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Abstract
Directed gene therapy mediated by nucleases has become a new alternative to lead targeted integration of therapeutic genes
in specific regions in the genome. In this work, we have compared the efficiency of two nuclease types, TALEN and
meganucleases (MN), to introduce an EGFP reporter gene in a specific site in a safe harbor locus on chromosome 21 in an
intergenic region, named here SH6. The efficiency of targeted integration mediated by SH6v5-MN and SH6-TALEN in
HEK-293H cells was up to 16.3 and 15.0%. A stable expression was observed both in the pool of transfected cells and in
established pseudoclones, with no detection of off-target integrations by Southern blot. In human hematopoietic stem and
progenitor CD34+ cells, the nucleofection process preserved the viability and clonogenic capacity of nucleofected cells,
reaching up to 3.1% of specific integration of the transgene in colony forming cells when the SH6-TALEN was used,
although no expression of the transgene could be found in these cells. Our results show the possibility to specifically
integrate genes at the SH6 locus in CD34+ progenitor cells, although further improvements in the efficacy of the procedure
are required before this approach could be used for the gene editing of hematopoietic stem cells in patients with
hematopoietic diseases.

Introduction

Although lentiviral vector (LV)-mediated gene therapy
(GT) is offering clinical data demonstrating the safety and
efficacy of this approach in monogenic diseases [1, 2],
targeted GT approaches offer further improvements in the
safety of GT [3]. The main approach used for targeted GT is
based on homologous recombination (HR) [4, 5] promoted
by the generation of double strand breaks (DSB) generated
by engineered nucleases, such as Zinc-finger nucleases

(ZFN), CRISPR/Cas system, meganucleases (MN) and
transcription activator-like effector nucleases (TALEN)
[6, 7]. Three different strategies of gene editing have been
considered for the integration of a donor template in the
target cells: gene correction [8, 9], targeted Knock-In [10–
13], and gene targeting in a Safe Harbor (SH) [9, 14, 15].
The main advantage of the first two strategies is that the
physiological expression of the corrected gene is preserved.
However, gene targeting into SH loci could lead to the
treatment of different diseases using the same engineered
nucleases and just swapping the donor transgene.

Genomic SHs are defined as intragenic or extragenic
chromosomal locations where therapeutic transgenes can be
integrated to facilitate their function in a predictable man-
ner, without perturbing the activity of the endogenous or
surrounding genes [16]. The three main SH used in GT are
located in intragenic regions (AAVS1 and CCR5 in human
and Rosa26 in murine) and follow three main criteria,
consisting in facilitating sufficient transgene expression, not
predisposing targeted cells to a malignant transformation or
to alterations of their cellular functions and offering a pre-
dictable outcome of targeted cells [16]. However, extra-
genic locations of the cell genome constitute alternative SH
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sites. Five criteria have been considered for the definition of
an extragenic SH [17, 18]: (1) distance of more than 50 kb
from the 5′ end of any gene, (2) distance of more than 300
kb from cancer-related genes, (3) distance of more than 300
kb from any microRNA, (4) outside a gene transcript unit
and (5) outside of ultraconserved regions.

In this study, we have worked with several engineered
nucleases, two MNs and one TALEN, all of them targeting
a SH, called safe harbor 6 (SH6) locus, characterized by
fitting the five criteria exposed above. SH6 is located in an
intergenic region in chromosome 21, being the closest ORF
(C21orf37) more than 350 kb away. SH6 was first studied
by Eyquem et al., whose results suggested that it could be a
useful locus for transgene expression, although this
expression was lower than in other intergenic SHs due to
the less permissive epigenetic status of its chromatin [15].

We have developed an approach for gene editing this
SH6 locus in a human cell line and in human hematopoietic
progenitors. SH6 locus was modified with MNs and
TALEN specific nucleases in combination with a donor
matrix that carries the EGFP reporter gene in HEK-293H
cell line and in purified hematopoietic progenitors. In
addition, we also used a donor matrix harboring the FANCA
gene to find out the real therapeutic potential of this gene
editing protocol.

Materials and methods

Cell cultures

HEK-293H cell line (Gibco, cat n° 11631017 and myco-
plasma free) was maintained in culture medium consisted
of DMEM (Dulbecco’s Modified Eagle Medium) with
GlutaMAX (Gibco/Life Technologies/Thermo Fisher
Scientific, Waltham, MA, USA) +10% HyClone (GE
Healthcare Life Sciences, Fairfield, USA) +1% penicillin/
streptomycin (P/S, Gibco). Cells were grown in adherence
at 37 °C, 21% O2, 5% CO2 and 95% relative humidity
(RH) in 75 cm2

flask (Corning, NY, USA). One million
and a half of these cells were seeded in p100 plates and on
the next day, plates carrying cells with a confluence around
80% were transfected with Lipofectamine 2000 (Invitro-
gen) following vendor guidelines. Three days post trans-
fection, cells of each condition were harvested, counted,
and plated in two p96 plates (10 cells per well). The rest of
the cells were maintained in culture in the same conditions
and their EGFP expression was measured by flow cyto-
metry at different time points up to 30 days. P96 plates
were duplicated after 7 days in culture and cultured until
the wells were confluent. At this point, the duplicated plates
were frozen in viability to stablish pseudoclones from the
wells carrying the edited cells. The other plates were

maintained to extract the gDNA of the cells in order to
perform specific targeted analysis.

Umbilical cord blood (UCB) samples from healthy
donors were obtained from the Centro de Transfusiones de
la Comunidad de Madrid, according to the protocol
approved by the Ethical Committee and under informed
consent. Mononuclear cells were purified by Ficoll-Paque
PLUS (GE Healthcare) density by gradient centrifugation.
CD34+ cells were then selected using CD34 MicroBead
Kit. Magnetic-labeled cells were isolated with an LS
column in QuadroMACSTM separator (MACS, Miltenyi
Biotec, Bergisch Gladbach, Germany) following manu-
facturer’s instructions. Purified CD34+ were then evaluated
for their purity by flow cytometry. Purities from 95 to 99%
were routinely obtained. CD34+ cells were cultured in
prestimulation media: StemSpan (StemCell Technologies,
Vancouver, Canada) + 1% P/S+ 100 ng/mL stem cell
factor (SCF, EuroBiosciences, Friesoythe, Germany) +
100 ng/mL FMS-like tyrosine kinase 3 ligand (Flt3L,
EuroBiosciences) + 100 ng/mL thrombopoietin (TPO,
EuroBiosciences) or in culture media: StemSpan + 1% P/S
+ 300 ng/mL SCF+ 300 ng/mL Flt3L+ 300 ng/mL TPO.
Cells were cultured in suspension in tissue nontreated 96-
well and 24-well plates (Gibco), at 106 cells/mL in nor-
moxia: 37 °C, 21% O2, 5% CO2 and 95% RH. Around 106

cells were nucleofected using the AMAXA Nucleofector kit
for human CD34+ cells (Lonza, Basel, Switzerland).

