vector. The reaction contained 1 µl of T4 DNA Ligase, 0.5 µl of PaqCI and 0.25 µl of PaqCI activator 2670 
(NEB, no. R0745L) in 1× T4 DNA Ligase Buffer with ATP. The reaction was cycled 30 times between 37 2671 
°C for 1 min and 16 °C for 1 min, followed by a final incubation at 37 °C for 30 min. 2672 

A cluster of three miR-FF3 sequences was assembled into the PB-INS-CAG-mCherry-synIntron-filler 2673 
backbone by first amplifying miR-FF3 from LVSIN-U6-pri-miRNA-FF3-EF1a-mCherry using 2674 
AA101/AA102, AA103/AA104 and AA105/AA106 and the Phusion PCR protocol described in 2675 
Supplementary Note 1, with an annealing temperature of 60 °C and an extension time of 30 s. The 2676 
amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2677 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified miR-FF3 2678 
fragments were then assembled into the PB-INS-CAG-mCherry-synIntron-filler backbone at a 3:3:3:1 2679 
molar ratio (insert:insert:insert:backbone) using the Golden Gate assembly conditions described above. 2680 

 2681 

15.7.2. piggyBac vectors expressing gene-trap mCherry and a synthetic miRNA cluster 2682 

To produce PB-SA-mCherry-synIntron-3xFF3, the PB-INS-CAG-mCherry-cgRNA-V3 backbone was first 2683 
digested with NheI-HF, BamHI-HF and ClaI-HF for 2 h at 37 °C using the common restriction enzyme 2684 
digestion conditions described in Supplementary Note 1. The backbone band was size-selected by 2685 
electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to 2686 
the manufacturer’s protocol. The spliceAcceptor-mCherry-synIntron-3xFF3 fragment was amplified from 2687 
PB-INS-CAG-mCherry-synIntron-3x-FF3 using AA107/AA108 and the Phusion PCR protocol described 2688 
in Supplementary Note 1, with an annealing temperature of 60 °C and an extension time of 60 s. The 2689 
amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the 2690 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified spliceAcceptor-2691 
mCherry-synIntron-3xFF3 PCR product was then digested with NheI-HF and ClaI for 1 h at 37 °C using 2692 
the common restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified 2693 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the 2694 
NheI and ClaI sites of the digested PB-INS-CAG-mCherry-cgRNA-V3 backbone at a 3:1 insert-to-2695 
backbone molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2696 

 2697 

15.7.3. HDR templates for knock-in of mCherry and a synthetic miRNA cluster 2698 

To produce pNANOG-HDR-donor-BB and pACTA2-HDR-donor-BB, the PB-INS-CAG-mCherry-cgRNA-2699 
V3 backbone was first digested with PsiI-v2-HF (NEB, no. R0744L) and MluI-HF for 2 h at 37 °C using 2700 
the common restriction enzyme digestion protocol described in Supplementary Note 1. The backbone 2701 
band was size-selected by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel 2702 
Extraction Kit according to the manufacturer’s protocol. The NANOG-HDR-donor-BB and ACTA2-HDR-2703 
donor-BB gene blocks synthesized by Twist Bioscience (GID017 and GID018) were digested with 1 µl of 2704 
MluI-HF for 2 h at 37 °C under the common restriction enzyme digestion conditions described in 2705 
Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2706 
manufacturer’s protocol, and ligated between the PsiI and MluI sites of the digested PB-INS-CAG-2707 
mCherry-cgRNA-V3 backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA Ligase in 1× T4 DNA 2708 
Ligase Buffer with ATP at 16 °C for 1 h. 2709 

