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ABSTRACT 22 

Simultaneous targeting of multiple loci with the clustered regularly interspaced short palindromic repeats (CRISPR) system, a 23 

tool known as multiplex CRISPR, offers greater feasibility for manipulating and elucidating the intricate and redundant 24 

endogenous networks underlying complex cellular functions. Owing to the versatility of continuously emerging CRISPR-25 

associated (Cas) nucleases and the utilization of CRISPR arrays, multiplex CRISPR has been implemented in numerous in 26 

vitro and in vivo studies. However, a streamlined, practical strategy for CRISPR array assembly that is both convenient and 27 

accurate is lacking. Here, we present a novel, highly accurate, cost-, and time-saving strategy for CRISPR array assembly. 28 

Using this strategy, we efficiently assembled 12 CRISPR RNAs (crRNAs) (for AsCas12a) and 15 crRNAs (for RfxCas13d) in 29 

a single reaction. CRISPR arrays driven by Pol II promoters exhibited a distinct expression pattern compared to those driven 30 

by Pol III promoters, which could be exploited for specific distributions of CRISPR intensity. Improved approaches were 31 

subsequently designed and validated for expressing long CRISPR arrays. The study provides a flexible and powerful tool for 32 

the convenient implementation of multiplex CRISPR across DNA and RNA, facilitating the dissection of sophisticated cellular 33 

networks and the future realization of multi-target gene therapy. 34 

 35 

INTRODUCTION 36 

Over the past decade, following the pioneering discovery and eukaryotic implementation of the clustered regularly interspaced 37 

short palindromic repeats (CRISPR)/Cas9 system,1-3 a growing number of new CRISPR systems have been developed.4 As a 38 

substrate of the best-known Cas9, DNA is no longer the only target within our reach. With the discovery of various RNA-39 

targeting Cas nucleases,5-11, RNA can now be precisely targeted, further extending our range of genetic manipulation from the 40 

genome to the transcriptome. Moreover, by combining transcriptional activators,12 repressors,13 base editors,14 epigenetic 41 

enzymes,15 reverse transcriptases,16 and tagging molecules,17 these RNA-guided effectors have magnified the molecular 42 

toolbox of basic research. Most importantly, the CRISPR systems have demonstrated unlimited potential for the treatment of a 43 

growing number of incurable genetic diseases.18-23 44 

As indicated by the definition of CRISPR, the natural CRISPR RNA (crRNA) in bacteria and archaea is usually not 45 

transcribed individually but in a clustered preform from a genomic locus called the CRISPR array, which consists of a 46 

succession of direct repeats (DRs) separated by distinct spacers.4 Subsequently, the transcribed pre-crRNA is processed into a 47 
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series of mature crRNAs, each containing a single spacer and a truncated DR. Unlike Cas9, which requires an additional 48 

transactivating CRISPR RNA to form a final guide RNA with the crRNA (usually replaced in practice by a chimeric single 49 

guide RNA), many other CRISPR systems use mature crRNAs directly as guide RNAs. Moreover, the Cas nucleases in these 50 

systems typically possess the ability to process pre-crRNAs.4 These two features render these Cas effectors more amenable to 51 

multiplex CRISPR, because a single array is sufficient to express all the required crRNAs. 52 

Current strategies for assembling customized CRISPR arrays are based on the conventional method of cloning a single 53 

crRNA, except that the number of annealed oligos is multiplied. In fact, such theoretically feasible strategies may work when 54 

assembling only a few crRNAs, but are quite incompetent when assembling more crRNAs, as demonstrated here. Therefore, 55 

an accurate, efficient, and practical strategy for the CRISPR array assembly is required. In the present study, we designed a 56 

novel cost-effective strategy for CRISPR array assembly and confirmed its superior accuracy over current alternatives using 57 

the AsCas12a system. While preserving its accuracy as much as possible, several simplifications and optimizations were made 58 

to make this strategy more user-friendly. Next, this strategy was used to assemble crRNAs for an RNA-targeting CRISPR 59 

system, highlighting its general applicability, flexibility, and high accuracy. When attempting to harness Pol II promoters for 60 

CRISPR array expression, a distinct expression pattern of CRISPR arrays transcribed by EF1a (Pol II promoter) was found, 61 

compared to the more commonly used U6 (Pol III promoter). For long CRISPR arrays (>200 nt), we designed a better approach 62 

based on U6 by using its edges and circumventing its drawbacks. These tandem, hierarchical arrays achieved improved 63 

targeting efficiency in CRISPR systems, which require the abundant expression of crRNAs. Finally, by re-examining the 64 

strategy of co-expressing Cas nuclease and the CRISPR array on a single transcript, an unavoidable detrimental effect on the 65 

expression of Cas nuclease was discovered, despite its unexpectedly satisfactory targeting performance with some CRISPR 66 

systems in certain applications. Further investigation of this anomaly indicated that the introduction of an upstream GFP-coding 67 

sequence could enhance the expression of Pol II promoter-driven CRISPR arrays. This finding provides an alternative approach 68 

for efficient expression of long CRISPR arrays. 69 

RESULTS 70 

Design of a novel strategy for CRISPR array assembly 71 

Given that it is more convenient and cost-efficient when probing targeting efficiency, a catalytically dead AsCas12a fused to 72 

an artificial VP64-p65-Rta transcription activator (dAsCas12a-VPR, abbreviated as d12a-VPR hereafter) was used for 73 

subsequent experiments. An enhanced variant (denAsCas12a-VPR, abbreviated as den12a-VPR hereafter) was also used.24 74 
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Similar to Cas9-based CRISPR activators,25-28 the combination of multiple crRNAs enabled the synergistic activation of 75 

endogenous gene targets mediated by the d12a-VPR and den12a-VPR (Figure S1). Next, we assessed the accuracy of different 76 

strategies for the assembly of crRNAs for AsCas12a. Current strategies for the assembly of multiple crRNAs typically consist 77 

of two main procedures (Figure S2): annealing of predesigned, single-stranded DNA oligos to form double-stranded DNA 78 

