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report construct and the plasmid carrying CRISPR/Cas9/gRNA, but not CRISPR/Cas9 477 
lacking the gRNA sequence, resulted in GFP expression in approximately 7% of the 478 
RFP+ cells (3% out of 42%), indicating that sequence-specific DNA editing was achieved 479 
(Fig. 7A). A similar approach was performed in PBMCs and following electroporation, 480 
indels were verified by amplification of PDCD1 locus of the edited cells, which was 481 
subsequently cloned in pCR2.1 vector and analyzed by Sanger sequencing, evidencing 482 
cells containing indels of varying lengths in the PDCD1 locus (Fig. 7B). The results of 483 
gene editing experiments in 293T and PBMCs are summarized in figure 7C. The 484 
characterization of indels in PBMCs and 293T cells indicate that the use of our optimized 485 
electroporation protocol allowed efficient editing of PDCD1 locus in the tested samples. 486 
All the indels led to disruptions of the reading frame of the PD1 sequence (data not 487 
shown). 488 

 489 
Figure 7: Electroporation of CRISPR/Cas9 cassettes promotes gene editing of 490 PBMCs and 293T cells. (A) 293T cells were electroporated (buffer 3P, program A-023) 491 
without plasmid (negative control), with pRGS-CR plasmid (without PDCD1 target 492 
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sequence; mock) or with pRGS-CR-PDCD1. GFP and RFP expression was analyzed 24 493 
hours later. Numbers depict the percentage of cells inside each gate. (B) Representative 494 
image showing indels obtained in PDCD1 gene after electroporation of PBMCs with 495 
plasmid px330 (Cas9/gRNA). The indels are represented by lower case characters; 496 
numbers inside parenthesis depict substitutions (~) and numbers outside parenthesis 497 
depict additions (+) or deletions (-). Exons are not draw into scale. (C) Summarized 498 
results obtained for 293T cells and PBMCs, showing the number of colonies sequenced 499 
and the percentage of indels detected. Two experiments were done for each cell. 500 

Multiple target editing is possible using CRISPR systems. Since multiple loci 501 
editing require multiple gRNA, we evaluated the possibility of co-electroporating PBMCs 502 
with a reporter plasmid and FITC labeled short RNAs. This setting could be used to co-503 
electroporate a plasmid encoding a reporter gene (or Cas9 nuclease) and multiple short 504 
RNAs (such as gRNAs for editing several loci). Using the buffer 3P we were able to 505 
achieve high viability (Figure S19a) and up to 60,7% of cells expressing the short RNA 506 
when 50pmol of the RNA were used (Figure S19b). Concentrations above 75pmol of 507 
short RNA resulted in increased cell death and were not further used (data not show). 508 
From electroporated cells under the same condition, up to 14,8% co-expressed the 509 
reporter plasmid (encoding RFP) and the labeled short RNA (Figure S19c). This setting 510 
clearly allows efficient co-electroporation of plasmid DNA and short RNA, opening the 511 
possibility of combining siRNA and transgene expression or even multiple gRNAs and 512 
Cas9 expressing plasmids for gene editing.    513 

 514 
Table 1: Summarized electroporation conditions for each cell line (based in figure 515 
2; d1 after electroporation). 516  517 
Cell 
Line 

Cell Type Progr
am 

Recomme
nded 
Buffer 

Viability 
(Chicabu
ffer; 
±SD) 

Viabil
ity 
(Lonz
a) 

GFP 
expressio
n 
(Chicabu
ffer) 

GFP 
expres
sion 
(Lonza
) 

Non-adherent 
BA/F
3 

Mouse pro 
B cell 

X-001 2M 91,8±2,7
% 

79,00
% 

55,05±14,
2% 

88,00% 

HEL Erythroleuk
emia; 
erythroblast 
cell 

X-005 1S 70,4±17,1 39-
66% 

79±6,2% 94,00% 

Jurka
t 

Acute T cell 
leukemia, T 
lymphocyte
; 
lymphoblas
toid cells 

X-001 1SM 75,7±6,8
% 

90,00
% 

69±11,6 88,00% 
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K562 Human 
chronic 
myelogeno
us 
leukemia; 
lymphoblas
toid cells 