To produce pNANOG-HDR-mCherry-synIntron-3x-FF3 and pACTA2-HDR-mCherry-synIntron-3x-FF3, 2710 
pNANOG-HDR-donor-BB and pACTA2-HDR-donor-BB were digested with AgeI-HF and EcoRI-HF for 2 2711 
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h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1. 2712 
The backbone bands were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2713 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The mCherry-synIntron-3xFF3 2714 
fragment was amplified from PB-INS-CAG-mCherry-synIntron-3x-FF3 using AA109/AA100 and the 2715 
Phusion PCR protocol described in Supplementary Note 1, with an annealing temperature of 60 °C and 2716 
an extension time of 60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose 2717 
gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The 2718 
gel-purified mCherry-synIntron-3xFF3 PCR product was then digested with AgeI-HF and EcoRI-HF for 1 2719 
h at 37 °C using the common restriction enzyme digestion protocol described in Supplementary Note 1, 2720 
PCR-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated 2721 
between the AgeI and EcoRI sites of the digested pNANOG-HDR-mCherry-synIntron-3x-FF3 and 2722 
pACTA2-HDR-mCherry-synIntron-3x-FF3 vector products at a 3:1 insert-to-backbone molar ratio using 2723 
T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2724 

 2725 

15.8. Insulated piggyBac expression vectors for mouse engineering 2726 

15.8.1. piggyBac vector expressing a base-editing reporter and mCherry 2727 

To produce PB-INS-CAG-US1-eGFP-EF1a-mCherry, PB-INS-CAG-US1-eGFP-EF1a-Neo was first 2728 
digested with MfeI-HF and SalI-HF (NEB, no. R3138L) for 2 h at 37 °C using the common restriction 2729 
enzyme digestion protocol described in Supplementary Note 1. The backbone band was size-selected 2730 
by electrophoresis on a 1% agarose gel and gel-purified using the GeneJET Gel Extraction Kit according 2731 
to the manufacturer’s protocol. The EF1-mCherry transcriptional unit was amplified from LVSIN-U6-2732 
cgRNA-V3-EF1a-mCherry (cloning backbone) using AA124/AA062 and the Phusion PCR protocol 2733 
described in Supplementary Note 1, with an annealing temperature of 63 °C and an extension time of 2734 
60 s. The amplified fragment was size-selected by electrophoresis on a 1% agarose gel and gel-purified 2735 
using the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. The gel-purified EF1-2736 
mCherry PCR product was then digested with MfeI-HF and SalI-HF for 1 h at 37 °C using the common 2737 
restriction enzyme digestion protocol described in Supplementary Note 1, PCR-purified using the 2738 
GeneJET Gel Extraction Kit according to the manufacturer’s protocol, and ligated between the MfeI and 2739 
SalII sites of the digested PB-INS-CAG-US1-eGFP-EF1a-mCherry backbone at a 3:1 insert-to-backbone 2740 
molar ratio using T4 DNA Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min. 2741 

 2742 

15.8.2. piggyBac vectors expressing miR-122-targeted cgRNA V3 or US1-sgRNA and Target-AIDmax 2743 
(three introns) 2744 

To produce PB-INS-hU6-miR122-cgRNA-CAG-eAIDmax-BFP and PB-INS-hU6-US1-sgRNA-CAG-2745 
eAIDmax-BFP, PB-INS-CAG-TargetAIDmax-nlsTagBFP2 (+3 introns) was first digested with SfiI (NEB, 2746 
no. R0123L) and SpeI-HF for 2 h at 37 °C using the common restriction enzyme digestion protocol 2747 
described in Supplementary Note 1. The backbone band was size-selected by electrophoresis on a 1% 2748 
agarose gel and gel-purified using the GeneJET Gel Extraction Kit according to the manufacturer’s 2749 
protocol. 2750 

The hU6-miR122-cgRNA and hU6-US1-sgRNA transcriptional units were amplified from LVSIN-U6-2751 
122T-US1-cgRNA-V3-EF1a-mCherry and LVSIN-U6-US1-sgRNA-EF1a-mCherry, respectively, using 2752 
AA125/AA126 and AA125/AA127, respectively, and the Phusion PCR protocol described in 2753 
Supplementary Note 1, with an annealing temperature of 60 °C and an extension time of 30 s. The 2754 
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amplified fragments were size-selected by electrophoresis on a 1% agarose gel and gel-purified using 2755 
the GeneJET Gel Extraction Kit according to the manufacturer’s protocol. 2756 