Plasmids

The two SH6-MNs and the SH6-TALEN were transferred
by Cellectis (Paris, France). Two plasmids encoding for
the SH6v2 or the SH6v5 I-CreI derived MNs iso-
squizomers, targeting the TTAATACCCCGTACCTAAT
ATTGC sequence in the SH6 locus, were used in this work.
MNs are constituted by two subunits that are fused by a
linker and transcribed by a unique plasmid. The SH6v5 MN
was also delivered as mRNA, synthesized in vitro by
amplifying the MNs sequence by PCR and cloned into the
plasmid of the Zero Blunt PCR Cloning Kit (Thermo Fisher
Scientific) carrying a T7 promoter. MN expression was
driven by the cytomegalovirus promoter.

Left and right TALEN subunits, targeting SH6 locus, are
present in two plasmids provided by Cellectis and targeting
the TCTAAAGATTAATACCCCGTACCTAATATTGCA
TTTCCTTCTACCAGTA sequence. The TALEN will only
perform the cleavage after dimerization of the two FokI
subunits from each half TALEN. TALEN expression was
driven by human elongation factor 1-α (EF1α).

The two donor templates employed in this work, called
Green Matrix (GM) and Therapeutic Matrix (TM), were a
plasmid that was codelivered with the nucleases. The GM
carries an EGFP gene which expression was controlled by
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the EF1α with intron promoter, both of them flanked by two
homology sequences, called homology arms (HAs), to the
SH6 target. The TM carries the WT cDNA sequence of the
FANCA gene with a 3xFlag signaling peptide in the 5′N-
termini of the protein, a self-cleaving 2 A peptide (E2A)
sequence [19] and a puromycin resistant gene as selectable
marker. The long EF1α promoter controls the expression of
both previous genes. The four elements are flanked by the
same two HAs of the SH6 target as the GM.

Gene targeting experiments

One million and a half of HEK-293H cells were seeded in
p100 plates and on the next day, plates carrying cells with a
confluence around 80% were transfected with Lipofecta-
mine 2000 (Invitrogen, Carlsbad, CA, USA) following
vendor guidelines. Different amounts of the MNs or the
TALEN were cotransfected with 4 µg of the GM.

Human CD34+ cells obtained from UCB as described in
“Cell Cultures” section were thawed and prestimulated in
prestimulation media during 48 h at a density of 106 cells/
mL. Then, around 1–2 × 105 (strip) to 106 (cuvette) cells
were nucleofected using the AMAXA Nucleofector kit for
human CD34+ cells or the P3 Primary Cell 4D-
Nucleofector L or S Kit (Lonza), depending on the
experiment. Different amounts of the MN or the TALEN
alone or with 4 µg of the GM donor were used in different
experiments. EO-100 program was used with the AMAXA
nucleofector. After nucleofection cells were maintained for
10–20 min in the incubator and then transferred to a culture
plate with culture media at a density of 5 × 105 cells/mL. At
different time points, an aliquot of the cells was processed
and the rest was diluted with culture media to 5 × 105 cells/
mL. All experimental groups were codified and were blin-
ded until the results were processed.

Molecular analyses

In total, 40 µL of a mix of lysis buffer + proteinase K (100
µg/mL final) were added per well to the HEK-293H cells in
the p96 plates and incubated at 55 °C 2 h and at 95 °C 10
min. To prepare 500 mL of lysis buffer: 495.5 mL of 10 mM
Tris HCl pH 8+ 2.25 mL of 0.45% (v/v) NP40 (Nonidet P-
40 substitute, Roche Diagnostics, Basel, Switzerland) +
2.25 mL of 0.45% (v/v) of Tween 20 (Sigma-Aldrich, Saint
Louis, MO, USA), storage at 4 °C. Then the plate was
centrifuged and 3 µL of the supernatant was used to perform
the PCR for the targeted integration analysis. Primers used
for the PCR to detect specific integration in the SH6 locus,
hybridize inside and outside of the cassette and are indi-
cated in Fig. 1a and described in Table S1. PCR amplicons
were resolved in 1% agarose gel stained with EtBr. The
gDNA from samples of the established pseudoclones was

obtained using the phenol-chloroform protocol [20]. In
total, 50 μg of genomic DNA were isolated from each stu-
died pseudoclone and digested with BamHI (New England
Biolabs, MA, USA) in separate reactions for 8 h at 37 °C.
The digested DNA was concentrated by precipitation with
ethanol and sodium acetate and was measured with Nano-
drop®. In total, 20 μg of each digestion was resolved on a
0.8% TBE agarose gel. The transfer to a NytranSuPerCh-
arge nylon membrane was carried out overnight by turbo
Blotter transfer system (Whatman, GE healthcare) follow-
ing vendor guidelines and then incubated at 80 °C to fix the
DNA to the membrane. Prehybridization and hybridization
were performed by quick hybridization solution (Agilent
technologies, Santa Clara, CA, USA) in rolling cylinders
inside the hybridization oven at 65 °C. The probe used was
the sequence of the EGFP gene, which was generated by
digesting the GM DNA with BamHI/SbfI restriction
enzymes and isolating the 892 bp band from an agarose gel.
It was labeled with radioactive P32dCTPs by Prime-It II
Random Primer Labeling kit (Agilent) following vendor
guidelines and the nonincorporated radioactivity was
removed by cleaning the probe with IllustraNICK Columns
(GE Healthcare). After 15 min of prehybridization, the
probe was added to the quick hybridization solution and left
overnight. After 12 h, the membrane was washed twice with
2× SSC, 0.1% SDS for 10 min at room temperature, then for
15 min with prewarmed 1× SSC, 0.1% SDS at 65 °C and
finally for 50 min with 0.1× SSC, 0.1% SDS at 65 °C with
two media changes. Then, the membrane was covered with
plastic wrap and introduced in a Hyperscreen auto-
radiography cassette together with an Amersham Hyperfilm
ECL (GE Healthcare) that was exposed overnight at
−80 °C. After a minimum of 10 h, the film was revealed in
an automated processor.