T016 1M 70,7±13,8
% 

88,00
% 

64,1±8% 80-
90% 

Nalm
-6 

Human B 
cell 
precursor 
leukemia 

C-005 3P 74,2±11,8
% 

87,00
% 

40,6±14,7
% 

64,00% 

P815 Mouse 
mastocytom
a; mast cells 

C-005 3P 70,2±29,9
% 

92,00
% 

60,5±16,6
% 

62,00% 

Adherent 
A549 Human 

lung 
carcinoma; 
epithelial 
cells 

X-001 3P 59,4±27,3
% 

81,00
% 

63,5±11,4
% 

72,00% 

293T Human 
embryonal 
kidney; 
adherent 
fibroblastoi
d cells 

A-023 1SM 79,9±24,7
% 

90,00
% 

38,6±30,2
% 

90,00% 

B16F
10 

Mouse skin 
melanoma 

P-020 2S 39,9±17
% 

91,00
% 

49,3±15,7
% 

84,00% 

HeLa Human 
cervix 
carcinoma; 
epitheloid 
cells in 
monolayers 

I-013 1M 45,1±16,5
% 

85-
90% 

66,4±8,3
% 

70,00% 

MCF
7 

Human 
breast 
adenocarcin
oma; 
epithelial 
cells 

P-020 1M 68,4±10,9
% 

60,00
% 

57±23,3
% 

77,00% 
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MDA
-MB-
231 

Human 
breast 
adenocarcin
oma; 
epithelial 
cells 

X-013 1SM 85,6±15
% 

77,00
% 

48,5±17,5
% 

79,00% 

huma
n 
MSC
s 

Human 
mesenchym
al stem cell 

U-023 2S 58,5±6,8
% 

48,00
% 

35±16,6
% 

80,00% 

NIH3
T3 

NIH Swiss 
mouse 
embryo; 
adherent 
fibroblastoi
d cells 

U-030 1SM 49,4±30,4
% 

87,00
% 

52,5±19,5
% 

84,00% 

Discussion 518   519 
Genetic modification of cells is a cumbersome and expensive process, often 520 

involving the use of viral vectors to achieve high efficiency transgene expression. The 521 
use of electroporation for the genetic modification of cells is being adopted by many 522 
laboratories as it represents a fast and cheap option for transfer of plasmids and RNA. 523 
Moreover, this technique is also very efficient, inducing transgene expression levels 524 
comparable to viral vectors in some cells (Bilal et al., 2015). Equipments capable of 525 
generating square-wave voltage pulses, like Lonza Nucleofector, are among the most 526 
efficient for mammalian cell electroporation (Mir, 2014). However, costs associated with 527 
the acquisition of nucleofection kits, especially if used in a routine basis, might hamper 528 
the use of this technology in some laboratories or impair large-scale experiments. 529 

  530 
In a previous work, our group described seven in house buffers and tested the 531 

electroporation efficiency of Jurkat cells and primary lymphocytes using Nucleofector 532 
(Chicaybam et al., 2013). The selected buffers induced high transgene expression and low 533 
toxicity, comparable to results obtained when Lonza´s kit were used. In this context, the 534 
present work comprises a practical guide for the electroporation of 14 cell lines and 535 
primary MSCs and HSCs, determining the best buffer (among seven options) to be used 536 
with Lonza Nucleofector II, a widely disseminated electroporation device. The 537 
electroporation score calculated for every cell line is a general guide for electroporation 538 
efficiency comparison, and the buffer choice can be adapted to the need of the planned 539 
experiment (higher GFP expression or cell viability). Chicabuffers showed to work for 540 
all the cells tested with most of the samples showing interchangeable results among the 541 
different buffers and only few exceptions where one of the buffers performed poorly. This 542 
results place Chicabuffers as a valuable tool for cheap and fast gene modification of 543 
basically every cell tested. Although we focused in Lonza´s device, it is likely that a 544 
similar approach using these buffers in conjunction with electroporators that allow 545 
modification of electroporation conditions could achieve even better results by fine tuning 546 
parameters like pulse amplitude, voltage and wave forms (Yarmush et al., 2014). Lonza`s 547 
buffers were already described to have good results when tested with alternative 548 
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nucleofector IIb programs (Gresch et al., 2004), suggesting that there is still room for 549 
optimization of electroporation conditions, reinforcing the potential of testing 550 
Chicabuffers under different experimental settings. 551 