(dsDNA) with the desired sticky ends, followed by sequential ligation into cloning vectors. Because of their similar principles, 79 

we classified them as sticky end-based strategies. The accuracy of these assemblies relies on the precise sequential ligation of 80 

the successfully annealed oligos. In practice, however, not all oligos eventually end up annealed to their respective partners as 81 

desired, i.e., a fair number of oligos remain single-stranded after annealing. These single-stranded oligos can be a source of 82 

trouble, as their natively-exposed ends are identical to the sticky ends of the annealed dsDNA, meaning that any site of 83 

sequential ligation can be occupied by them, leading to irreversible premature termination of the assembly. This intrinsic defect 84 

is likely the dominant factor limiting the number of crRNAs that can be assembled into an array in a single reaction using sticky 85 

end-based strategies. The preliminary experiments suggested that only up to six crRNAs could be efficiently assembled in a 86 

single assembly (data not shown). 87 

To overcome this limitation, we designed a novel strategy for CRISPR array assembly that aimed to increase both accuracy 88 

and maximal number by eliminating the perturbations of single-strand oligos (Figure 1). In brief, several additional bases 89 

containing a BsaI recognition site were appended to the 5' end of each single-strand oligo, so that the designated inner sticky-90 

end was not exposed until a dsDNA was formed and cut by BsaI (Figure S3). These short dsDNA segments can be generated 91 

mainly by two alternative methods: (1) annealing of complete complementary oligo pairs, which are particularly long because 92 

of the need for BsaI recognition sites at both ends of the resulting dsDNA, and (2) a polymerase chain reaction (PCR)-based 93 

approach using much shorter oligo pairs that are partially complementary to each other or to a certain template. We chose the 94 

latter because it is cost-effective and an annealing-free strategy could be tested that would be substantially different from 95 

conventional sticky end-based methods. 96 

No additional procedures follow the PCR reaction, only optional routine recovery of DNA segments, and subsequent 97 

standard Golden Gate Assembly. To this end, we named this novel approach a Golden Gate Assembly (GGA)-based strategy. 98 

 99 

High-accuracy assembly of CRISPR array with GGA-based strategy 100 
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There are several versions of detailed conventional sticky end-based protocols which differ slightly from each other 101 

(with/without predigestion before ligation or redigestion after ligation). Their accuracy was compared by assembling six 102 

crRNAs. Whereas no correct clones were obtained when the ligation mixture was directly transformed into Escherichia coli, 103 

additional redigestion with BsaI between ligation and transformation dramatically increased the accuracy of the selected clones 104 

(Figure S4). Compared to the remaining two procedures, the assembly using standard Golden Gate cycles exhibited 105 

improvement or non-inferiority without the procedure of predigesting or recovering the cloning vector (Figure S4); hence, this 106 

specified sticky end-based strategy was used for the following evaluation and comparison. 107 

Next, using our GGA-based strategy, an array containing six crRNAs was assembled with parallel controls using a sticky 108 

end-based strategy for comparison. Whereas all 60 clones were correct when using the GGA-based strategy, assembly using 109 

the sticky end-based strategy achieved a mean accuracy of only 37% (P <0.0001, GGA versus sticky end) (Figure 2A, S5A). 110 

When the number of crRNAs was increased to seven, the accuracy of the sticky end-based assembly strategy decreased sharply, 111 

with only one correct out of 60 clones. Although a marked reduction was observed, the GGA-based assembly strategy retained 112 

a mean accuracy of 73% (Figure 2B, S5B). 113 

Having demonstrated the superiority of our GGA-based strategy over conventional sticky end-based strategies, the number 114 

of crRNAs to be assembled was increased until the accuracy decreased to a level substantially lower than 50%. Following this 115 

criterion, and considering that the extremely low accuracy in assembling seven crRNAs was already practically meaningless, 116 

the sticky end-based strategy was no longer evaluated for assembling more crRNAs. Using the GGA-based strategy, arrays of 117 

9 or 12 crRNAs were efficiently assembled, with mean accuracies of 67% and 43%, respectively (Figure 2C, S5C). For the 118 

assembly of the 12 crRNAs, colonies from an additional replicate experiment were sequenced to confirm our results and 119 

investigate the source of errors in incorrect inserts during the revision of this manuscript (Plasmid #37; Table S22). We found 120 

that 14/15 full length inserts obtained the desired sequences with no errors (Figure S6). A variety of unusual constructs were 121 

seen for inserts of small size, with one particular error arising from the apparent misassembly of the fusion site from fragment 122 

“GGGTCTCCGACTGCCCACAAGTGCTAATTCCTACTCTTGTAGGTAATGAATGTGTGCGGAGACC” with fragment 123 

“GGGTCTCCTAGCCAGCCAATTCCTACTCTTGTAGGTAAGTCCAGGAGACC.” It is unclear whether these errors 124 

represent mistakes generated during golden gate assembly owing to in-vivo repair events or a mixture of the two. 125 

Although arrays containing more than 12 crRNAs may still be assembled in a single reaction, in view of the gradual 126 

decrease in assembly accuracy as the number of crRNAs increased, the practical value of such experiments would be limited; 127 
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thus, we ceased here and determined the maximum number of crRNAs for AsCas12a that could be assembled into an array in 128 

a single reaction to be 12. 129 

The resulting array of 12 crRNAs contained spacers targeting the promoters of six endogenous human genes (two crRNAs 130 

for each gene): HBB, HBG1, IL1B, IL1RN, TTN, RHOXF2. Together with this array, the den12a-VPR achieved robust 131 

activation of these six genes simultaneously in HEK293T cells from 20–2000-fold (Figure 2D). 132 

 133 

Simplification and optimization of the GGA-based strategy for CRISPR array assembly 134 