gDNA from the pool of nucleofected CD34+ cells and
from picked single CD34+ derived colonies (that were
distributed in p96 plates) were washed in 100–200 µl of
PBS, pelleted and resuspended in 10 µl of PBS. Their
gDNA was extracted using 20 µl of lysis buffer (0.3 mM tris
HCl pH 7.5, 0.6 mM CaCl2, 1,5% glycerol, 0.675% Tween-
20 and 0.3 mg/ml proteinase K) and incubated at 65 °C for
30 min, 90 °C for 10 min and 4 °C. After the lysis, 30 µl of
water was added and the mixes were centrifuged. Primers
used for the Nested-PCR to detect specific integration in the
SH6 locus, hybridize inside and outside of the cassette and
are indicated in Fig. 1a and described in Table S1. PCR
amplicons were resolved in 1% agarose gel stained
with EtBr.

For the Surveyor assay, samples from HEK-293H or
CD34+ cells, in which nucleases were delivered, were
harvested at 2 days and their gDNA extracted using the
NucleoSpin® Tissue kit (Macherey-Nagel, Düren, Ger-
many). The target site was amplified by PCR using a pair of
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primers binding in the HAs sequence surrounding the target
site in the SH6 locus, obtaining a 351 bp band (primers
described in Table S1). After the denaturalization and
rehybridation of the amplicons, were digested with the CelI
enzyme (Surveyor® mutation detection kit, IDT, Coralville,
IA, USA) and this product was resolved in 10% TBE Gels
1.0 mm (Invitrogen). A positive result is represented by
the appearance of two additional bands of around 179 and

171 bp. The relative intensity of these bands, compared with
the band of 351 bp in the top, was indicative of the per-
centage of activity of specific cleavage of the nuclease in the
SH6 site.

For the off-target analyses, in-silico analyses of possible
off-targets with five or six mismatches were performed
(Table S2). Sequencing of the genomic DNA from the pool
of cells of the different conditions samples were used to
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Fig. 1 Integration of a Green Matrix in the SH6 safe harbor site
mediated by SH6-meganucleases in HEK-293H cells. a. Repre-
sentative scheme of the gene targeting strategy in the SH6 using the
GM circular plasmid donor. Discontinue blue lines represent the
homology areas of the matrix that will recombine with the target site.
Purple arrows represent the first pair of primers used in the Nested-
PCR to check the specific integration. Blue arrows represent the pair of
primers used in the PCR, and the second pair used in the Nested-PCR,
to test the specific integration of the GM in the target site. The green
arrow shows the size of the amplicon obtained as a positive result in

the PCR analyses. b. Dot plots representation of the percentages of
EGFP+ HEK-293H cells transfected with SH6v5-MNs over time. GM
Green matrix. c. Agarose electrophoresis gels showing positive bands,
inside the purple boxes, corresponding to HR events in p96 plates by
the SH6v5-MN. d. Representative dot plots of the EGFP expression
corresponding to transfected HEK-293H cells pseudoclones. e. The
agarose gel electrophoresis shows the positive band in tested pseu-
doclones after the specific PCR (scheme represented in a). Ladder size
corresponds to λ DNA cut with BstII restriction enzyme and to DNA
Molecular Weight Marker IX (0.072–1.35 kbp).
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perform the PCR for the off-target analysis. Primers used
for the PCR to detect integrations in the different off-targets
are indicated in Table S1. PCR amplicons were sent for
sequencing and the resulting sequence was introduced in the
ICE program from Synthego (https://ice.synthego.com/#/),
entering 15–20 nt of the off-target sites containing NGG
sequence as hypothetic gRNA.

mRNA synthesis

In order to be linearized, T7-MN plasmid was digested with
BamHI and XhoI restriction enzymes. This digestion was
purified using sodium acetate buffer solution, pH= 5.2
(Sigma-Aldrich) and ethanol. The amount of DNA was
measured using a Nanodrop®. The in vitro synthesis of the
mRNA was performed with the mMESSAGE mMA-
CHINE® T7 Ultra Kit, Synthesis of Translation Enhanced
Capped Transcripts (Ambion/Life Technologies/Thermo
Fisher Scientific). First, 1 µg of the digested and purified
product was used to synthesize mRNA following the ven-
dors’ guidelines and was purified by LiCl precipitation. To
obtain a proper quantity of mRNA, three reactions were
performed for each plasmid. For this reason, the quantities
of each reactive during the protocol is three times higher.
Finally, the amount of mRNA was measured with Nano-
drop®, aliquoted and stored at −80 °C.

In order to test the quality of the synthesized mRNA
before and after the polyadenylation reaction, an aliquot
was run in an agarose gel in denaturing conditions (with
formaldehyde).

Flow cytometry analyses

Analyses were performed in the LSRFortessa cell analyzer
(BD/Becton, Dickinson and Company, NJ, USA). Off-line
analysis was conducted with the FlowJo Software v7.6.5
(Tree star, Ashland, USA).

The measurement of the percentage of the population of
cells expressing the EGFP gene was performed by using an
aliquot of the pool of cells transfected/nucleofected with the
nucleases or cells from the pseudoclones or from the satu-
rated methylcellulose plates. Cells were washed and resus-
pended in the flow cytometry buffer (PBS containing 0.5%
BSA and 0.05% sodium azide) containing 3.3 µg/mL of 4′,6-
diamidino-2-phenylindole (DAPI) as a viability marker.

For the primitive population analysis, 2 × 105 CD34+ cells
that had been nucleofected with the nuclease and donor
combination were harvested, resuspended in 100 µL of flow
cytometry buffer and stained during 30min at 4 °C with
CD34-PE-Cy5 (Immunotech, Vaudreuil-Dorion, Quebec,
Canada), CD38-PE (BD), CD45RA-APC eFluor 780
(eBioscience, San Diego, CA, USA) and CD90-APC (BD).
Then, cells were washed and resuspended again in the flow

cytometry buffer containing 3.3 µg/mL DAPI as a viability
marker. The percentage of EGFP+ cells was measured in the
total population of cells and also in the different sub-
populations marked with different antibodies. CD34+/CD38−

cells were selected at first and, inside this population,
CD45RA− cells were gated. The most primitive compart-
ment, the HSCs (hematopoietic stem cells with long term
engraftment) correspond to cells positive to CD90 (CD34+/
CD38−/CD45RA−/CD90+). The CD90− cells correspond to
multipotent progenitors (MPP, short term engraftment)
(CD34+/CD38−/CD45RA−/CD90−) [21].