The gel-purified hU6-miR122-cgRNA and hU6-US1-sgRNA PCR products were then digested with SfiI 2757 
and SpeI-HF for 1 h at 37 °C using the common restriction enzyme digestion protocol described in 2758 
Supplementary Note 1, PCR-purified using the GeneJET Gel Extraction Kit according to the 2759 
manufacturer’s protocol, and ligated between the SfiI and SpeI sites of the digested PB-INS-CAG-2760 
TargetAIDmax-nlsTagBFP2 (+3 introns) backbone at a 3:1 insert-to-backbone molar ratio using T4 DNA 2761 
Ligase in 1× T4 DNA Ligase Buffer with ATP at 25 °C for 10 min.  2762 
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Supplementary Note 1. General PCR and restriction enzyme digestion conditions 2763 

 2764 

Phusion High-Fidelity DNA Polymerase PCR 2765 

Unless otherwise specified, PCR amplification was performed using Phusion High-Fidelity DNA 2766 
Polymerase (NEB, no. M0530L). 2767 

 2768 

Reaction setup 2769 

PCR reactions were assembled in a total volume of 25 µl as follows: 2770 

 2771 
Component Volume 2772 
5× Phusion HF Buffer (NEB, no. B0518S) 5 µl 2773 
Forward primer, 10 µM 1.25 µl 2774 
Reverse primer, 10 µM 1.25 µl 2775 
dNTPs, 10 mM (NEB, no. N0447S) 0.5 µl 2776 
Phusion High-Fidelity DNA Polymerase (NEB, no. M0530L) 0.5 µl 2777 
Template DNA (plasmid or genomic DNA) as required 2778 

 2779 
UltraPure distilled water to 25 µl 2780 

 2781 
Thermocycling protocol 2782 

1. Initial denaturation: 98 °C for 30 s.  2783 
2. 30 cycles of:  2784 

o Denaturation: 98 °C for 10 s.  2785 
o Annealing: primer-specific annealing temperature for 30 s.  2786 
o Extension: 72 °C for 30 s per kb of expected product.  2787 

3. Final extension: 72 °C for 300 s.  2788 
4. Hold: 4 °C.  2789 

 2790 

The annealing temperature and extension time were varied according to the primer pair and expected 2791 
amplicon length, as specified in the corresponding subsection. 2792 

 2793 
  2794 
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Restriction enzyme digestion 2795 

Unless otherwise specified, double restriction enzyme digestions using enzymes from NEB were 2796 
assembled in a total volume of 30 µl as follows: 2797 

 2798 
Component Volume 2799 
10× rCutSmart Buffer (NEB, no. B6004S) 3 µl 2800 
Restriction enzyme 1 0.5 µl 2801 
Restriction enzyme 2 0.5 µl 2802 
Template DNA (plasmid or PCR amplicon) as required 2803 

 2804 
UltraPure distilled water to 30 µl 2805 

 2806 

Digestion enzymes, incubation temperatures and incubation times were specified in the corresponding 2807 
plasmid-construction subsections. 2808 
  2809 
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Supplementary Note 2. Amplicon sequencing library generation 2810 

 2811 

Illumina sequencing libraries of miRNA targets were generated from genomic DNA isolated from cells 2812 
transduced with the cgRNA library using a two-step PCR protocol. 2813 

 2814 

PCR round 1: Amplification of miRNA target sequences 2815 

Reaction setup 2816 

PCR round 1 reactions were assembled in a total volume of 50 µl as follows: 2817 

 2818 
Component Volume 2819 
5× Phusion HF Buffer (NEB, no. B0518S) 10 µl 2820 
Pooled primers AA112–AA118, 10 µM 2.5 µl 2821 
Primer AA119, 10 µM 2.5 µl 2822 
dNTPs, 10 mM (NEB, no. N0447L) 1 µl 2823 
Phusion High-Fidelity DNA Polymerase (NEB, no. M0530L) 1 µl 2824 
genomic DNA from EGFP+ or unsorted cells 25 µl 2825 
UltraPure distilled water 8 µl 2826 

