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40 ABSTRACT

41 Acute Myeloid Leukaemia is a complex heterogenous disease caused by clonal expansion 

42 of undifferentiated myeloid precursors. Recently, several haematological models have 

43 been developed with CRISPR/Cas9, using viral vectors, because blood cells are hard to 

44 transfect. To avoid virus disadvantages, we have developed a strategy to generate 

45 CRISPR constructs, by means of PCR, which any lab equipped with basic technology can 

46 implement. These PCR-generated constructs enter easily into hard-to-transfect cells. 

47 After testing its functionality by editing MYBL2 gene in HEK293 cells, we successfully 

48 introduced the R172 mutation in IDH2 gene in NB4 cells that expresses constitutively the 

49 Cas9 nuclease. Comparing our methodology with ribonucleoprotein strategies, we found 
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50 that mutation introduction efficiency was similar between both methodologies, and no 

51 off-target events were detected. Our strategy represents a valid alternative to introduce 

52 desired mutations in hard to transfect leukemic cells, avoiding using huge vectors or viral 

53 transduction.

54 INTRODUCTION

55 CRISPR are repetitive DNA sequences that, together with the CRISPR associated 

56 proteins (Cas proteins), act as a prokaryotic adaptive natural defence against virus attack 

57 described in archaea and eubacteria [1–4]. The main components of this system have been 

58 adapted to be used ectopically to edit all sorts of cells and organisms [5–9]. As a 

59 consequence, the CRISPR technology has emerged as a revolutionary way to manipulate 

60 genomes of all types, through animal models and plants, to human cells. Using CRISPR 

61 make it possible to develop several haematopoietic cell models (reviewed by González-

62 Romero et al. [10]). However, the main handicap of these cells is the poor transfection 

63 efficiency. Thus, viruses are preferred to introduce CRISPR into cells.[11–14] These 

64 methods present disadvantages like packing capacity, induction of immune reactions or 

65 integration of lentivirus [15].

66 Acute myeloid leukaemia (AML) is a heterogeneous disease produced by clonal 

67 expansion of myeloid precursors, resulting in impaired haematopoiesis and bone marrow 

68 failure [16]. Mutations in the isocitrate dehydrogenase 2 enzyme gene (IDH2) are 

69 associated with specific clinical outcomes and characteristic gene expression and 

70 epigenetic changes [17]. IDH2 presents two recurrent mutations, IDH2R140 and IDH2R172. 

71 IDH2R172 has been proposed as a trait to create a new category of AML [18]. Therefore, 

72 studying these mutations using cell and animal models is essential to provide with tools 

73 to find out new therapies against AML. In this regard, CRISPR bring us an invaluable 

74 toolkit to create these models. 
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75 In this study, we developed a strategy to easily generate constructs to introduce 

76 CRISPR/Cas9 elements, in an efficient way, into the difficult-to-transfect NB4 

77 haematological cells. We designed an easy way to assemble small constructs to express 

78 single RNA guides (sgRNAs). Alternatively, these constructs include GFP, to follow 

79 transfection or/and to isolate singled cells. We generated a NB4 cell line that 

80 constitutively expresses Cas9 (NB4-Cas9), that allowed us to introduce our easy-to-make 

81 constructs to produce the IDH2R172 mutation. Moreover, we proved the effectiveness of 

82 our strategy successfully cleaving another gene target, MYBL2. This gene encodes a 

83 transcription factor involved in cell cycle, cell survival and cell differentiation regulation 

84 [19]. Deregulations in its expression are related with a broad spectrum of cancer entities, 

85 as AML [20]. Finally, we compared the efficiency of our new strategy with 

86 ribonucleoprotein complexes, and we did deep sequencing analysis to analyze the 

87 efficiency and to discard off-target events. 

88 MATERIAL AND METHODS 

89 Construction of the pEGR1 vector

90 To clone the sgRNA cassette (pU6 promoter, sgRNA scaffold and terminator) in 

91 pEGFP-N1, primers with AflII restriction sites were used to amplify sgRNA cassette from 

92 the PX458 plasmid  (Addgene 48138) [21]. pEGFP-N1 and insert were digested with 

93 AflII (Thermo Fisher Scientific, Waltham, Massachusetts, US). Digested vector was 

94 dephosphorylated with Alkaline Phosphatase (New England Biolab, Ipswich, 

95 Massachusetts, United States). Then, both were purified using QUIAquick PCR 

96 Purification Kit (QIAGEN, Hilden, Germany) and ligated by T4 DNA ligase (Thermo 

97 Fisher Scientific) at RT. The product was electroporated in Top10 electrocompetent cells. 

98 We used PCR to screen for positives. The plasmid from these bacterial clones was 
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99 purified with QIAprep Spin Miniprep Kit (QIAGEN) and verified by sequencing (Figure 

100 1A).