Clonogenic assays

In total, 300 to 1500 CD34+ cells were resuspended in 3 mL
of methylcellulose (Miltenyi Biotec, StemMACS HSC-
CFU). Each mL of the triplicate was seeded in a M35 plate
and cells were incubated in normoxia: 37 °C, 21% O2, 5%
CO2 and 95% RH. Fourteen days later, the number of
colonies was counted using an inverted microscope
(Olympus IX70 WH10x/22, objective 4×) and the CFU-
GMs (granulocyte-macrophage colony forming unit) and
BFU-Es (Burst Forming Unit-Erythroid) were identified.
Single colonies were picked to analyze by specific PCR the
integration of the GM donor in the SH6 locus.

NSG mice

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were
obtained from the Jackson Laboratory (Bar Harbor, ME)
and maintained at the CIEMAT animal facility (registration
number 28079–21 A). All experimental procedures were
carried out according to European Directive 2010/63/UE on
the use and protection of mammals used for experimenta-
tion and other scientific purposes, approved by the ethical
committee and the General Direction of Environment
(PROEX 070/15). NSG female mice of 8–10 weeks old
were irradiated with 1.5 Gy 24 h prior to transplantation.
Among 105 and 4.5 × 105 nucleofected CD34+ cells were
transplanted intravenously into the retrobulbar venous
plexus at day 6 of the experiment. Depending on the
number of cells obtained we could transplant between 1 and
2 mice per experiment. Thirty and 60 days after transplant,
bone marrow aspirations were performed and 90 days post
transplant, mice were sacrificed and whole bone marrow
was collected. Mice were codified and the analyses were
blinded until results were processed. All bone marrow
samples were processed to analyze human reconstitution,
percentage of gene targeted cells and also multilineage
engraftment by flow cytometry with huCD45 (#304014,
BioLegend, San Diego, CA, USA), huCD19 (#25–0198,
eBioscience), huCD33 (#A07775, Beckman Coulter), and
huCD34 (#555824, BD) monoclonal antibodies.

Targeted gene therapy into a safe harbor site in human hematopoietic progenitor cells
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Results

Integration of a Green Matrix in the SH6 safe harbor
site mediated by SH6-meganucleases

A donor plasmid harboring HAs to the SH6 site was gen-
erated (Fig. 1a). This matrix, referred throughout as the GM,
carries an EGFP reporter gene regulated by the EF1α pro-
moter. In order to evaluate the transfection efficiency and
functionality of the GM, 1–2 × 106 HEK-293H cells were
transfected with 4 µg of the GM, or 4 µg of a control plas-
mid carrying both, the GFP and the Cherry reporter genes
(GFP/Cherry plasmid). The percentage of cells expressing
the EGFP gene was measured by flow cytometry at 3, 11,
20, and 24 days post transfection. Up to 97% of HEK-293H
cells were EGFP-positive at 3 days post transfection, while
the expression of the transgene almost disappeared at
24 days post transfection (Fig. S1).

In the following experiments, the efficiency and speci-
ficity of the SH6v5 MN (SH6v5-MN) to induce HR events
of the GM in the SH6 site was investigated. With this aim,
0.5 µg of plasmid DNA encoding SH6v5-MN was trans-
fected together with 4 µg of the GM in HEK-293H cells.
This culture was analyzed by flow cytometry up to 37 days
post transfection to determine the proportion of EGFP-
positive cells. In parallel, another cell sample was counted
at 3 days post transfection and 10 cells per well were plated
and cultured in 96-well plates for 1–2 weeks. At this time,
plates were duplicated and after 1–2 additional weeks, half
of the plates were frozen to preserve the cell viability and
the other half were used to quantify HR events by PCR,
using specific primers binding sequences inside and outside
of the cassette (in/out PCRs). Frozen samples were used to
establish pseudoclone cell lines from wells with SH6 tar-
geted cells to perform confirmatory in/out PCRs, flow
cytometry and Southern blot analyses (See schematic pro-
tocol in Fig. S2).

Analyses of EGFP expression in HEK-293H cells
transfected with the GM, either with or without the MN,
showed a progressive reduction in the percentage of EGFP+

cells (Fig. 1b). Nevertheless, when cells were cotransfected
with the GM and the SH6v5-MN, a higher proportion of
EGFP+ cells (4.0%) was observed at 24 days post nucleo-
fection, compared with the other conditions (See Fig. 1b).

In/out PCR analyses performed in 96-well plates at
2–4 weeks post transfection (Fig. 1a, c) showed that the
SH6v5 MN mediated percentages of HR of 6.4% (Fig. 1c),
consistent with the 4% of EGPF+ cells determined in the
flow cytometry studies. When EGFP expression analyses
were performed in those plates by UV microscope we could
detect 12 positive wells. On the other hand, six wells were
positive for HR. Therefore, six wells corresponded to
unspecific integration (6.4%). This result is in accordance

with other works that described 10–40% of unspecific
integration [10, 22].

As described in Figs. S2, 7 pseudoclones could be
established from wells carrying targeted cells as deduced
from initial in/out PCR analyses. The presence of cells
expressing the EGFP gene in these pseudoclones, visua-
lized by flow cytometry analyses, was indicative of the
activity of the long EF1α promoter to drive stable EGFP
expression (Fig. 1d). Percentages of EGFP+ cells in those
pseudoclones were variable depending on the number of
seeded cells contributing to the pseudoclones and the MFI
was also variable because of different multiple copy inte-
grations in the resulting pseudoclones. gDNA was obtained
from these pseudoclones and the specific PCR performed.
The specific bands obtained in the seven pseudoclones were
indicative of a specific integration of the GM mediated by
the SH6v5-MNs, in the SH6 site (Fig. 1e).

In order to determine if SH6v5-MNs induced off-target
integrations of the GM, Southern blot analyses were per-
formed using a probe for the EGFP transgene (Figure S3A).
As shown in Fig. S3B, the expected band of 3946 bp was
observed in v5-pseudoclones, indicating the specific inte-
gration of the GM in the SH6 site. An additional band of
around 7242 bp was observed in pseudoclones v5B4, v5F4,
and v5B5 (Fig. S3B), which could correspond to additional
integrations of the GM or multiple copy integration at SH6
locus (Fig. S3C).