Although our GGA-based assembly strategy exhibited greater accuracy than the alternatives, the requirement for an additional 135 

recovery procedure for PCR products may hinder its wider application. To address this, we sought to circumvent this procedure 136 

while preserving assembly accuracy as much as possible. Instead of the time-consuming recovery required to obtain purified 137 

dsDNA segments in the standard assembly protocol, the PCR products were diluted and added directly to the Golden Gate 138 

assembly reaction. From a wide range of PCR primer concentrations and volumes of PCR products pipetted for subsequent 139 

assembly, the best accuracy was achieved when using a final primer concentration of 2.5 µM for PCR and 0.1 µL (i.e., 1 µL 140 

after 10-fold dilution) from each of the resulting PCR mixtures for a 20-µL assembly reaction (for the designated DNA 141 

polymerase; data not shown). Assemblies of 6, 7, 9, and 12 crRNAs were performed following this reaction condition. The 142 

mixing of unwanted PCR components into the subsequent assembly reaction compromised the final accuracy, but only to a 143 

modest degree, with the exception of the assembly of 12 crRNAs, from which the correct clones were barely obtained (Figure 144 

S7). In addition, assembly failures could also be attributed to erroneous amplification products (e.g., primer dimers), which 145 

could be actively assembled because they also contain BsaI sites that produce compatible overhangs. Nevertheless, this 146 

simplified recovery-free version of our GGA-based strategy outperformed current alternative assembly strategies without the 147 

requirement for additional procedures and could be a rational choice when assembling no more than nine crRNAs. 148 

Another shortcoming that may complicate the assembly strategy is the DR sequence of AsCas12a. The 19nt DR of 149 

AsCas12a has a relatively low melting temperature (44–45 °C, Tm) due to its low GC content (~26%). This intrinsic property 150 

makes it challenging to design initial primers for subsequent PCR reactions, since oligos must be extended beyond the DR 151 

sequence to obtain a minimal appropriate melt temperature (Tm; 50–55 °C). To address this issue, we sought to introduce 152 

mutations into the original wild-type DR, with the aim of increasing its Tm value to a proper extent (> 50 °C) without 153 
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compromising its function. Several previous studies have made such attempts but with distinct aims.29-31 Based on their findings, 154 

we generated three variants of wild-type DR (Figure 3A). Of these candidates, one variant with a Tm of 49 °C showed non-155 

inferiority in targeting efficiency compared to the wild-type DR (Figure 3B). Although the Tm of this variant was still slightly 156 

below 50 °C, it was already feasible to use the DR sequence directly as the end of primers and 45 °C as the annealing 157 

temperature for subsequent PCR reactions simplified the primer design procedure (Figure 3C). Based on this DR variant, arrays 158 

of nine and 12 crRNAs were successfully assembled, with mean accuracies of 75% and 15%, respectively (Figure 3D, S8). 159 

Moreover, the assembly of an array containing nine crRNAs was accomplished efficiently when both mutant DR and the 160 

recovery-free version of the GGA-based strategy were used (Figure S9). 161 

 162 

High-accuracy assembly of CRISPR array for a Cas13d nuclease 163 

Whereas the previous content focused on AsCas12a, the potential applications of the assembly strategy can be extended beyond 164 

this specific CRISPR system.  Owing to its flexibility and generalizability, this crRNA array assembly strategy can theoretically 165 

applied to most CRISPR systems in which crRNA contains a DR followed by a spacer, especially when the Cas nuclease has 166 

the ability to process its own crRNA. 167 

To confirm this concept, we used this crRNA array assembly strategy to assemble crRNAs from another distinct CRISPR 168 

system, Cas13d, a family of RNA-targeting Cas nucleases.4 Of these, RfxCas13d was chosen for subsequent assessment.9 The 169 

commonly-used crRNA for RfxCas13d is composed of a 36nt DR and a spacer of 22–30 nt. An intermediate spacer length of 170 

26 nt was selected for the following CRISPR array assembly. In contrast to that of AsCas12a, the DR of RfxCas13d was much 171 

longer and had a modest GC content (50%). These properties render the assembly of its crRNAs more suitable for our strategy: 172 

(1) design of the primers was much easier than that of AsCas12a, as all the forward and reverse primers could use the same 173 

~20 base 3' section; (2) using current alternatives for such a CRISPR system with long DR sequence would be more costly, 174 

since it would be unavoidable to purchase particularly long oligos (>60 bases), which are usually several times more expensive 175 

per base than the shorter routine oligos due to their complex production process. The detailed procedure was the same as that 176 

for the assembly of crRNAs for AsCas12a, with two minor modifications (Figure S10). The resulting procedure was reminiscent 177 

of several previous strategies for assembling sgRNA cassettes used in Cas9-based multiplex CRISPR.32-34 178 
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The GGA-based assembly strategy performed better with RfxCas13d than with AsCas12a, as an array of up to 15 crRNAs 179 

could be assembled in one pot with acceptable accuracy (Figure 4A, S11). This improved performance may be due to purer 180 

dsDNA segments or other uncertain reasons. Using this array, the simultaneous cleavage of 15 endogenous transcripts was 181 

attempted. Forty-eight hours after transfection, most of these transcripts were efficiently cleaved and detected using the 182 

corresponding primers flanking the cleavage sites (Figure 4B). 183 

 184 

Distinct expression patterns of Pol II/III promoter-driven CRISPR arrays 185 

Although the array of 15 crRNAs used for RfxCas13d reached a length of ~1200nt, the U6 promoter still seemed capable of 186 

driving its transcription. This disagreed with the conventional conception that Pol III promoters (for example, U6, H1, and 7SK) 187 

are typically used for the transcription of small RNAs, although RNA up to 800 nucleotides have also been reported to be 188 

efficiently transcribed by U6.35 One solution to this indeterminate restriction was to replace Pol III promoters with Pol II 189 

promoters (e.g., CMV and EF1a), as they are capable of transcribing much longer RNAs. Several studies have evaluated the 190 

ability of harnessing Pol II promoters to express crRNAs or synthetic sgRNAs.36,37 191 

To determine whether CRISPR arrays transcribed by Pol II promoters work as efficiently as those transcribed by Pol III 192 

promoters, HEK293T cells were transfected with den12a-VPR and an array of 12 crRNAs driven by either U6 (U6-array) or 193 