101 Creating the sgRNA constructs by fusion PCR

102 Different primer combinations were used to create the constructs that encode the 

103 sgRNAs against IDH2 or MYBL2. All PCRs were carried out using the Phusion High-

104 Fidelity Polymerase (Thermo Fisher Scientific) and pEGR1 as a template. Detailed 

105 protocol to create pU6-sgRNA and EGFP-U6-sgRNA modules is explained in Figure 1B. 

106 We phosphorylated the primers with T4 Polynucleotide kinase to generate the 

107 phosphorylated sgMYBL2 construct (New England Biolab). After phosphorylation, 

108 primers were purified by MinElute PCR Purification Kit (QIAGEN), to do the fusion 

109 PCRs. All constructs were also purified by MinElute PCR Purification Kit (QIAGEN) 

110 prior transfection.

111 Figure 1. PCR-generated sgRNA constructs. (A) Development of the pEGR1 vector, as a 

112 template to generate sgRNA constructs by PCR. The sgRNA cassette was amplified from the 

113 pX458 vector and then was inserted in the pEGFP-N1 vector. (B) Schematic illustration of the 

114 pEGFP-pU6-sgRNA scaffold plasmid, pEGR-1. With specific primers it is possible to generate a 

115 construct, using fusion PCR, containing either the GFP cassette and the sgRNA (b1), or just the 

116 sgRNA (b2). First, to create the pU6-sgRNA module, the PCR_1F and PCR_1R primers were 

117 used to amplify the terminator sequence with a specific sgRNA. FPCR_1F presents in 5' the 

118 specific 20 nucleotide sequence (orange). The region of the vector in which the FPCR_1R primer 

119 lies is complex and contains repetitions. To avoid this issue, we inserted a tail in 5' of this primer, 

120 that will be used as a template in subsequent PCR reactions. FPCR_2F and FPCR_2R primers 

121 amplify U6 promoter and a specific sgRNA. In that case, a part of the sequence of FPCR_2R is 

122 the sgRNA reverse sequence. These two products were merged in a specific PCR with FPCR_3F 

123 and FPCR_3R primers because both products overlap (b1). Following the same strategy, the 

124 EGFP-U6-sgRNA module was created using FPCR_4F and FPCR_4R primers to amplify CMV 
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125 promoter, EGFP gene, terminator and the sgRNA reverse sequence. At the same way that 

126 previous construct, these two constructs can be merged. In this case FusionPCR_5F and 

127 FusionPCR_3R primers are used. FusionPCR_3R has homology against FusionPCR_1R tail, so 

128 it is used in both fusions (b2). 

129 Design of sgRNAs and ssODN

130 The sequence around the target in IDH2 was sequenced from NB4 cells by Sanger 

131 Sequencing to ensure that there was no single nucleotide polymorphism (SNPs) present, 

132 that may prevent from homologous recombination events. This sequence was used as a 

133 bait in sgRNA predictor web page chopchop.cbu.uib.no [22]. To test the MYBL2 gene, 

134 we designed a sgRNA in the intron 3 of the gene, used before in the lab. To introduce the 

135 R172K mutation, a single stranded DNA (ssODN) was designed with 35 nt homology 

136 arms, the IDH2R172K point mutation and silent changes to prevent Cas9 reiterated 

137 cleavage. The sgIDH2_2 PAM silent change introduces a new point of cleavage site for 

138 the restriction enzyme HhaI (New England BioLabs). For the sgIDH2_1 PAM it was 

139 impossible to modify the essential sequence, so we introduced seven silent changes in 

140 sgIDH2_1 sequence (Figure 3). The ssODN was synthesized as Ultramer 

141 Oligonucleotides (IDTDNA, Coralville, Iowa, United States).

142 PCR amplified Cas9 cassette

143 The whole hCas9 cassette PCR from hCas9 vector was amplified by Phusion High-

144 Fidelity DNA Polimerase (Thermo Fisher Scientific) with specific primers. Before cell 

145 transfections, PCR Cas9 was purified by MinElute PCR Purification Kit. 