Similar experiments were performed using another MN,
SH6v2-MN, which results were alike to those obtained
previously with SH6v5-MN (Figs. 1d, e, S3B and S4).

Thus, the cotransfection of a GM together with specific
MNs targeting SH6 locus facilitates the stable HR at this
locus of an EGFP expression cassette in a human cell line.

Comparative analysis of TALE nucleases versus MNs
to mediate homologous recombination in the
SH6 safe harbor site

In a next set of experiments we investigated the efficiency
of a designed SH6-TALE nuclease (SH6 TALEN) to induce
targeted integration of the GM in the SH6 site of HEK-
293H cells, as compared with the SH6v5-MN

The comparative activity of both nucleases to target the
SH6 locus was first tested by performing Surveyor assays.
With this aim, four doses of each SH6-TALEN subunit
were used to compare its activity with respect to 0.5 µg of
the SH6v5-MN. The intensity of the 179 and 171 bp bands,
compared with the parental band of 351 bp, represents the
activity of the different doses and type of nucleases used in
these experiments (Fig. S5). The quantification of these
bands showed a similar nuclease activity (between 40.0 and
60.0%) of all tested conditions to target the SH6 site
(Fig. 2a).
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Gene targeting experiments were then performed under
the same conditions as described in the previous experi-
ments. In/out PCRs were performed in cells cultured in 96-
well plates. The efficiencies of HR obtained with the
SH6v5-MN in four different experiments was around 7.8%,
while the efficiencies achieved in nine gene-editing
experiments using SH6-TALEN (doses ranged between
0.3 and 10.0 µg) ranged between 7.7 and 9.7% (Fig. 2b).

Pseudoclones were established with transfected cells that
showed HR. As measure by in/out PCR, HR occurred in
four out of the seven pseudoclones and the FACs analysis
corroborate that only these four clones expressed eGFP
(Fig. 2c, d), indicating the stable expression of the transgene
in targeted HEK-293H cells.

Southern blot analysis performed in pseudoclones
showed the expected band of 3946 bp in three out of seven
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pseudoclones. e. Southern blot film, following the strategy explained
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analyzed pseudoclones (B5, E1, and H4), the ones with
higher percentage of EGFP+ cells, indicating the specific
integration in the SH6 site (Fig. 2e). As previously
observed, an additional band of 7242 bp was seen in these
clones (Figs. 2e and S3C). Surprisingly, no band was
obtained in pseudoclone C2, in which a specific integration
by PCR was identified. In this case, however, the level of
EGFP expression was very low. No band was detected in
pseudoclones B2, F7, and C1, consistent with the absence
of the specific band in the previous PCR analyses, which
showed a low expression of EGFP (Fig. 2c–e).

Taken together these experiments demonstrate that both,
SH6v5-MN and SH6-TALEN mediate the specific targeting
of a reporter GM matrix in the SH6 safe harbor locus in
HEK-293 H cells, facilitating the stable expression of the
targeted matrix in these cells.

Analysis of SH6v5-meganuclease-mediated
homologous recombination in CD34+ hematopoietic
progenitor cells

In order to investigate the feasibility of performing targeted
GT in the SH6 locus of human hematopoietic stem
progenitor cells (HSPC), we designed the experimental
protocol shown in Fig. S6A. UCB CD34+ cells were
prestimulated for 48 h and then nucleofected with the MN
or the TALEN plus the GM. Seven days after nucleofection,
the percentage of EGFP+ cells was analyzed by flow
cytometry to determine the nucleofection efficiency. In
order to enrich nucleofected cells, EGFP+ cells were sorted
and then methylcellulose assays were performed with sorted
cells. After 14 days, green colonies were picked and DNA
from these colonies was extracted and PCR analyses were
performed to detect specific integrations.

To this aim, CD34+ cells were nucleofected with 3 or
10 µg of nuclease as DNA, or with 10 or 20 µg of the MN as
mRNA that is reported to be less toxic and more efficient
[23, 24]. The surveyor assay showed that the delivery of the
MN as mRNA was more active for the cleavage of the SH6
site, where up to 18.0% of INDELs were observed
(Figs. S6B and 3a).

Once this protocol was set up, CD34+ cells were
nucleofected with 4.0 µg of the GM alone or with the
SH6v5-MN (either as DNA or mRNA), or with the SH6-
TALEN used as DNA. Most of the incubated cells remained
positive for CD34+ expression at 2 and 4 days of culture,
while the percentage of EGFP expression decreased in all
tested conditions (Fig. 3b). At 7 days post nucleofection the
proportion of EGFP+ cells ranged between 1.5 and 8.9%
(Fig. 3b). EGFP+/CD34+ cells obtained in each condition
were sorted out and seeded in methylcellulose cultures
before and after the sorting (Fig. 3c). As shown in Fig. 3c,
when the number of colonies generated by EGFP-sorted

cells was scored, we observed that the number of EGFP+

colonies was very low, around 1/10,000, with respect to the
total number of colonies obtained in the EGFP-sorted
population (Fig. 3c, d), explaining the low percentages
showed in Fig. 3d. That’s why the efficiency of EGFP+

colonies from different experiments were picked and their
DNA used to perform Nested-PCR (Fig. 1a) to check if
EGFP+ colonies carried the specific integration of the GM
in the SH6 locus. Strikingly, none of the EGFP+ colonies
obtained in these experiments showed the presence of a
positive band (Fig. S7).

Because sorting of EGFP+ cells may have selected cells
in which nontargeted integration of the GM occurred at loci
supporting particularly high expression of the transgene,
subsequent experiments were conducted in the absence of
the cell sorting process.