EF1a (EF1a-array), followed by quantification of the expression of the corresponding six targets 48 h post-transfection. No 194 

straightforward determination of superiority or inferiority could be drawn from the results, because each had its own strengths 195 

and weaknesses (Figure 5A). Northern blots of mature crRNAs showed that U6 outperformed EF1a in transcribing the first 196 

four crRNAs, particularly the first two, but was inferior for all subsequent crRNAs (Figure 5B). When targeting individual 197 

genes using two crRNAs, U6 outperformed EF1a for both HBB and RHOXF2 (Figure 5C, D), suggesting that U6 was superior 198 

to EF1a when driving the expression of short CRISPR arrays. Because we could not rule out the possibility that the crRNAs 199 

expressed from U6 cells were already saturated, the disparity observed here might have been underestimated. Indeed, a larger 200 

gap was observed by varying the ratio of den12a-VPR to the array (Figure S12). However, no disparity between these promoters 201 

was observed during gene editing using nuclease-active AsCas12a (Figure 5E). The reason might be that the number of targets 202 

in the genome was limited, and once edited with an indel, CRISPR elements were no longer needed, meaning that a small 203 

amount of crRNAs was already sufficient, and more would be redundant. 204 
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To determine whether this phenomenon represented a general pattern, we compared it to other CRISPR systems. Forty-205 

eight hours after transfection with RfxCas13d and an array of 15 crRNAs driven by either U6 or EF1a, no conclusions could 206 

be drawn except that the U6-array showed superiority in targeting the first four transcripts (Figure S13A). When harnessed for 207 

the expression of a single crRNA, EF1a exhibited a substantially lower target cleavage efficiency than U6 (Figure S13B). 208 

In contrast to the EF1a-array, the location of the crRNAs in the U6-array appeared to have a greater influence on their 209 

own expression. When the internal order of the CRISPR array was reversed, the U6-array experienced a more drastic change 210 

in multiplex CRISPR efficiency (Figure S14). To obtain an intuitive and precise correlation between transcriptional strength 211 

and distance from the promoter, the two crRNAs targeting the HBB promoter were placed at a series of different loci while the 212 

overall component was kept constant (Figure 5F, G). The first few crRNAs of the U6-array achieved very high levels of 213 

expression, which could not be reached by EF1a. Thereafter, the intensity of transcription decreased continuously with 214 

increasing distance from U6. In contrast, the distance from the EF1a promoter had a much weaker effect on crRNA expression, 215 

except that the first few crRNAs might undergo inadequate expression. 216 

These results suggest that Pol II and III promoters are not functionally equivalent when driving the expression of CRISPR 217 

arrays. While U6 favored the expression and execution of the first few crRNAs within ~200 nt, EF1a seemed to distribute its 218 

relatively milder strength more evenly. For single crRNA or small CRISPR arrays (<200 nt), especially when using the 219 

RfxCas13d system, harnessing Pol II promoters may still be an inadequate alternative unless mild expression was acceptable. 220 

Improve the targeting efficiency by manipulating the architecture of long CRISPR arrays 221 

Having determined the superiority of U6 over EF1a when transcribing the first few crRNAs within ~200nt, we decided to find 222 

a better approach for the transcription of longer CRISPR arrays than simply selecting one from either U6 or EF1a. By splitting 223 

long CRISPR arrays into several short arrays, each of them could be assigned a U6 promoter, thus using the edge of U6 in the 224 

strength of transcribing short RNAs while circumventing its disadvantage in transcribing long RNAs. The principle and 225 

workflow were similar to those previously described in the current study, with the only difference being that small PCR 226 

segments containing crRNAs and longer PCR segments containing U6 were mixed and assembled in one reaction (Figure S15). 227 

However, we failed to assemble the correct array that matched our expectations for our maiden attempt (data not shown). This 228 

may be attributed to the introduction of repeated U6 elements, which make the resulting array more prone to recombination 229 

events. 230 
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In previous studies, we amplified an array of 12 or 15 crRNAs as an intact sequence from a purified plasmid that already 231 

contained the entire array (considered the second round of PCR) and then cloned this unique insert into a new vector (considered 232 

the second round of assembly), which is a simple procedure to transfer an existing array from one vector to another. Although 233 

the accuracy of assembling 12 or 15 individual crRNAs into one array in the first round was as low as 15% (Figure 3D), the 234 

second round always achieved an accuracy >80% (data not shown). Although we were unable to provide an explicit 235 

interpretation of this phenomenon, we exploited it by performing a second round of assembly to reboot the unsuccessful 236 

assembly of the hierarchical CRISPR array. For the sake of time, the assembly mixture of the first round was directly used as 237 

the PCR template for the second round instead of the validated and purified plasmid (Figure S16). The mean accuracy of the 238 

array assembly with 12 crRNAs improved to 88% (Figure S17). However, amplifying the entire array from the crude mixture 239 

of previous assembly may not always succeed, especially when the destination fragment spans more than a dozen crRNAs. An 240 

array of 20 crRNAs was successfully assembled in two rounds; however, we performed two individual amplifications with two 241 

pairs of primers in the second round (Figure S17). 242 

To improve accuracy by performing an additional round of assembly, we decided to confront the obstacle of assembling 243 

hierarchical CRISPR arrays again. In the second round, an RfxCas13d CRISPR array consisting of four U6-crRNAs units was 244 

successfully assembled with mean accuracy of 33% (Figure S18B), which had been shown to be impossible in the first round. 245 

Similarly, this strategy substantially increased the accuracy of the denAsCas12a CRISPR array assembly consisting of three 246 

U6-crRNAs units (Figure S18A). 247 

In contrast to arrays driven by a single U6 or EF1a, the tandem array driven by three U6 promoters achieved robust 248 

transcriptional activation of all six targets in the denAsCas12a-VPR mediated multiplex CRISPR system (Figure 6A, B). 249 

Similarly, for most of the 15 endogenous transcripts, RfxCas13d showed more prominent cleavage efficiency when working 250 

with a tandem array driven by four U6 (Figure 6C, D). 251 

Enhance the expression of Pol II promoter-driven CRISPR arrays by introducing an upstream GFP-coding sequence 252 