146 PX458-sgMYBL2 vector

147 PX458 with sgMYBL2 expression was produced following a previous protocol [21]. 

148 HEK293 cell culture and transfections
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149 HEK293T and HEK293 cells were cultured in DMEM 1X (Thermo Fisher Scientific) 

150 supplemented with 0.5 % Peniciline/Streptomycin 100X Solution (Biowest, Minneapolis, 

151 U.S.A) and 10% Fetal Bovine Serum (Thermo Fisher Scientific). Cells were incubated at 

152 37ºC at 5 % CO2. For CRISPR transfections we used Lipofectamine3000 (Invitrogen), 

153 0.9 x105 cells and pMAX was transfected as control. For sgMYBL2 and hCas9 plasmid  

154 (Addgene 41815) [23] co-transfection, we tested different concentrations: 500 ng hCas9–

155 23.3 ng sgMYBL2; 250 ng hCas9-12 ng sgMYBL2; 250 ng hCas9-35 ng sgMYBL2; 250 

156 ng hCas9-60 ng sgMYBL2 and 150 ng hCas9-7 ng sgMYBL2. To test the effect of the 5' 

157 termini phosphorylation, phosphorylated sgMYBL2 construct was transfected together 

158 with the hCas9 vector. Finally, we assayed transfection of 35 ng of sgMYBL2 PCR 

159 construct together with 250 ng of the PCR-amplified Cas9 cassette.

160 For IDH2 editing, 35 ng of each guide or 17.5 ng of both guides were co transfected 

161 with 250 ng of hCas9 vector. For editing experiments, 10 µM of ssODN was used.

162 Generation of the NB4 cells expressing constitutively Cas9 

163 One day before transfection, 3x106 293T cells were seed in a 10 cm dish. Cells were 

164 transfected with lentiCRISPR V.2 and two packaging plasmids (pPAX2 and pMD2.G) 

165 with the Cl2Ca method. 48 h post transfection, the supernatant containing the lentivirus 

166 was collected, filtered through a 0.45 µm nitrocellulose filter and stored at -80ºC for 

167 further use. The lentiCRISPR V.2 contains the Streptococcus pyogenes Cas9 nuclease 

168 and puromycin resistance gene. For lentiviral transduction, 5 x105 NB4 cells were 

169 infected with 100 µL of the lentivirus supernatant and polybrene to a final concentration 

170 of 4 µg/µL. After 24 h, cells were centrifuged and resuspended in media with puromycin 

171 (0.6 µg/mL) (InvivoGen, San Diego, California, U.S.A). Cells were maintained with 

172 these conditions several days. To isolate positive cells (i.e. with inserted virus) DNA was 
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173 extracted to detect the presence of the Cas9 gene by PCR. After PCR confirmation, NB4 

174 Cas9 positive were maintained in media supplemented with 0.2 µg/mL of puromycin. 

175 NB4 cell culture and nucleofection

176 NB4 cells were cultured in RPMI Medium 1640 (Gibco, Thermo Fisher Scientific), 

177 supplemented with 1% Peniciline/Streptomycin 100X Solution and 10% Fetal Bovine 

178 Serum. NB4-Cas9 medium is supplemented with 0.2 ug/mL of puromycin. Cells were 

179 incubated at 37 ºC and with 5 % CO2. For nucleofection experiments we used Cell Line 

180 Nucleofector Solution Kit V (Lonza Basel, Switzerland), 2x105 cells and pMAX was 

181 transfected as a positive control. We followed Lonza Protocol for Kit V. NB4-Cas9 cells 

182 were nucleofected with 400 ng or 800 ng of sgIDH2_1 and sgIDH2_2 constructs. To 

183 assemble the ribonucloprotein (RNP)-ensembled complexes, the crRNA and tracrRNA 

184 (IDTDNA) elements were hybridized to form sgRNA following manufacturer`s protocol. 

185 Prior to nucleofection, 17 µg of purified recombinant S. pyogenes Cas9 nuclease 

186 (IDTDNA) was added to 20.3 µg of each duplex and incubated for 10 min at RT to form 

187 RNP complex. Two hundred thousand NB4 cells were nucleofected. For edition 

188 experiments 1uL of ssODN (100 µM) was used.

189 On-target and off-target analysis by Next Generation Sequencing 

190 Using Cas-OFFinder [24] we selected potential off-targets that differed from 

191 sgIDH2_1 and sgIDH2_2 by up tree mismatches (Table 1). The same samples used for 

192 RFLP assays were used as templates to analyse on-target and the 16-potential off-targets. 

193 Two step PCR strategy was used to generate the library. For the first PCR, primers for 

194 each locus contained an adapter sequence. PCR products were purified with AMPure 

195 Beads (BD Bioscience, Franklin Lakes, New Jersey, US). For the second, PCRs were re-

196 amplified with primers containing the adapter sequence overlapping the first primers, and 
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197 with an index sequence in the reverse primers. Final PCR products were purified with 

198 AMPure Beads (BD Bioscience). The library was prepared with PCR products pooled in 

199 equimolar amounts following the manufacture’s protocol and loaded in a Micro MiSeq 

200 Reagent Kit v2 (500-cycles) (Illumina, San Diego, CA, USA) on a MiSeq platform 

201 (Illumina). The fastaq.gz files were analysed through CRISPResso2 software [25] to 