 2827 
Total reaction volume 50 µl 2828 

 2829 
Thermocycling protocol 2830 

1. Initial denaturation: 98 °C for 30 s.  2831 
2. 20 cycles of:  2832 

o Denaturation: 98 °C for 10 s.  2833 
o Annealing: 63 °C for 30 s.  2834 
o Extension: 72 °C for 30 s.  2835 

3. Final extension: 72 °C for 300 s.  2836 
4. Hold: 4 °C.  2837 

 2838 

The two PCR round 1 reactions for each population were pooled and purified using the GeneJET Gel 2839 
Extraction Kit according to the manufacturer’s protocol, with a final elution volume of 35 µl in UltraPure 2840 
distilled water. 2841 
  2842 

.CC-BY 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted August 10, 2026. ; https://doi.org/10.64898/2026.08.08.743703doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.08.743703
http://creativecommons.org/licenses/by/4.0/


 83 

PCR round 2: Addition of Illumina adapters and sample-specific indexes 2843 

Reaction setup 2844 

PCR round 2 reactions were assembled in a total volume of 50 µl as follows: 2845 

 2846 
Component Volume 2847 
5× Phusion HF Buffer 10 µl 2848 
P5-TruSeq-Read1 adapter, 10 µM, with or without an i5 index 2.5 µl 2849 
P7-TruSeq-Read2 adapter, 10 µM, with an i7 index 2.5 µl 2850 
dNTPs, 10 mM 1 µl 2851 
Phusion High-Fidelity DNA Polymerase 1 µl 2852 
PCR round 1 product from EGFP+ or unsorted cells 25 µl 2853 
UltraPure distilled water 8 µl 2854 

 2855 
Total reaction volume 50 µl 2856 

 2857 
Thermocycling protocol 2858 

1. Initial denaturation: 98 °C for 30 s.  2859 
2. 20 cycles of:  2860 

o Denaturation: 98 °C for 10 s.  2861 
o Annealing: 65 °C for 30 s.  2862 
o Extension: 72 °C for 30 s.  2863 

3. Final extension: 72 °C for 300 s.  2864 
4. Hold: 4 °C.  2865 

 2866 

PCR round 2 products were resolved on a 2.5% agarose gel for size selection and purified using the 2867 
GeneJET Gel Extraction Kit, with a final elution volume of 50 µl in UltraPure distilled water. 2868 

 2869 
  2870 
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Supplementary Note 3. Golden Gate assembly cloning of cgRNAs 2871 

 2872 

cgRNA sensor constructs were cloned from pairs of complementary DNA oligonucleotides using the 2873 
following three-step procedure: 2874 

1. Oligonucleotide phosphorylation and annealing: Top- and bottom-strand oligonucleotides 2875 
were phosphorylated and annealed in a single reaction using T4 polynucleotide kinase (T4 PNK; 2876 
NEB, no. M0201L).  2877 

2. Golden Gate assembly: The annealed and phosphorylated oligonucleotide duplex was diluted 2878 
1:10 and incorporated into a Golden Gate assembly reaction with the corresponding cgRNA 2879 
backbone plasmid using either BsmBI-v2 or PaqCI.  2880 

3. Transformation and clone validation: Assembly products were transformed into chemically 2881 
competent NEB Stable Competent E. coli (NEB, no. C3040I). Ampicillin-resistant colonies were 2882 
isolated, expanded and confirmed for correct insert incorporation by Sanger sequencing.  2883 

 2884 

Step 1. Oligonucleotide phosphorylation and annealing 2885 

Reaction setup 2886 

 2887 
Component Volume 2888 
10× T4 DNA Ligase Buffer with ATP (NEB, no. B0202S) 1 µl 2889 
Top-strand oligonucleotide, 100 µM 1 µl 2890 
Bottom-strand oligonucleotide, 100 µM 1 µl 2891 
T4 PNK (NEB, no. M0201L) 0.5 µl 2892 
UltraPure distilled water 6.5 µl 2893 