Since Pol II promoters are capable of driving the expression of CRISPR arrays in addition to protein-encoding genes, one might 253 

consider the possibility of co-expressing the Cas protein and CRISPR array on a single transcript. To achieve this type of co-254 

expression, the coding sequence of the Cas protein must be positioned upstream of the CRISPR array, followed by a poly(A) 255 

tail. However, this arrangement poses a problem: processing of the CRISPR array inevitably leads to the separation of the Cas 256 

protein mRNA from the poly(A) tail, ultimately resulting in inadequate expression of the Cas protein and unsatisfactory 257 
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CRISPR efficiency. A previous study attempted to address this issue by harnessing a putative mRNA-stabilizing element called 258 

“Triplex”.37 Their results showed that the introduction of “Triplex” between EGFP and CRISPR array completely rescued the 259 

loss of EGFP fluorescence due to the processing of downstream array. We are concerned about this kind of “complete rescue,” 260 

as it challenges the irreplaceable role of poly(A) tails in stabilizing eukaryotic mRNA.38 261 

To test this hypothesis, we investigated whether this specific co-expression pattern is a viable option for multiplex CRISPR. 262 

Consistent with the conventional understanding, removal of the poly(A) tail remarkably reduced EGFP expression at both the 263 

mRNA and protein levels (Figure S19A, B), emphasizing the crucial role of the poly(A) tail in stabilizing mRNA. To examine 264 

the mRNA-stabilizing efficacy of Triplex and the well-known woodchuck hepatitis virus post-transcriptional regulatory 265 

element (WPRE), we cloned EGFP downstream of the EF1a promoter, followed by an array of 12 crRNAs for AsCas12a, with 266 

or without a Triplex or WPRE element, between EGFP and the CRISPR array. The resulting plasmids were transfected into 267 

HEK293T cells with the control vector or den12a-VPR. Forty-eight hours post-transfection, as a result of the processing of 268 

crRNAs, the simultaneous expression of the den12a-VPR dramatically reduced EGFP mRNA and fluorescence. Distinct from 269 

a previous study,37 the additional introduction of Triplex or WPRE resulted in mild, if any, improvement in the mRNA or 270 

fluorescence of EGFP (Figure S19C, D). 271 

The targeting efficiency of co-expressing the den12a-VPR and CRISPR arrays on a single transcript was directly evaluated 272 

next (Figure S20A). Co-expression via direct integration resulted in a marked reduction in den12a-VPR mRNA/protein 273 

expression but not in the ultimate CRISPRa efficiency, which increased (Figure S20B-D). This discrepancy between decreased 274 

den12a-VPR expression and enhanced CRISPRa efficiency might be a result of increased expression of the CRISPR array due 275 

to the insertion of the upstream den12a-VPR. When the EF1a-array and den12a-VPR were delivered by individual constructs, 276 

the expression of the CRISPR array and the final CRISPRa efficiency were enhanced by inserting an EGFP-coding sequence 277 

upstream of the CRISPR array, but not by inserting a random stuffer (Figure 7A). Northern blots of mature crRNAs verified 278 

an increase in expression levels, especially in the initial part (Figure 7B). This phenomenon is not unique, as CMV-driven 279 

CRISPR arrays can also be enhanced using this approach (Figure 7C, D). Moreover, enhanced CRISPRa efficiency was 280 

achieved by increasing the ratio of array-coding plasmids to those expressing the den12a-VPR (Figure S21A). Even the original 281 

version (i.e., den12a-VPR), which is supposed to possess considerably lower activity and requires a smaller number of crRNAs, 282 

showed improved CRISPRa efficiency when the ratio of the EF1a-array was increased or combined with the EF1a-GFP-array 283 

(Figure S21B). 284 
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Regarding the additional insertion of Triplex or WPRE when co-expressing den12a-VPR and CRISPR arrays on a single 285 

transcript, WPRE seemed to slightly rescue den12a-VPR mRNA/protein, whereas Triplex did not (Figure S20B, C). However, 286 

neither improved the efficiency of CRISPRa compared to direct integration (Figure S20D). 287 

Taken together, the strategy of co-expressing the Cas protein and CRISPR array on a single transcript may be a viable 288 

option for some CRISPR systems under certain circumstances, but not always. According to our results, an important 289 

determinant is that the optimal ratio of the Cas effector to its crRNA varies across CRISPR systems.  A systematic and rigorous 290 

evaluation is needed before applying this approach to other CRISPR systems not tested here, especially for in vivo delivery, 291 

which was lacking in our study. 292 

 293 

  294 
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DISCUSSION 295 

Although up to 15 crRNAs can be assembled in a single reaction using our method, some previous studies have used arrays 296 

containing more than 20 crRNAs.37 However, these methods typically perform more than one round of assembly or rely on 297 

expensive long dsDNA segments purchased from companies. Based on purified construct coding the array of 12 crRNAs 298 

assembled in the first round (while the assembly product of the first round was used as template; Figure S16), a second round 299 

of PCR and subsequent assembly we performed (Figure S22A). Although recombination events occurred during clonal 300 

expansion, because the same template was used for all three PCR reactions, the array of 36 crRNAs was efficiently assembled 301 

with high accuracy (Figure S22B, C). Owing to the lack of appropriate application examples, we did not determine the 302 

maximum number of crRNAs that could be assembled in two rounds of assembly. Given the remarkable accuracy of assembling 303 

36 crRNAs, the successful assembly of more crRNAs (i.e., 40, 50, or even more) within two rounds is possible. 304 