202 evaluate the editing efficiency and possible off target effects, using default parameters.
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Table 1. Off-targets selected.
Chromosomal 

position Gen name Sequence Region

sgIDH2_1

1_off1 chr3: 76082901 ROBO2 cGGACCAAGgCgATCAC
CATGGG Intron

1_off2 chr4: 130711158 (-) TGtACCAAGCtCATCAaC
ATTGG Intergenic

1_off3 chr1: 2405874 PEX10 TGGgCCAtGCCCATCcC
CATCGG Intron

1_off4 chr1: 54465152 TGGACCAAGCCCcTCA
CCtTGGG Intergenic

1_off5 chr15: 70078666 TLE3 TGGcCCAAGCCCtTCAC
CAaCGG Intron

1_off6 chr17: 83115842 (-) TGGACCAAGtCCAcCtCC
ATGGG Intergenic

1_off7 chr10: 127909863 (-) PTPRE TGGACCAtGCCCATCca
CATCGG Intron

1_off8 chr6: 31629230 PRRC2A gGGACCAAtCCCATCAC
CcTTGG Exon

1_off91 chr14: 99534805 CCNK/CCDC85
C

TGGcCaAAGCCCtTCAC
CATAGG Exon/Intron

1_off10 chr9: 38523669 RP11-103F21.4 gGGACCAgGCCCtTCAC
CATTGG Pseudogen

1_off11 chr9: 97112588 gGGACCAgGCCCtTCAC
CATTGG Intergenic

1_off12 chr18: 58014733 (-) TGaACCAAGCCCATaAC
CcTTGG Intergenic

sgIDH2_2

2_off1 chr5: 173428070 CTB-32H22 CTGaCCTgCCTGGTCcCC
ATTGG Intron

2_off2 chr1: 205830643 (-) PM20D1 tTGGCCTcCCTGGTCGtC
ATGGG Intron

2_off3 chr2: 241745044 D2HGD CTGGCCTtCCTGGTgGtC
ATGGG Intron

2_off4 chr17: 2879971(-) RAP1GAP2 CaGGCCTACCTGGTCcC
CATTGG Intron

1Off-target 1.9 sequence correspond with the last exon of CCNK gen and the first intron of CCDC85C gen.
Mismatches between sgRNA and off target sequence are indicated in red nucleotides.

203 FACS

204 Rates of GFP+ transfected cells with pMAX, pX458 vector and GFP-sgMBYBL2 

205 construct were measured by flow cytometry. We nucleofected 800 ng of pX458, 800 ng 

206 of GFP construct and 500 ng of pMAX in 2 x105 NB4-Cas9 cells. Cells were analysed 

207 on a FACSDiva 8.0.1 (BD Bioscience) 24 h after nucleofection.
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208 T7 Endonuclease I and RFLP analysis

209 To evaluate Cas9 cleavage and editing efficiency with T7-Endonuclease I (T7-EI) or 

210 RFLP analysis, the genomic DNA of transfected cells was extracted 48 h post 

211 transfection. For both protocols, target cleavage sites were amplified by PCR with 

212 specific primers. After agarose purification with E.Z.N.A Gel Extraction Kit (OMEGA, 

213 Biel/Bienne, Switzerland), T7-EI (New England Biolabs) assays were carried as is 

214 described in literature [26]. For RFPL assay, HhaI manufacture’s protocol was carried. 

215 Products of both protocols were separated by DNA 10% polyacrylamide or 2% agarose 

216 gels and stained with SYBR Safe DNA Gel Stain (Thermo Fisher Scientific). ImageJ 

217 program was used to estimate indel or editing percentage measuring integrated intensity 

218 of digested and undigested products.

219 RESULTS 

220 PCR-generated sgRNAs are functional in HEK293 cells

221 To develop an efficient, affordable and general strategy to edit leukemic cell lines 

222 we sought to create DNA constructs to deliver sgRNAs as small as possible with better 

223 chances to get into cells. Firstly, we created pEGR1, containing structural sequences to 

224 induce expression of the sgRNAs (i.e. promoter, the conserved sequence of the sgRNA 

225 and poly (A)-signal) but lacking the specific target sequence. From pEGR1 it is possible 

226 to produce two kind of constructs by PCR. One carrying the sgRNA for the specific target 

227 (465 bp), and another with the guide and EGFP (2033 bp). In this way, we generated 

228 sgRNAs with MYBL2 guide and with IDH2_1 and IDH2_2 guides.