  552 
Short-term viability and expression of GFP was very efficient for the majority of 553 

cell lines, and Chicabuffers performed equally well when compared to the results reported 554 
by Lonza, especially for non-adherent cell lines (table 1 and Fig. 2). Furthermore, our 555 
results are comparable to those reported in the literature for cell lines like K562 (Gresch 556 
et al., 2004) primary MSCs (Aluigi et al., 2006), although direct comparison of the results 557 
must be taken carefully because different plasmids were used. By combining this strategy 558 
with the Sleeping Beauty transposon system, the provided optimized protocols allowed 559 
long-term expression of transgenes in all the cells tested (Fig. 3). In the case of viral 560 
vectors, especially retroviral and lentiviral vectors, there is a wide availability of 561 
constructs carrying selectable markers, fluorescent reporters, promoters for different 562 
finalities and cassette configurations, increasing the options of possible cellular 563 
manipulations (Szulc et al., 2006; Vargas et al., 2012; Weber et al., 2008). This is in sharp 564 
contrast to the Sleeping Beauty system, which has a limited offer of transfer plasmids 565 
available. The new vectors developed and validated in the present report can improve 566 
flexibility and increase the applicability of this system, promoting accessible and efficient 567 
transgene integration into different cell types. These plasmids showed high and stable 568 
levels of transgene expression, and the addition of antibiotic resistance allowed the 569 
selection of GFP-expressing clones in vitro. Long-term expression of the transgene can 570 
be potentially increased by the use of SB100x RNA, decreasing the toxicity of the 571 
electroporation process as reported (Peng et al., 2009), or by carefully titrating the 572 
transposase plasmid mass to avoid overproduction inhibition (Grabundzija et al., 2010). 573 
These vectors and others recently reported in the literature (Kowarz et al., 2015), in 574 
conjunction with Chicabuffers, could be potentially used in diverse experimental gene 575 
therapy approaches, such as T cell immunotherapy (Singh et al., 2015), MSC (Martin et 576 
al., 2014) and stem cell gene therapy protocols (Aiuti et al., 2013), further facilitating the 577 
application of these technologies in basic, translational and clinical studies. 578 

  579 
Our results show the feasibility of this approach, enabling a stable transgene 580 

expression in CD34+ cells from cord blood samples, keeping GFP expression throughout 581 
hematopoietic differentiation. It would be interesting to test this strategy in stem cell 582 
differentiation models other than the hematopoietic system such as the central nervous 583 
system (Sartore et al., 2011), including models of in vivo differentiation. In addition, cells 584 
with clear therapeutic potential, such as T lymphocytes (Chicaybam et al., 2013) and 585 
MSCs (this report) could be stably modified using a combination of Chicabuffer, SB and 586 
electroporation. 587 

  588 
SB mediated modification of cells as described here proved to be stable in vitro 589 

and in vivo, with cells retaining transgene expression during tumor development in 590 
immunocompetent mice. The GFP+ B16F10 cells not only retained GFP expression level, 591 
but also kept a constant ratio of GFP+/GFPneg cells throughout the 15-day period of in 592 
vivo tumor development. This result suggests that no gene silencing occurs for the SB 593 
transgenic cassette, supporting in vivo utilization of this tool, as described elsewhere 594 
(Belur et al., 2003; Hausl et al., 2010). 595 

  596 
Furthermore, we showed efficient CRISPR-mediated genome editing of PDCD1 597 

gene in 293T and human PBMCs electroporated using Chicabuffers. Designing a single 598 
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plasmid encoding Cas9+gRNA is simpler than constructing zinc finger nuclease (Beane 599 
et al., 2015) or TALEN (Berdien et al., 2014) based cassettes. The single plasmid 600 
approach for PBMC edition is also simpler to assemble than the recently reported 601 
Cas9+gRNA ribonucleoproteins (Schumann et al., 2015), showing that our extremely 602 
simple protocol can be used to edit cell genomes. The gRNA used for PDCD1 locus 603 
edition in our report targets exon 2, in contrast to exon 1 editions promoted by Schumann 604 
et al [42], showing that different gRNAs can be used to efficiently disrupt the PDCD1 605 
gene sequence. The levels of gene editing obtained with our approach allow similar 606 
downstream applications in primary lymphocytes as those proposed by the above 607 
mentioned reports, but with a reduced effort to design the gene editing tool (plasmid bases 608 
CRISPR system vs TALEN or ZFN) or the electroporation reagents (plasmid vs 609 
RNA+protein). Furthermore, the protocol described for the co-electroporation of short 610 
RNAs and plasmids carrying GFP+Cas9 can be exploited for multiple loci editing in 611 
PBMCs, opening the possibility of targeting simultaneously several genes of interest. 612 

  613 
In summary, our study describes general guidelines for the efficient 614 

electroporation of primary mammal cells and several cell lines. Furthermore, our data 615 
validates a series of flexible SB-based plasmids for the integration of transgenes and 616 
downstream selection of gene-modified cells. The combination of transposon, 617 
Chicabuffers and electroporation, as described here, represents a straightforward 618 
approach for transient gene expression and permanent gene modification of cell lines and 619 
human primary cells. 620 
 621 
List of abbreviations 622 CRISPR: clustered regularly interspaced short palindromic repeats 623 
TALEN: Transcription activator-like effector nucleases  624 
PBMC: peripheral blood mononuclear cells 625 
MSC: mesenchymal stem cells 626 
GFP: green fluorescent protein 627 
RFP: red fluorescent protein 628 
7-AAD: 7-amoniactinomycin D 629 
ITR: inverted terminal repeats 630 
SB: sleeping beauty transposase 631 
Dpi: days post inoculation 632 
gRNA: guide RNA 633 
NHEJ: non-homologous end joining 634 
FITC: Fluorescein isothiocyanate 635 
HSC: human stem cell 636 
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