Thus, CD34+ cells were nucleofected with 4 µg of the
GM alone or either with 2.5 µg of SH6v5-MN, used as
DNA or mRNA, or with 2.5 or 5 µg of the SH6-TALEN
used as DNA. Nucleofected cells were maintained in culture
for 4 days. At this time, the percentage of EGFP+ cells
ranged between 20 and 40% (Fig. 4a). These percentages
were similar to the ones obtained in previous experiments,
indicating the consistency of our experimental protocol to
nucleofect CD34+ cells without a marked toxicity and a
significant efficacy to mediate the delivery and expression
of the transgene. Different hematopoietic subpopulations
were studied by flow cytometry, using the protocol pro-
posed by Doulatov et al. [21] (Fig. S8), to analyze if the
different manipulations of the cells were inducing the dif-
ferentiation of CD34+ cells. The most primitive HSPC
(hematopoietic stem and progenitor cells) percentages
(HSPC: CD34+/38-/45RA-/90+) in nucleofected cells ran-
ged from 5 to 10%, slightly lower to values observed in the
nonelectroporated control sample (14%, Fig. 4b). EGFP+

HSPC percentages were among 2–4% of the total popula-
tion and, depending on the condition, 16–46% of the HSPC
cells were EGFP+, indicating that a significant proportion of
the HSPCs carried the GM (Fig. 4b). The percentage of
(MPP: CD34+/38−/45RA−/90−) was lower, although the
proportion of EGFP+ cells within this population was
similar to the proportion of EGFP+ cells found in the HSPC
fraction (Fig. 4c). These results suggested that our experi-
mental conditions were efficient to preserve the HSPC
phenotype of the nucleofected CD34+ cells carrying the
GM, although we could observe that our gene editing
approach implied certain degree of toxicity to HSPCs.

In the total nucleofected population with 4 µg of the GM
and 5 µg of the SH6-TALEN, a clear band of 1565 bp
corresponding to the specific integration was observed by
Nested-PCR (Fig. S9). When we performed methylcellulose
cultures, the number of total colonies generated in each
condition was similar, with the exception of the condition in
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which 5 µg of TALEN was used, in which a lower number
of colonies was obtained (Fig. 4d). Interestingly, this was
the only condition in which a colony presented a specific
integration in the SH6 site (Fig. 4e), corresponding to 2.1%
of targeted integration in the hematopoietic progenitor cells.
PCR analyses for internal EGFP revealed no positive
colonies, indicating no unspecific integration in those con-
ditions (data not shown).

Five experiments using these doses of the TALEN as
DNA were performed. At 24 h post nucleofection, the via-
bility of the cells decreased with the dose of DNA used, and
the percentage of EGFP+ cells was around 60% (Fig. 5a, b).
At 4 days post nucleofection primary populations were

measured with no significant differences between the per-
centages of HSPC and MPP populations (5–8% and
8–10.5%, respectively) for all the nucleofected conditions
(Fig. 5c, d). EGFP+ percentages were around 2.0–2.8% in
the HSPC population, and 1.7–3.8% for the EGFP+ MPP,
in the conditions nucleofected with the GM alone or plus
the nucleases. However, no significant differences were
found among these nucleofected conditions (Fig. 5c, d). In
all the experiments performed, a band representing a spe-
cific integration of the GM in the SH6 locus was found in
the pool of cells nucleofected with GM and TALEN, indi-
cating that a fraction of these cells was edited. After
14 days, colonies obtained in methylcellulose assays were
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Fig. 3 SH6v5-meganuclease and TALE nuclease mediated homo-
logous recombination in EGFP+ sorted CD34+ hematopoietic
progenitor cells. a. Percentage of specific cleavage performed by the
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by the surveyor analysis, indicative of the activity of the nucleases. b.
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with 2.5 µg of SH6v5-MN as DNA or mRNA and 5.0 µg of TALEN as
DNA. c. Number of CFU/105 cells obtained after 14 days in methyl-
cellulose cultures. d. Percentage of EGFP+ colonies among the total
number of colonies obtained. e and f correspond to a representative
experiment. In all figures control condition are thawed, cultured and
not nucleofected CD34+ cells.
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Fig. 4 SH6v5-meganuclease and TALE nuclease mediated homo-
logous recombination in nonsorted CD34+ hematopoietic pro-
genitor cells. a. Percentages of EGFP+ cells determined at 4 days
postnucleofection. b. Percentages of HSPC (blue bars) and of EGFP+

HSPC (green bars) in cells analyzed at 4 days post nucleofection.
Numbers above the green bars mean the percentage of HSPC that were

EGFP+. c. Percentages of MPP (blue bars) and EGFP+ MPP (green
bars), and the percentages of MPP that were EGFP+. d. Number of
colonies/105 cells generated after nucleofection. e. The agarose gel
electrophoresis displays the result of the Nested-PCR which shows a
positive band inside the purple square. Ladder size corresponds to λ
DNA cut with BstII restriction enzyme.
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quantified and there were no significant differences in the
number of CFU per 105 cells (Fig. S10A). The number of
erythroid colonies was higher than the number of myeloid
ones, although no significant differences were found
(Fig. S10B). We were unable to detect EGFP-positive
colonies by fluorescence microscope. These colonies were
analyzed for specific integrations of the GM in the SH6 site

and this integration was mainly found in colonies from
progenitors nucleofected with 5 or 10 µg of the TALEN as
DNA, showing a mean of 1.57 and 3.13% of HR events,
respectively (Fig. 5e).

In addition, we checked possible off-targets with 5–6
mismatches (Table S1) and we decided to analyze the ones
with five mismatches as relevant off-target integrations [25].

Fig. 5 SH6 TALE nuclease mediated homologous recombination
in CD34+ hematopoietic progenitor cells. a. Viability of nucleo-
fected CD34+ cells with the TALEN as DNA 24 h post nucleofection.
b. Percentage of EGFP+ cells at 24 h post nucleofection. c. Percen-
tages of HSPC (red bars) and EGFP+ HSPC (green bars) populations
in cells analyzed at 4 days post nucleofection. d. Percentages of MPP

(blue bars) and EGFP+ MPP (green bars) populations. Data are the
mean ± SEM (n= 4–5 experiments). (*) P value < 0.05, (**) P value
< 0.01, (***) P value < 0.001 indicate significant differences with a
one-way ANOVA followed by a post hoc Tukey test. e. HR percen-
tages induced by the SH6-TALEN using the GM alone or with the
TALEN®. Data are mean ± SEM (n= 2).
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After sequencing nucleofected CD34+ samples with dif-
ferent conditions (SH6 TALEN+GM donor) we could not
detect any INDELS (Figs. S11, S12).