229 Before testing our system in leukemic cells, we checked the functionality of the 

230 PCR-engineered sgRNA constructs in HEK293 cells. First, we explored the cut efficiency 

231 co-transfecting sgMYBL2 constructs with the hCas9 vector. Different construct/vector 

232 ratios were assayed to optimize the experiments. These experiments showed that 
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233 increasing the amount of DNA produced a dose-dependent increase in non-homologous 

234 end joining (NHEJ) events. However, from 250 ng of hCas9 and 35 ng of sgRNA, there 

235 was no further increase (10.3 %), despite we increased the quantity of hCas9 and 

236 sgMYBL2. So, we selected this mix of components for further experiments. Comparing 

237 these results with the transfection of the PX458 vector with the same MYBL2 guide, we 

238 found that the cut efficiency obtained with this vector (7.8 %) is lower to the cut efficiency 

239 produced with sgMYBL2 construct (Table 2).

240 Then, we reasoned that a smaller DNA construct encoding Cas9, rather than the 

241 average CRISPR plasmid encoding the plasmid replication components, would enter 

242 easier into cells. Hence, we amplified the whole Cas9 cassette (i.e. CMV promoter, Cas9 

243 gene, and polyA-signal) from the hCas9 plasmid. This PCR product is around half the 

244 size (≈ 5000 bp) of the plasmid (9553 bp). The PCR products of Cas9 were functional in 

245 HEK293 cells but the cut efficiency was substantially reduced compared to the 

246 experiments described above (4.1 %) (Table 2).

247 Previously, other researchers suggested that PCR products with phosphorylated 5' 

248 ends induce enhanced expression of their encoded products [27]. Thus, we transfected 

249 sgMYBL2 with 5' phosphorylated ends, to study the effect in targeting efficiency, but no 

250 differences were found with non-phosphorylated constructs (Table 2). Considering 

251 previous optimizations, we continued exploring construct functionality on the IDH2 gene. 

252 sgIDH2_1, sgIDH2_2 (Figure 2A) and both constructs together were transfected with the 

253 hCas9 vector following the selected ratio above. Co-transfection of both sgRNA showed 

254 the highest indel production (21.1 %), compared to individual sgRNAs (10.8 % for 

255 sgIDH2_1 and 8.3 % for sgIDH2_2) (Figure 2B) (Table 3). With both sgRNAs, we tried 

256 co-transfection with the PCR-amplified Cas9 cassette, but we found a substantial indel 

257 reduction (3.36 %) (Table 3).
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258 Finally, to introduce the IDH2R172 mutation we used ssODN as a template carrying 

259 the point mutation, six silent modifications to avoid further events of DNA cleavage and 

260 a restriction site for HhaI (Figure 3). The ssODN was co-transfected at 10 µM with IDH2 

261 guides and hCas9 vector. By RFLP assay with HhAI enzyme we got an editing efficiency 

262 of 1.01 % (Table 3).

263

264 Figure 2. Targeting IDH2 gene in HEK293 cells. (A) Structure of IDH2 gen, in detail the 

265 position of R172K mutation in exon 4. Blue lines indicate designed sgRNA, and red lines indicate 

266 the protospacer adjacent motif (PAM) sequences. (B) T7 endonuclease I assay depicting indel 

267 formation by candidate sgRNAs. Black numbers show band relative intensities (%). Red triangles 

268 point uncuted products, and green triangles T7E-I products.

269 Figure 3. Diagram of the ssODN designed to target IDH2. The R172 mutation is indicated in 

270 orange and additional changes were introduced to avoid Cas9 re-cutting (red). The change 

271 introduced in the PAM sequence (underlined nucleotides) of the sgRNA_2 introduce the HhaI 

272 target sequence, that is used for the RFLP analysis of the editing efficiency.

273
Table 3. Indels and editing results obtained for IDH2 edition optimization in HEK293 cells.

Conditions sgIDH2_1 sgIDH2_2 sgIDH2_1 + 
sgIDH2_2

250 ng PCR 
Cas9

sgIDH2_1 + 
sgIDH2_2

sgIDH2_1 + 
sgIDH2_2

10 µM ssODN

Exp.1 19.0 7.1 24.2 4.45 0.5
Exp. 2 11.0 15.0 28.8 2.82 0.865

Table 2. Results of indels obtained in the different optimizations probed with sgMYBL2 in 
HEK293 cells.

Conditions

150 ng 
hCas9
7 ng 

sgMYBL2

250 ng 
hCas9
12 ng 

sgMYBL2

250 ng 
hCas9
35 ng 

sgMYBL2

250 ng 
hCas9
60 ng 

sgMYBL2

500 ng 
hCas9
23.3 ng 

sgMYBL2

250 ng 
hCas9
35 ng 

sgMYBL2
-P

250 ng 
PCR 
Cas9
35 ng 

sgMYBL2

PX458-
MYBL2

Exp.1 4.5 3.45 5.2 6.0 5.2 14.0 3.0 4.3
Exp. 2 3.0 5.8 8.0 6.0 3.0 8 7.0 11.0
Exp. 3 3.7 4.0 13.0 14.7 14 6 2.4 3.0
Exp. 4 2.5 4.0 14.8 5.3 8.4 13.9 - 13.0

Average Indel 
(%±SEM) 3.4±0.4 4.3±0.5 10.3±2.2 8.0±2.2 7.6±2.3 10.5±2.0 4.1±1.4 7.8±2.5
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Exp. 3 9.0 5.4 11.8 2.8 1.165
Exp. 4 4.0 5.5 19.7 - -

Average indel 
or edition 
(%±SEM)

10.8±3.1 8.3±2.2 21.1±3.6 3.36±0.55 1.01±0.19

For each experiment, 250 ng of hCas9 vector and 35 ng of guide construct were used, less in PCR Cas9 
experiments.