 2894 
Total reaction volume 10 µl 2895 

 2896 
Annealing protocol 2897 

1. Incubate at 37 °C for 30 min.  2898 
2. Heat to 95 °C for 5 min.  2899 
3. Cool gradually to 25 °C at a rate of –1 °C every 12 s.  2900 

 2901 

The annealed and phosphorylated oligonucleotide duplex was diluted 1:10 before Golden Gate assembly. 2902 

 2903 
  2904 
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Step 2a. Golden Gate assembly using BsmBI-v2 2905 

Reaction setup 2906 

 2907 
Component Volume 2908 
10× T4 DNA Ligase Buffer with ATP 1.25 µl 2909 
1× rBSA (NEB, no. B9200L) 0.62 µl 2910 
1:10-diluted Step 1 product 0.5 µl 2911 
T4 DNA Ligase (NEB, no. M020L) 0.5 µl 2912 
BsmBI-v2 (NEB, no. R0739L) 0.25 µl 2913 
cgRNA backbone plasmid, 25 ng µl–1 0.5 µl 2914 
UltraPure distilled water 8.88 µl 2915 

 2916 
Total reaction volume 12.5 µl 2917 

 2918 
Cycling protocol 2919 

1. 30 cycles of:  2920 
o 42 °C for 1 min.  2921 
o 16 °C for 1 min.  2922 

2. Incubate at 55 °C for 30 min.  2923 
3. Hold at 4 °C.  2924 

 2925 

Step 2b. Golden Gate assembly using PaqCI 2926 

Reaction setup 2927 

 2928 
Component Volume 2929 
10× T4 DNA Ligase Buffer with ATP 1.25 µl 2930 
PaqCI activator (NEB, no. R0745L) 0.125 µl 2931 
1:10-diluted Step 1 product 0.5 µl 2932 
T4 DNA Ligase 0.5 µl 2933 
PaqCI (NEB, no. R0745L) 0.25 µl 2934 
cgRNA backbone plasmid, 25 ng µl–1 0.5 µl 2935 
UltraPure distilled water 9.36 µl 2936 

 2937 
Total reaction volume 12.5 µl 2938 

 2939 
Cycling protocol 2940 

1. 30 cycles of:  2941 
o 37 °C for 1 min.  2942 
o 16 °C for 1 min.  2943 

2. Incubate at 60 °C for 30 min.  2944 
3. Hold at 4 °C.  2945 

 2946 
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Step 3. Transformation and clone isolation 2947 

For transformation, 2 µl of the Golden Gate assembly product was added to 10 µl of chemically competent 2948 
NEB Stable Competent E. coli (NEB, no. C3040I). 2949 

 2950 
Transformation protocol 2951 

1. Incubate the DNA–bacteria mixture on ice for 30 min.  2952 
2. Heat shock at 42 °C for 30 s.  2953 
3. Recover on ice for 2 min.  2954 
4. Add NEB Stable Outgrowth Medium (NEB, no. B9035) and incubate for 1 h at 30 °C.  2955 
5. Plate the outgrowth on LB agar containing 100 µg ml–1 ampicillin and incubate overnight at 30 °C.  2956 
6. Pick individual colonies and expand them overnight at 30 °C in LB medium containing ampicillin.  2957 
7. Confirm correct insert incorporation by Sanger sequencing. 2958 

 2959 
  2960 
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Supplementary Note 4. Cloning of the mouse cgRNA library 2961 

 2962 

A library of mouse miRNA targets was cloned into a lentiviral cgRNA backbone using the following three-2963 
step procedure: 2964 

1. PCR amplification of the miRNA target library: A Twist Bioscience-synthesized DNA 2965 
oligonucleotide pool containing mouse miRNA targets was amplified by PCR.  2966 