Four days post nucleofection, nucleofected cells were
transplanted into NSG mice in order to check the engraft-
ment and differentiation capacity of the cells at 30, 60, and
90 days post transplant. Cells were nucleofected only with
GM or with GM and TALEN as DNA at different doses
(2.5, 5.0, and 10.0 µg) (Fig. 6). At day 30, the engraftment
capacity measured as percentage of CD45+ cells decreased
in mice transplanted with nucleofected cells in comparison
with the engraftment shown in mice transplanted with
control cells (not nucleofected) (Fig. 6a). This decrease was
even more evident as the dose of DNA used also increased
(Fig. 6a). However, at day 90, the level of engraftment
increased for all the conditions, and was similar to that of
the control, except for the highest dose of TALEN, indi-
cating that nucleofected cells retained their long term
repopulating properties (Fig. 6a). This human engraftment
was multilineage as we detected progenitor cells (CD34+),
myeloid (CD33+) and lymphoid lineages (CD19+) at 30,
60, and 90 days post transplant (Fig. 6b). However, none of
the CD45+ cells were EGFP+ (data not shown). Finally,
sorted CD45+ and CD45+/CD34+ cells from the engrafted

mice were cultured in methylcellulose. After 14 days, CFU
colonies were picked and analyzed for HR events by the
Nested PCR. The band indicating the specific integration of
the GM in the SH6 site was not observed neither in the pool
of cells nor in the colonies obtained (data not shown).

Taken together, these final results indicate that under our
conditions, consisting on the nucleofection of the GM with
a relatively high dose of TALEN-encoding plasmid, a tar-
geted integration of 3.13% can be achieved in HSPCs able
to give rise to hematopoietic colonies in vitro, although no
editing in very primitive HSPCs could be confirmed in these
experiments.

Integration of a therapeutic matrix in the SH6
safe harbor site mediated by SH6-meganucleases
and TALEN

Once targeting integration of a reporter GM in the SH6 site
was performed, we aimed at developing a similar approach,
performing gene targeting under the same conditions as
described in the previous experiments, with a donor har-
boring the FANCA gene that we called the TM. This matrix
carried the WT FANCA gene, followed by an E2A
sequence and a puromycin resistant gene, both of them

Fig. 6 Reconstitution potential
of CD34+ cells subjected to
SH6 TALE nuclease mediated
homologous recombination
protocol. a. The graph shows
the percentage of cells, obtained
from the bone marrow (BM) of
engrafted NSG mice at 30, 60,
and 90 days post transplant.
Data are the mean ± interquartile
range. (n= 3–4 experiments). b.
The graft shows the percentage
of CD34+, myeloid and
lymphoid cells, obtained from
the bone marrow (BM),
observed in NSG mice after the
differentiation of the engrafted
of the nucleofected cells, at 30,
60, and 90 days post transplant.
Data are the mean ± interquartile
range. (n= 3–4 experiments).
(*) P value < 0.05, (**) P value
< 0.01 indicate significant
differences with a one-way
ANOVA followed by a post hoc
Tukey test.
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regulated by the EF1α promoter. As in the GM this con-
struct is flanked by the two HAs for the SH6 target site
generated (Fig. 7a).

A gene targeting experiment was performed in HEK-
293H cells. Cells were transfected with 4 µg of the GM or
the TM alone or with 0.5 µg of the SH6v5-MN or 3 µg of
the SH6-TALEN. Three days after transfection, the cell
viability was compared among all conditions. The trans-
fection with the TM (size 11,848 bp) indicated that this
matrix was not more cytotoxic for the transfected cells, as

compared with the GM (size 7,440 bp) (Fig. 7b). In/out
PCRs were performed in cells cultured in 96-well plates
(Fig. 7c). HR events were obtained with both nucleases
when the GM was used, being the HR percentage of 4% for
the SH6v5-MN and 1% for the SH6-TALEN. When the TM
donor was used, HR percentages decreased to 1.8% for the
MN and to <0.3% for the TALEN (Fig. 7c), indicating that
the integration of the TM was possible although being a
larger donor (Fig. 7c, d). PCR analyses for internal pur-
omycin sequence showed unspecific integration in all

Fig. 7 Integration of a therapeutic matrix in the SH6 safe harbor
site mediated by SH6-meganucleases and TALEN. a. Representa-
tive scheme of the gene targeting strategy in the SH6 using the TM
circular plasmid donor. Discontinue blue lines represent the homology
areas of the matrix that will recombine with the target site. Purple
arrows represent the first pair of primers used in the Nested-PCR to
check the specific integration. Blue arrows represent the pair of pri-
mers used in the PCR, and the second pair used in the Nested-PCR, to
test the specific integration of the TM in the target site. The green
arrow shows the size of the amplicon obtained as a positive result in

the PCR analyses. b. Viability corresponding to cells transfected with
the two matrixes and the nucleases at three days post transfection. In
all instances, the viability is represented by the proportion of DAPI-
negative cells. c. HR percentages induced by the MN and the TALEN
using the GM or the TM donors. The lined bar represents the condition
transfected with TM with positive HR. d. Agarose electrophoresis gels
showing positive bands, inside the green boxes, corresponding to HR
events in the MN+GM condition. Ladder size corresponds to λ DNA
cut with BstII restriction enzyme.
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conditions: 11.45% with TM, 2.08% MN+ TM and 8.3%
TALEN+ TM (data not shown). The highest percentage
obtained without nuclease would suggest that the presence
of MN o TALEN decreases the possibility of unspecific
integrations.

Discussion

Gene editing mediated by nucleases using a specific matrix
remains the new challenge in GT. In this work, two MNs
and one TALEN targeting a new safe harbor (SH6) have
been investigated together with a functional matrix carrying
an EGFP gene which expression was controlled by the
EF1α promoter.

With respect to the HR frequencies obtained with the
MNs, Eyquem et al. [15] were the first authors using MNs
targeting SH6 site and a similar EGFP matrix. The doses
they used were similar or lower to the ones we employed,
and the HR percentages were comparable to ours when we
used the SH6v5-MNs.

This is the first work in which the SH6-TALEN has been
used. HEK-293H cells transfected with increasing doses of
the nuclease showed that the use of higher doses of the
SH6-TALEN seems to reduce the efficiency of this nucle-
ase. This result could be explained by an increased toxicity
induced by the TALEN or the DNA transfection itself in
HEK-293H cells (Fig. 2a, b). When pseudoclones were
established, the ones carrying the specific integration of the
donor maintained the EGFP expression along time, indi-
cating that the EF1α promoter was able to confer long term
expression in the SH6 site. These results are similar to those
obtained in Eyquem et al. [15], work in which the expres-
sion intensity of the transgene is dependent on the number
of copies integrated, the target site (SH6) and the promoter
(EF1α with intron). A unique copy of the transgene con-
trolled by the same promoter showed low intensity of the
EGFP expression in the SH6 site (in Eyquem et al. com-
pared with other targeted sites), which is a hypermethylated
and a not transcriptionally active area described by
ENCODE database [15]. This low expression driven in the
SH6 site could not be problematic for the GT in Fanconi
anemia patients with mutations in FANCA because low
levels of expression of this gene have been observed to be
sufficient to reverse the FA-A phenotype [26]. Maybe this
expression is not sufficient for other therapeutic applications
in which low expression levels could fail to produce the
desire therapeutic effect. To improve the low expression
described for the SH6 locus we propose the use of chro-
matin insulators in the donor matrix which protect chro-
mosomal domains from heterochromatinization [27, 28],
although their efficacy in the SH6 locus should be
addressed.