274 PCR products encoding sgRNAs are functional and readily transfected into 

275 leukaemia cell lines

276 To compare the efficiency of our sgRNA with the available CRISPR plasmids, we 

277 nucleofected the EGFP-sgMYBL2 constructs, the small commercial vector pMAX and 

278 the PX458 plasmid in the NB4-Cas9 line. Then, the EGFP positive cells were measured 

279 by flow cytometry. As we expected, while PX458 plasmid produced only 1 % of EGFP 

280 positive cells, EGFP-sgMYNL2 produced almost 40 %, while with pMAX vector we 

281 obtained almost 26 % (Figure 4). We observed no significant cell death, hence we believe 

282 that there is not toxicity from nucleofection experiments.

283

284 Figure 4. PCR-generated sgRNAs gets easily into NB4 cells. (A) Cytometry analysis of NB4 

285 cells transfected with GFP-sgMYBL2 construct, shows that they present a similar number of GFP 

286 positive cells (blue color) than cells transfected with the commercial pMAX vector. In contrast, 

287 we observe very little transfection efficiency using the PX458 plasmid. (B) Using the EGFP-

288 sgMYBL2 PCR product we obtained 39.1%±7.0 (Mean±SEM) of EGFP+ cells). This percentage 

289 was higher than the EGFP+ cells produced with transfection of the small pMAX vector, 

290 25.7%±0.9, although the difference was not statistically significant (one-way ANOVA test, with 

291 posthoc Tukey). Transfection with these constructs were statistically different from the 

292 fluorescent background (0.2%±0.1) with p-values <0.01 and 0.001 (pMax and EGFP-sgMYBL2, 

293 respectively) Both, pMAX and EGFP-sgMYBL2 showed statistically differences with the 

294 transfection results obtained with pX458 (2.4%±0.8), with p-values <0.01 and 0.001 respectively.
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295 Then, we focused on the IDH2 gene to optimize targeting and edition in NB4-Cas9 

296 cells. First, we transfected the IDH2 constructs 1 and 2 together, at two different 

297 equimolar concentrations (800 and 1500 ng). Although the differences were not 

298 statistically significant, we observed a slightly higher efficiency of indel production with 

299 the highest concentration (14.52 %) (Figure 5A). To introduce IDH2R172 we optimized 

300 the ssODN concentration, which resulted to be 100 µM, which produced 2.2 % of edition 

301 (Table 4) (Figure 5B). 

302 Since our method to produce sgRNAs showed to be functional in NB4-Cas9 cells, 

303 we sought to compare the efficiency of these PCR-generated guides with RNP complexes. 

304 Transfection of RNPs complexes in NB4 cells produced 29.8% of indels (Figure 5C). 

305 With ssODN, we got a 2 % average of edition (Table 4) (Figure 5D), which is comparable 

306 to our method to produce CRISPR components.

307 Figure 5. Analysis of IDH2R172K mutation introduced by CRISPR into NB4 cells. (A) 

308 Electrophoresis in acrylamide gel of the products of the T7 endonuclease I assay, depicting indel 

309 formation by the sgRNA selected, using two different concentrations (B) Acrylamide gel to 

310 resolve the RFLP assay to investigate the rate of genome editing, using 100 µM of ssODN. The 

311 RFLP products were resolved in polyacrylamide gel. The cleaved products were used to quantify 

312 editing efficiency. For better visualization gel brightness and contrast were modified after 

313 quantification. (C) Acrylamide gel to resolve the products of the RFLP analysis, from cells 

314 targeted using RNP complexes. T7 endonuclease assay performed with RNA complexes with 

315 sgIDH2_1 and sgIDH2_2. (D) Acrylamide gel to resolve the RFLP assay to test edition in NB4 

316 cells. Black numbers show band relative intensities (%). Red triangles point uncut products, and 

317 green triangles cut products. The percentage of cleavage with each combination of DNAs or RNPs 

318 is described below of each run (See full polyacrylamide gel in Figure S2 A-D).

319

320
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321
Table 4. Indel and editing efficiencies using sgIDH2 constructs in NB4-Cas9 cells 
and RNPs in NB4 cells.