2. Golden Gate assembly: The amplified miRNA targets were inserted into the cgRNA V3 lentiviral 2967 
backbone LVcHS4-RFP-US1-cgRNA-V3-pGK-Puro.  2968 

3. Transformation and library expansion: The assembly product was transformed into chemically 2969 
competent NEB Stable E. coli cells, followed by liquid-culture expansion and plasmid preparation.  2970 

 2971 

Step 1. PCR amplification of the mouse miRNA target library 2972 

Reaction setup 2973 

 2974 
Component Volume 2975 
2× Q5 Hot Start High-Fidelity Master Mix (NEB, no. M0494S) 12.5 µl 2976 
Primer AA110, 10 µM 1.25 µl 2977 
Primer AA111, 10 µM 1.25 µl 2978 
miRNA target oligonucleotide pool, 1 ng µl–1 10 µl 2979 

 2980 
Total reaction volume 25 µl 2981 

 2982 

Two replicate PCR reactions were performed. 2983 

 2984 
Thermocycling protocol 2985 

1. Initial denaturation: 98 °C for 30 s.  2986 
2. 12 cycles of:  2987 

o Denaturation: 98 °C for 10 s.  2988 
o Annealing: 71 °C for 30 s.  2989 
o Extension: 72 °C for 30 s.  2990 

3. Final extension: 72 °C for 300 s.  2991 
4. Hold: 4 °C.  2992 

 2993 

The two PCR replicates were pooled and purified using the GeneJET Gel Extraction Kit (Thermo Fisher 2994 
Scientific), with a final elution volume of 30 µl in ddH2O. To confirm the expected product size, 5 µl of the 2995 
purified product was resolved on a 2% agarose gel at 100 V for 25 min before proceeding to Golden Gate 2996 
assembly. 2997 
  2998 
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Step 2. Golden Gate assembly of the mouse cgRNA library 2999 

Reaction setup 3000 

 3001 
Component Amount or volume 3002 
10× T4 DNA Ligase Buffer with ATP 32 µl 3003 
T4 DNA Ligase 8 µl 3004 
PaqCI 8 µl 3005 
PaqCI activator 4 µl 3006 
LVcHS4-RFP-US1-cgRNA-V3-pGK-Puro 1,200 ng 3007 
Purified mouse miRNA target library PCR product volume not specified 3008 
ddH2O to 320 µl 3009 

 3010 
Total reaction volume 320 µl 3011 

 3012 

The reaction was distributed across eight PCR tubes at 40 µl per tube. 3013 

 3014 
Cycling protocol 3015 

1. 30 cycles of:  3016 
o 37 °C for 1 min.  3017 
o 16 °C for 1 min.  3018 

2. Incubate at 60 °C for 30 min.  3019 
3. Hold at 4 °C.  3020 

 3021 

The eight reactions were pooled and purified using the GeneJET Gel Extraction Kit, with a final elution 3022 
volume of 50 µl in ddH2O. 3023 

 3024 

Step 3. Transformation and library expansion 3025 

For transformation, 50 µl of the purified Golden Gate assembly product was added to 200 µl of chemically 3026 
competent NEB Stable E. coli cells. 3027 

 3028 
Transformation and expansion protocol 3029 

1. Recover the transformed cells in 6 ml of NEB Stable Outgrowth Medium for 2 h at 30 °C with 3030 
shaking under aerobic conditions.  3031 

2. Pellet the cells at 1,000 rpm.  3032 
3. Resuspend the pellet in 1 ml of NEB Stable Outgrowth Medium.  3033 
4. Transfer the resuspended cells into 200 ml of LB-ampicillin medium and culture overnight at 30 3034 

°C with shaking.  3035 
5. Divide the library outgrowth into 50-ml aliquots.  3036 
6. Pellet the aliquots by centrifugation at 4,000 rpm and either store the pellets at –80 °C or prepare 3037 

plasmid DNA using the Qiagen Plasmid Midi Kit (Qiagen, no. 12143) according to the 3038 
manufacturer’s protocol. 3039 

  3040 
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