Speaking of unwanted recombination events during the transformation of plasmids into competent E.coli, we were puzzled 305 

by its “elusiveness”. For convenience, even for the transformation of lentiviral constructs, we routinely use DH5α, a commonly 306 

used recA1 mutant competent E.coli strain, instead of stbl3 or NEB stable, which are supposed to further reduce recombination 307 

events between repeat elements in the plasmid. A lower temperature of 30 ℃ for bacterial culture is also rarely used. However, 308 

we had never encountered any recombination events between the two long terminal repeats (LTRs) in any the lentiviral 309 

constructs. Specific to the current study, the accuracy of the assembly of crRNAs was not improved by using stbl3 or NEB 310 

stable, nor by culturing at 30 ℃ (data not shown). Compared to the transformation of the newly-assembled mixture, 311 

recombination events were rare during the re-transformation of repeat-containing plasmids extracted from bacteria (data not 312 

shown). We are not sure whether most of the negative colonies were the result of unwanted recombination or simply failed 313 

assembly. As the reagents associated with Golden Gate cloning have been continuously upgraded over the years,39,40 the limits 314 

on the maximum number of crRNAs that can be assembled in a single reaction, if the failure of assembly is currently the 315 

primary constraint, may be pushed further in the future. 316 

In contrast to previous reports,24,37 the current results indicate that EF1a is not functionally equivalent to U6 in the 317 

transcription of CRISPR arrays or single crRNA. Despite the differences between their strengths when transcribing transcripts 318 

of varying lengths, additional modifications (e.g., 7-methylguanosine (m7G) cap and poly(A) tail) may also affect the 319 

subcellular localization or processing of the CRISPR array, thereby affecting its final execution. We attempted to quantitatively 320 

compare the transcription levels of the precursor crRNA arrays using RT-qPCR (Figure S23). To generate amplified segments 321 
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of the appropriate length, each primer pair must span three to four crRNAs. This intrinsic property causes the final result to be 322 

affected by the positions of both the forward and reverse primers. For these RT-qPCR experiments, because we used reverse 323 

qPCR primers to produce cDNA in the reverse transcription reaction, the quantitative results were dominated by the expression 324 

level of the reverse primer locus. This may not be appropriate for the CRISPR array driven by U6 because the most abundant 325 

short transcripts containing only one or two crRNAs were not detected. 326 

While the loss of the poly(A) tail by different approaches led to reduced EGFP expression, we noticed that the reduction 327 

seemed to be more drastic when the loss of the poly(A) tail was caused by processing the downstream CRISPR array, compared 328 

to simply removing the SV40-poly(A) signal in the construct (Figure S19). Although we are unsure whether the former 329 

accurately represents the actual effect of poly(A) deficiency, the latter may underestimate it. When SV40-poly(A) was removed 330 

from the construct, Pol II promoters did not stop transcribing upon completion of EGFP transcription, but instead continued to 331 

transcribe uncertain downstream sequences until terminated for other reasons. Thus, the 3' terminus of the final EGFP mRNA 332 

was not directly exposed, but was “protected” by downstream RNA of uncertain length, which may delay the degradation of 333 

EGFP mRNA by acting as a stuffer. In lentiviral constructs, the poly(A) signal between the two LTRs must be removed, as it 334 

would lead to the premature termination of viral RNA during virus packaging. Consequently, the sequence integrated into the 335 

host genome after lentiviral infection does not have a poly(A) signal. A WPRE element is frequently introduced upstream of 336 

the 3' LTR, which is supposed to stabilize and facilitate the translation of mRNA.41 Whereas the improvement in the expression 337 

of upstream coding genes in our previous results with transient expression was mild (Figure S19), WPRE markedly enhanced 338 

the expression of upstream EGFP in the context of lentiviral delivery, which is consistent with the conventional concept.  In 339 

contrast, the triplexes failed under these circumstances (Figure S23). 340 

Although the previously reported co-expression strategy inevitably resulted in reduced expression of the Cas effector in 341 

our re-evaluation, it did not necessarily lead to compromised CRISPR efficiency, at least in the denAsCas12a-VPR mediated 342 

multiplex activation system. However, regarding the genomic DNA-targeting system with the primordial nuclease-active 343 

AsCas12a (or enAsCas12a), it is currently unknown whether this particular co-expression approach is compatible. 344 

One of the shortcomings of this study, which we must emphasize, is that all the evaluations were performed in vitro using 345 

cell lines, and these results may not precisely represent the in vivo performance of the CRISPR systems and expression methods 346 

assessed here. Therefore, a rigorous in vivo evaluation is warranted before further application, especially when harnessing Pol 347 

II promoters to express CRISPR arrays or when using the co-expression strategy. The findings will substantially simplify the 348 
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preparatory work prior to in vivo manipulation of multiple targets and boost the exploration of potential applications using 349 

multiplex CRISPR. 350 

 351 

  352 
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MATERIALS AND METHODS 353 

Plasmid construction 354 

The coding sequences of AsCas12a, VPR, and RfxCas13d were amplified from pY108 (Addgene #84739), pXR001 (#84739), 355 

and lenti-EF1a-dCas9-VPR-Puro (#99373) plasmids, respectively. The amplified fragments were cloned into destination 356 

vectors using standard digestion–ligation or the Gibson method. Gibson cloning was used to introduce the desired mutations 357 

into protein-coding plasmids. The CRISPR arrays were assembled using direct ligation or the standard Golden Gate method. 358 

The junction sets of the four-base overhangs were determined based on their ligation fidelity predicted by the online tool 359 

NEBridge Ligase Fidelity Viewer (https://ggtools.neb.com/viewset/run.cgi).39 Detailed protocols are provided in the 360 

Supplemental Methods. All constructs, including those encoding the CRISPR arrays used in the editing experiments, were 361 

validated using Sanger sequencing. The detailed sequences of these constructs are listed in Table S22. 362 

Assembly of CRISPR arrays with GGA-based strategy 363 

Detailed protocols can be found in the Supplemental Methods. Briefly, PCR was performed using predesigned oligo pairs 364 

(synthesized by Tsingke Biotech). Next, an optional recovery step was performed, if necessary. The Golden Gate assembly 365 

reaction was set up with purified segments (or diluted PCR products) and a destination cloning vector. The reagents used were 366 