Conditions sgIDH2_1 + 
sgIDH2_2 RNPs

sgIDH2_1 + 
sgIDH2_2

100 M

RNPs
100 M

Exp. 1 21.56 28.7 2.8 2.5
Exp. 2 7 34.16 2.3 1.6
Exp. 3 15 26.7 1.5 2.0

Average indel 
or edition 
(%±SEM)

14.52±7.28 29.85±3.86 2.2±0.4 2.0±0.3

For editing NB4-Cas9 cells, 750 ng of each constructs were used. 

322 Deep sequencing of CRISPR-treated cells shows similar rates of gene editing and 

323 no off-targeting events

324 Amplicon deep sequencing was used to investigate gene editing efficiency and also 

325 potential off-target modifications, among the population of NB4-Cas9 and NB4 cells 

326 edited for IDH2R172 mutation. Sequencing data was analysed using the CRISPResso 2 

327 software. The sequencing reads, are shown in Figure 6. For the NB4-Cas9 edited cells, 

328 10.95 % of reads showed NHEJ repair, and 22.37 % for NB4 edited cells. The main 

329 modifications observed in the IDH2 locus were deletions. NB4-Cas9 edited cells 

330 displayed mainly deletions in the range of 20-29 pb (5.80 % of total reads). In the same 

331 way, NB4 edited cells showed mostly deletions of the same length (10.52 % of total 

332 reads), followed by deletion of 30-39 pb (10.20 % of total reads). The prevalence of reads 

333 with a precise DNA deletion between each PAM sequence is a characteristic result of 

334 combined use of two sgRNA [28]. 

335 In regard of knock-ins for the edited NB4-Cas9 cells, we obtained 2.44 % edited 

336 reads. Within that percentage, 0.42 % of reads integrated all ssODN changes less IDH2_2 

337 PAM modification. These successful events of gene editing remove the HhaI site. In the 

338 case of edited naïve NB4 cells, we obtained 1.64 % of edited reads. Furthermore, 

339 CRISPResso2 classified reads with partial homology directed repair (HDR) in different 
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340 editing subtypes. Reads with ssODN changes and other type of modifications (deletions 

341 or insertions) were classified as imperfect HDR (less than 0.5 % of reads). Finally, 0.19 

342 % and 5.59 % of reads were filed as ambiguous reads for NB4-Cas9 and NB4 edited 

343 pools, respectively. These reads showed deletions with the extension of 22-99 pb, altering 

344 the quantification window used by the software. Due to this, these ambiguous reads are 

345 not classified as NHEJ repaired reads.

346 If we consider all reads with any kind of change as Cas9 activity, the results are 

347 comparable to the T7E-I assays. For NB4-Cas9 edited cells we obtained 14.52 % of indels 

348 and 13.82 % of edited reads by Next Generation Sequencing (NGS). For the NB4 edited 

349 cells, we observed 29.8 % of indel production, as shown by the T7E-I assay, and 29.9 % 

350 of edited reads by NGS. No significant percentages of reads with changes were detected 

351 in the potential off-targets in this mass sequencing analysis.

352

353 Figure 6. Summary adapted from CRISPResso2 results of the main identified alleles 

354 generated from edition IDH2 gen. In the first line of each experiment is shown the reference 

355 sequence with the two sgRNA used underlined and the desire mutation to introduce. Deletions 

356 are shown in horizontal lines. Blue nucleotides are resulted from gene editing by ssODN. Red 

357 nucleotide represents an imperfect HDR.

358 DISCUSSION

359 In haematology, the CRISPR/Cas 9 system has triggered the development of many 

360 in vitro and in vivo models, along with new therapies (González-Romero et al). The main 

361 CRISPR vehicle used for in vitro experiments with haematopoietic cells are lentivirus. In 

362 the published literature, using haematological cells as models of leukaemia with 

363 lentivirus, we found cut efficiencies in range of 10 [14] to 90 % [11]. And up to 10 % for 

364 edition when using a DNA template for recombination [14]. To elude the major 
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365 disadvantages of using lentivirus, we have developed a quick strategy to edit genes in 

366 leukemic cells.

367 We developed the pEGR1 vector and a protocol to produce sgRNAs by PCR. Using 

368 this, we produced sgRNA against MYBL2 and IDH2 and tested their functionality in 

369 HEK293 cells. Our PCR sgRNA, co-transfected with the hCas9 vector, showed a 

370 tendency to produce higher number of indels than standard CRISPR plasmids, like 

371 PX458, in HEK293. Therefore, our new method, which do not require bacterial 

372 transformation and selection, may be an alternative to using big CRISPR plasmids in 

373 these cells. On the other hand, this strongly suggests that reducing the size of the DNA 

374 increases substantially the chances of gene targeting. To edit IDH2, we combined two 

375 sgRNAs, which very much increased DSB than transfecting each guide individually, in 

376 agreement with other works [29]. 