Southern blot analyses showed the expected band in
most of the pseudoclones that were positive for the targeted
integration in the SH6 site by the specific PCR. Negative
pseudoclones by Southern blot corresponded with those
with lower percentage of EGFP+ cells, suggesting that the
frequency of cells with the integration was lower than the
sensitivity of the Southern blot analysis (Fig. 2e). Among
the pseudoclones presenting the specific integration in the
Southern, some of them showed a larger band of 7,242 bp,
in line with those presenting a higher percentage and
intensity of EGFP+ cells (and maybe containing more of
one integrated copy). It could be a consequence of the
concatemers formation by our GM and mediated by the HR
process. This issue has been shown in other gene editing
works using other nucleases and donors such as ZFNs and
IDLVs [14] and in Eyquem et al. [15], with a higher level of
expression of the transgene in these cases.

Several experiments were performed to check the
maintenance of the pluripotent capacity of CD34+ cells
after several manipulations as nucleofection, transfection
method, sorting, nuclease delivery and the in vitro culture.
Although all these processes affected the viability of the
cells and their pluripotent capacity, especially the nucleo-
fection and quantity of DNA, the results obtained were
good enough to perform the experiments and with similar
results to those that have been observed in other studies
with these cells [8, 10, 29–32]. Even when the primitive
populations were measured by flow cytometry following the
protocol proposed by Doulatov et al. [21], the percentage of
total and EGFP+ primitive HSPCs obtained was very good,
indicating that the cocktail of cytokines used in our culture
media is able to favor the pluripotent capacity of treated
cells (Fig. 4c, d). Other works used different cytokine
cocktails, as Hoban et al. [8]. They used ZFNs for the
treatment of sickle cell disease (SCD), and did not measure
primitive populations although they also obtained a major-
ity of erythroid colonies after methylcellulose assays.
Genovese et al. observed an increase of the self-renewal
capacity of CD34+ cells adding to the culture SR1 (1 µM)
and dmPGE2 (10 µM) measured as hematopoietic recon-
stitution of NSG mice [10]. Wang et al. used the traditional
cocktail to culture edited CD34+ cells with a GFP cassette
integrated using ZFN mRNA at CCR5 and AAVS1 loci and
observed similar CD34+CD133+CD90+ percentages to
those obtained in our experiments [29]. Dever et al. were
able to get a very high engraftment of gene edited human
hematopoietic cells in NSG mice, when CD34+ were cul-
tured in presence of SCF, FLT3L, TPO and UM171 [12].
Their gene editing approach is based on the electroporation
of CRISPR/Cas9 system as ribonucleoproetin, followed by
transduction with AAV6 viral vectors carried the HR donor.
Our results indicate that, although our culture conditions are
able to maintain primitive HSPCs, the gene editing level is
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either very low or the gene editing with our conditions is
toxic to be detected in xenograft analysis in NSG mice.

When HR frequencies were studied, we realized that
after the sorting of the EGFP+ cells no HR events were
obtained in the EGFP+ colonies. As in Eyquem et al. are
reported, SH6 is a hypermethylated region that impairs the
expression of the transgene. Then, a higher expression of
the EGFP gene is indicative of tandem or random integra-
tions. As the PCR for specific integrations did not show the
expected bands, maybe we were facilitating the enrichment
of cells with random integration [15]. Checking the specific
integrations of the GM in the SH6 site in the pool of cells
before methylcellulose assays and analyzing all the colonies
obtained without the enrichment with the sorting, HR events
were obtained for all the conditions when higher doses of
SH6-TALEN were delivered (Fig. 5e). Although no gene
targeting was observed using the SH6v5-MN, up to 2.1% of
HR events was obtained with 5 µg of SH6-TALEN, and up
to 3.1% with 10 µg of the nuclease. This observation was
different than the results obtained with HEK-293H cells,
showing that in primary CD34+ cells increasing the dose of
SH6-TALEN is not detrimental as observed in HEK-293H
cells (Fig. 2a, b). This contradiction could be due to the
different cell types and delivery systems used.

Different HR frequencies could be obtained depending on
the target site. The SH6 is an hypermethylated site [15] that
maybe is blocking the access of the TALEN to the target.
The delivery of the nuclease as DNA would maintain its
expression into the cell for longer, increasing the probability
of the TALEN to break the DNA and of the HR process
during the synthesis phase, when the DSB repair mechanism
is more active [33]. On the other hand, a smaller nuclease as
the SH6v5-MN is expected to enter easily in this region, but
no gene targeting has been observed in CFC colonies.
Therefore, our results showed that MNs can induce HR
events in SH6 when the specific PCR is performed in the
pool of nucleofected CD34+ cells, but no positive colonies
were observed, which could suggest that this specific inte-
gration is performed in more differentiated cells. It is reported
that the donor employed, the DNA repair machinery and the
chromosomic context affect MN activity [34], and even CpG
methylation dinucleotides in the MN target could impair their
affinity and efficiency [35]. All these circumstances would be
the cause of the inefficacy of the SH6-MNs in CD34+ cells.
Although genetic edition percentages obtained in other works
are higher to those obtained in this work, they are not
comparable due to the different nucleases employed in some
cases, the different target sites and the use of other types of
donors [8, 10, 29–32].

The results of this work reveal the possibility to perform
genome editing in CD34+ progenitor cells in a safe harbor
called SH6 using TALEN gene editing technology.
Although this SH is a genomic desert, it allowed expression

of an EGFP transgene controlled by the EF1α promoter.
Results obtained in this work integrating a TM in SH6 site
could be enough for a possible future treatment of diseases
in which a low expression of the therapeutic gene corrects
the phenotype. In those cases in which a higher expression
of the transgene is needed, the use of insulators could solve
this challenge although this possibility has not been
addressed in this work. This strategy would be useful to
treat inherited hematologic monogenic diseases after
improving transgene expression and targeted integration
into true HSCs.
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