BsaI-HF v2 (NEB, R3733) and T4 DNA Ligase (NEB, M0202). The Golden Gate Assembly program was run using a 367 

thermocycler: (37 °C 5 min → 16 °C 5 min) × 30 cycles, followed by 60 °C for 5 min. If reactions were performed overnight, 368 

a 4 °C terminal hold was added to the program and the step at 60 °C for 5 min until the day before transformation. An amount 369 

of 2–10 µl of the assembly reaction was transformed into competent cells. 370 

Cell culture and transient transfection 371 

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% 372 

penicillin/streptomycin at 37 ℃ with 5% CO2. For transient transfection, 2×105 HEK293T cells/well were seeded in 24-well 373 

plates. When 60–80% confluence was reached the following day, a total of 500 ng plasmids were transfected into each well 374 

using Lipo8000™ Transfection Reagent (Beyotime) according to the manufacturer’s protocol. Transfected cells were supplied 375 

with fresh, complete DMEM (containing FBS) every 24h, and harvested 48–72 h after transfection for downstream experiments. 376 

Lentivirus production and infection 377 
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For lentivirus packaging, 5×105 HEK293T cells were seeded per well into 12-well plates. When 80% confluence was reached 378 

80% the following day, 1 μg of mixed plasmids (transfer: psPAX2: pMD2.G = 4:3:1) were transfected into each well using 379 

Lipo8000™ (Beyotime). The medium was replaced with 1 mL fresh, complete DMEM 12–24 h after transfection. Then, 48 h 380 

after transfection, another 1 mL of complete DMEM was added. At 72 h after transfection, lentivirus-containing supernatant 381 

was harvested, filtered through a 0.45-μm filter (or centrifuged at 2,000 × g for 5 min) and stored at 4 °C (or -80 °C for long-382 

term preservation). 383 

For lentivirus infection, 1.5×105 HEK293T cells were seeded per well into 24-well plates. When 40–60% confluence was 384 

reached the following day, the medium was replaced with 0.5 mL fresh complete DMEM and 1.5 mL lentivirus-containing 385 

supernatant. The medium was replaced with fresh, complete DMEM 12–24 h after infection and refreshed/supplemented every 386 

24 h until cells were harvested 72 h after infection. 387 

Extraction of RNA and RT-qPCR 388 

Total RNA was extracted using RNAiso Plus (Takara) 48–72 h after transient transfection or lentiviral infection. An amount 389 

of 1 μg total RNA was then reverse transcribed using ReverTra Ace® qPCR RT Kit (Toyobo) with supplied primer mix or 390 

gene-specific primers (when designated, and sequences are listed in Table S2), followed by qPCR using ChamQ Universal 391 

SYBR qPCR Master Mix (Vazyme) and the primers listed in Table S1. The qPCR was performed using a LightCycler 480 II 392 

(Roche). Quantification of RNA expression was normalized to ACTB (unless otherwise specified) and calculated using the 393 

ΔΔCt method. 394 

Electrophoresis of oligonucleotides 395 

DNA oligonucleotide electrophoresis was performed on a 20% polyacrylamide gel in 1×TBE buffer. The gel was stained with 396 

Gel Red (Beyotime) for 1 h at room temperature and scanned using an ultraviolet transilluminator after washing. 397 

Quantification of gene editing 398 

A total of 72 h after transfection, genomic DNA was extracted using a Rapid Animal Genomic DNA Isolation Kit (Sangon 399 

Biotech) following the manufacturer’s protocol. The extracted DNA was used as a template to amplify the target region flanking 400 

the edited site, using specific primers. The PCR amplicons were purified using the AxyPrep PCR Clean-up Kit (Axygen) 401 

following the manufacturer’s protocol. Purified DNA was subjected to Sanger sequencing using the forward PCR primer as 402 
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the sequencing primer. The resulting “.ab1” files were uploaded to obtain the final quantitative spectrum of the indels using the 403 

online tool: https://ice.synthego.com.42 404 

Northern blot 405 

Northern blots of mature crRNAs were based on the Bioton–Streptavidin system and performed using the Biotin Northern Blot 406 

Kit (for Small RNA) (Beyotime, R0220) according to the manufacturer’s protocol. The 5′ bioton-labelled DNA probes were 407 

synthesized by Tsingke Biotech. The probe sequences are listed in Table S21. The 5s rRNA was used as an internal control 408 

and was detected by agarose gel electrophoresis. 409 

Western blot 410 

A total of 72 h after transient transfection or lentivirus infection, cells were lysed in RIPA buffer (MedChem Express) 411 

supplemented with PMSF and BeyoZonase™ Super Nuclease (Beyotime). Total protein concentration was quantitated using 412 

Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific). All lysates were diluted to a concentration of 1250 ng/μL, then 413 

mixed with 5× loading buffer (a final protein concentration of 1 μg/μL) and boiled for 5 min. Equal amounts of protein were 414 

loaded and separated using sodium dodecyl sulphate–polyacrylamide gel electrophoresis and then transferred to a 415 

polyvinylidene difluoride membrane. Membranes were blocked with 5% nonfat milk in TBST buffer for 1 h at room 416 

temperature, and incubated with appropriate dilutions of primary antibody overnight at 4 °C. The next day, the membrane was 417 

washed three times with TBST and incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h at room 418 

temperature. After three washes, chemiluminescent signals in the membrane were captured using a CCD camera. 419 

Statistical analysis 420 

Values are reported as mean or mean ± standard deviation as indicated in the appropriate figure legends. Unless otherwise 421 

stated, at least three biological replicates were used for each experiment. When comparing two groups, statistical differences 422 

were determined using the unpaired Student’s t-test. One-way analysis of variance was used to assess the significance of 423 

differences between more than two groups. Two-way analysis of variance was used to compare two factors. Statistical 424 

significance was set at P <0.05. Prism 6.01 was used for all statistical analyses. 425 

 426 
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FIGURE LEGENDS 542 

Figure 1. Schematic workflow of Golden Gate Assembly-based CRISPR array assembly strategy 543 