377 Despite we obtained moderate efficiencies in HEK293, these results are in line with 

378 others published elsewhere [30–32], although many groups reported higher results in this 

379 cell line [28,33,34]. This discrepancy is probably due to many factors as cell type and 

380 target specific issues [31]. Many works proved that eukaryotic chromatin structures are 

381 critical factors for Cas9 nucleases efficiency [35–38]. Eukaryotic DNA forms complex 

382 structures as nucleosomes, which block Cas9 interaction with PAM sequences [35]. Isaac 

383 and colleagues reported than CRISPR/Cas9 system is less efficient for targeting loci 

384 located at entry/exit sites of nucleosomes and in nucleosomal dyad than in nucleosome 

385 flanking regions [35]. Nucleosome structures are not static and are cell type specific [39]. 

386 So, a difficult accessibility of MYBL2 and IDH2 DNA sequences in HEK293 could 

387 explain these modest efficiencies.  

388 Finally, we replaced the hCas9 vector with PCR-amplified Cas9 cassette, although 

389 the indel production was reduced. In this regard, it has been described that lipofectamine 
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390 forms compact structures with circular DNA, and this is what induces cell uptake. 

391 However, long linear DNA forms necklace-like structures that disrupt uptake by cells 

392 [40,41]. Furthermore, linear DNA is more vulnerable to exonuclease enzymes due to their 

393 unprotected ends [42]. Altogether, this explain low editing efficiency using these PCR-

394 generated Cas9 cassettes.

395 When we used NB4 cells, we were barely able to introduce the PX458 vector. Hence, 

396 we decided to produce stable cell lines that constitutively expresses the Cas9 gene using 

397 a lentivirus, which encodes the nuclease. Three cell lines that express Cas9 were 

398 developed in our group (NB4-Cas9, HL60-Cas9 and MOLM-13-Cas9). Although we 

399 only used NB4-Cas9 in this work, these stable cell lines will allow us develop different 

400 stable models to study leukemic progression and the associated transcriptional changes. 

401 These lines were constituted with just one step of lentivirus transduction, since later steps 

402 of CRISPR transfections would include the constructs encoding the sgRNAs. Therefore, 

403 these future transfections do not include the uses of viral vectors, hence avoiding extra 

404 insertions of DNA. Altogether, this provides us with a model to produce CRISPR with 

405 easy, not only to do the proof-of-concept described here, but also for future investigations.

406 Using flow cytometry, we reported higher transfection ratios with our GFP-

407 containing guides, compared to PX458 (around 10 kb) or pMAX (around 3 kb) vectors, 

408 in the NB4-Cas9 cells. Our results are in agreement with the work of Wu and colleagues, 

409 who describe that PCR amplified EGFP produces high nucleofection efficiency in NB4 

410 cells than the parental plasmid, with little effect in cell viability [43]. Targeting of IDH2 

411 produced 10.52 % of cuts and 2.2 % of editing efficiency using our technology. NB4 cells 

412 are really difficult to transfect. According to commercial nucleofection protocols, in ideal 

413 conditions, it is possible to obtain nearly 80 % of transfection efficiency using pMAX 

414 vector. But in our hands, we achieved 26 % with the same vector after many 
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415 optimizations. Hence, we have reached the range of editing efficiencies for other 

416 leukemic cells, as the easy to transfect K562. This cell line is often used for gene editing 

417 optimization prior to edit stem cells due to its high transfection rate [11,33].

418 RNPs are usually chosen for gene editing due to their high efficiency. RNPs are 

419 recommended in cases where predicted potential off-targets, since they have a reduced 

420 window of activity. In our hands, RNPs increased indel occurrence but this did not 

421 correlated with higher editing rates, which agrees with previous reports [44]. This 

422 inconsistency may be caused by the cellular DNA reparation pathway, which tends to 

423 repair any genomic lesion, to avoid genomic instability [45]. HDR, using the sister 

424 chromatid as template, is the preferred way of fixing lesions, because it ensures reliable 

425 reparation [46], but NHEJ is easier and faster [47]. Hence, the molecular characteristics 

426 of both repair ways may contribute to a higher frequency of NHEJ correction.

427 Using NGS, we analysed 16 potential off-targets in edited NB4-Ca9 with our 

428 constructs and NB4 cells edited with RNPs. No off-target effects were detected, 

429 corroborating our idea that Cas9 gene inserted in NB4-Cas9 genome is secure. 

430 CONCLUSION

431 In this work we have expanded the CRISPR/Cas9 toolkit by developing a robust and 

432 alternative strategy to generate CRISPR constructs. Even though we have focused in NB4 

433 cells, this technology could be used to edit diverse classes of cell lines.
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