First, PCRs were set up and PCR reactions were run with predesigned oligo pairs that were partially complementary to each other. Next, an 544 

optional recovery step was performed if necessary (because of the relatively short DR length of AsCas12a, some of the resulting dsDNA 545 

segments were too short to be recovered using common DNA recovery kits; therefore, we used a relatively crude method via ethanol 546 

precipitation. Although single-stranded oligos or dNTPs might still be included, most of the salts were removed, and the DNA polymerase 547 

was inactivated). Finally, a standard Golden Gate assembly reaction was set up and run with the purified segments (or diluted PCR products) 548 

and a destination cloning vector. 549 

 550 

Figure 2. High-accuracy assembly of CRISPR array with GGA-based strategy 551 

(A, B) Accuracies of the assembly of six (A) or seven (B) crRNAs using the conventional sticky end-based or novel GGA-based strategy. 552 

Values shown as mean, n = 3 independent experiments. (C) Accuracies of the assembly of nine or 12 crRNAs using the GGA-based strategy. 553 

Values shown as mean with n ≥ 3. (D) Quantification of relative mRNA expression over the non-targeting control in HEK293T cells 48 h 554 

after transfection with a single plasmid containing CBh-driven denAsCas12a-VPR and a U6-driven CRISPR array of 12 crRNAs targeting 555 

the indicated six genes. CBh, a robust Pol II promoter. Values shown as mean ± SD with n = 3.  556 

 557 

Figure 3. Simplification of the GGA-based strategy for CRISPR array assembly 558 

(A) Schematics of wild-type and three mutant DR variants of the AsCas12a system. (B) Quantification of relative HBB expression over the 559 

non-targeting control in HEK293T cells 48 h after transfection with den12a-VPR and arrays with DR variants depicted in (A). (C) An example 560 

showcasing the streamlining of the initial primer design by using a mutant DR with higher GC content. (D) Accuracies in the assembly of 561 

nine or 12 crRNAs with mutant DR using the GGA-based strategy. Values shown as mean with n = 3. 562 

 563 

Figure 4. High-accuracy assembly of crRNAs for a Cas13d nuclease 564 

(A) Accuracies of the assembly of 9, 12, or 15 crRNAs for RfxCas13d using the GGA-based strategy. Values shown as mean with n ≥ 3. (B) 565 

Quantification of relative mRNA expression compared to the non-targeting control in HEK293T cells 48 h after transfection with a plasmid 566 
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containing EF1a-RfxCas13d and a U6-driven CRISPR array of 15 crRNAs targeting the indicated 15 endogenous transcripts. Values shown 567 

as mean with n = 3. 568 

Figure 5. Distinct expression patterns of Pol II/III promoter-driven CRISPR arrays 569 

(A) Quantification of relative mRNA expression over the non-targeting control in HEK293T cells 48 h after transfection with EF1a-570 

denAsCas12a-VPR and an array of 12 crRNAs driven by either U6 (U6-array) or EF1a (EF1a-array). Values shown as mean ± SD with n = 571 

3. (B) Representative northern blot images of mature crRNAs processed from CRISPR arrays driven by U6 or EF1a. Blots of crRNA-6 were 572 

not detected because the corresponding probe was not working well. (C, D) Quantification of the indicated gene expression over the non-573 

targeting control in HEK293T cells 48 h after transfection with EF1a-denAsCas12a-VPR and a U6- or EF1a-driven array of 2 crRNAs 574 

targeting the promoter of HBB (C) or RHOXF2 (D). (E) Quantification of gene editing efficiency in HEK293T cells 72 h after transfection 575 

with enAsCas12a and a DNMT1-targeting crRNA driven by either U6 or EF1a. (F, G) Quantification of relative HBB expression over the 576 

non-targeting control in HEK293T cells 48h after transfection with EF1a-denAsCas12a-VPR and the indicated arrays (12×) driven by U6 (F) 577 

or EF1a (G), where HBB-targeting crRNAs were positioned at different loci. Values shown as mean with n = 3. 578 

 579 

Figure 6. Improved targeting efficiency by optimizing the internal architecture of the CRISPR array 580 

(A) Schematics of CRISPR arrays used with denAsCas12a-VPR: U6-array (12), EF1a-array (12), U6-4-U6-4-U6-4. (B) Quantification of 581 

relative mRNA expression over the non-targeting control in HEK293T cells 48 h after transfection with EF1a-denAsCas12a-VPR and the 582 

indicated arrays. Values shown as mean ± SD with n = 3. (C) Schematics of CRISPR arrays used with RfxCas13d: U6-array (15), U6-4-U6-583 

4-U6-4-U6-3. (D) Quantification of relative mRNA expression of the indicated genes compared to the non-targeting control in HEK293T 584 

cells 48 h after transfection with RfxCas13d and the indicated arrays. Values shown as mean ± SD with n = 3. 585 

 586 

Figure 7. Enhanced expression of Pol II promoter-driven CRISPR arrays by introducing an upstream GFP-coding sequence 587 

(A) Quantification of relative mRNA expression over the non-targeting control in HEK293T cells 48h after transfection with EF1a-den12a-588 

VPR and EF1a-driven arrays with/without upstream EGFP or stuffer. The 745-bp stuffer with a GC content of ~30% was cloned from the 589 

pLKO.1 cloning vector (see Supplemental Table for a detailed sequence). Values are shown as mean ± SD with n = 3. (B) Representative 590 

northern blot images of mature crRNAs processed from EF1a- and EF1a-GFP-arrays. (C) Quantification of relative mRNA expression over 591 

the non-targeting control in HEK293T cells 48 h after transfection with EF1a-den12a-VPR and CMV-driven arrays with/without upstream 592 

EGFP. Values shown as mean ± SD with n = 3. (D) Representative northern blot images of mature crRNAs processed from CMV- and CMV-593 

GFP-arrays. 594 
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Zhao and colleagues designed a novel high-accuracy, cost- and time-saving strategy for CRISPR array 

assembly. Moreover, they revealed that CRISPR arrays driven by Pol II promoters exhibit a distinct 

expressing pattern compared to Pol III promoters. Based on these findings, we designed improved 

approaches for expressing long CRISPR arrays. 
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