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Gene editing by the CRISPR-Cas9 nuclease system technology
can be considered among the most promising strategies to cor-
rect hereditary mutations in a variety of monogenic diseases. In
this paper, we present for the first time the correction, by
CRISPR-Cas9 gene editing, of the b039-thalassemia mutation,
one of the most frequent in the Mediterranean area. The results
obtained demonstrated the presence of normal b-globin genes
after CRISPR-Cas9 correction of the b039-thalassemia muta-
tion performed on erythroid precursor cells from homozygous
b039-thalassemia patients. This was demonstrated by allele-
specific PCR and sequencing. Accumulation of corrected
b-globinmRNA and relevant “de novo” production of b-globin
and adult hemoglobin (HbA) were found with high efficiency.
The CRISPR-Cas9-forced HbA production levels were associ-
ated with a significant reduction of the excess of free a-globin
chains. Genomic toxicity of the editing procedure (low indels
and no off-targeting) was analyzed. The protocol might be
the starting point for the development of an efficient editing
of CD34+ cells derived from b039 patients and for the design
of combined treatments using, together with the CRISPR-
Cas9 editing of the b-globin gene, other therapeutic ap-
proaches, such as, for instance, induction of HbA and/or fetal
hemoglobin (HbF) using chemical inducers.
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INTRODUCTION
The b-thalassemias are a group of hereditary diseases caused by more
than 300 mutations of the adult b-globin gene, leading to low or
absent production of adult hemoglobin (HbA).1–4 Together with
sickle-cell disease (SCD), thalassemia syndromes are among the
most impactful diseases in developing countries, in which the lack
of genetic counseling and prenatal diagnosis have contributed to
the maintenance of a very high frequency in the population.1,2 The
management of b-thalassemia patients is mostly based on blood
transfusion, chelation therapy, and alternatively, bone marrow
transplantation.2

Recently, novel therapeutic options have been explored, such as gene
therapy and fetal hemoglobin (HbF) induction.4,5 Even though these
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approaches are promising, they are, at present, still under deep
experimental development and limited to a low number of clinical
trials.4–6 With respect to gene therapy for b-thalassemia, significant
progress is expected, also considering fundamental insights into
globin switching and new technology developments, which might
have a strong impact on novel gene-therapy approaches.4 A robust
information is, however, available regarding the management of
b-thalassemia, i.e., that patients exhibiting high levels of endogenous
HbF might exhibit a milder clinical status, as in the case of
hereditary persistence of HbF (HPFH).6–9 In this context, one of
the most exciting strategies recently proposed for hereditary
diseases, including b-thalassemia, is genome editing, using a variety
of strongly validated approaches targeting human hematopoietic
cells.10 Among these strategies, the CRISPR and CRISPR-associated
protein 9 (Cas9; CRISPR-Cas9) nuclease system is considered the
most promising.10–13

Although efficient gene editing has been reported for a variety of
genetic diseases,14–17 CRISPR-Cas9-based gene editing of the
b-globin gene in b0-thalassemia has to be optimized to reach clinically
relevant levels of HbA production. The protocol is based on the
design of a CRISPR-Cas9 strategy to replace the mutated with normal
gene sequences with the precise homology-directed repair (HDR)
mechanism.4,5,12,13 To the best of our knowledge, no data are available
in the literature on the CRISPR-Cas9-based gene correction of the
b039-thalassemia mutation. Most of the gene-editing intervention
for b-thalassemia is focusing on other mutations (e.g., IVS2-654 or
IVS I-110)4,5,18–22 or on the reactivation of fetal globin gene expres-
sion by disrupting the g-globin gene repressor BCL11A.4,5,23–33
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An example is the paper by Antoniani et al.24 They designed a
CRISPR-Cas9 strategy to disrupt a 13.6-kb genomic region encom-
passing the d- and b-globin genes and a putative g-d intergenic
HbF. Disruption of just the putative HbF silencer resulted in a mild
increase in g-globin expression, whereas deletion or inversion of a
13.6-kb region causes a robust reactivation of HbF synthesis in adult
erythroblasts that is associated with epigenetic modifications and
changes in chromatin contacts within the b-globin locus. In primary
SCD patient-derived hematopoietic stem cell (HSC)/progenitor cell
(HSPCs), targeting the 13.6-kb region results in a high proportion
of g-globin expression in erythroblasts, increased HbF synthesis,
and amelioration of the sickling-cell phenotype. Overall, this study
provides clues for a potential CRISPR-Cas9 genome-editing approach
to the therapy of b-hemoglobinopathies.

A further example has been recently reported by Métais et al.32 They
disrupted an HBG1/HBG2 gene promoter motif that is bound by the
transcriptional repressor BCL11A. Electroporation of a Cas9 single-
guide RNA (sgRNA) ribonucleoprotein (RNP) complex into normal
and SCD donor CD34+ HSPCs resulted in high frequencies of on-
target mutations and the induction of HbF to potentially therapeutic
levels in erythroid progeny generated in vitro and in vivo after trans-
plantation of HSPC mouse models.

Disruption of BCL11A in HSCs by using CRISPR-Cas9 protocols is,
at present, under clinical validation and is expected to implement
information deriving from similar zinc finger nuclease (ZFN)-based
interventions (ClinicalTrials.gov: NCT03432364, NCT03653247,
NCT03655678, and NCT03745287).34

This study aims to determine whether the CRISPR-Cas9 technology
can be applied to correct the b0-thalassemia mutation in erythroid
precursors isolated from patients affects by b039-thalassemia. This
nonsense mutation causes the introduction of a stop codon with
the production of a truncated, non-functional b-globin, leading to a
b0-globin phenotype. Furthermore, the b039-globin mRNA is unsta-
ble, due to the well-known “nonsense-mediated decay” (NMD).1–3
RESULTS
Experimental strategy for CRISPR-Cas9 correction of the

thalassemia b039 mutation

Figure 1A shows the experimental strategy for the correction of the
b039-thalassemia mutation in erythroid precursor cells (ErPCs) iso-
lated from b039 homozygous patients. Cells are cultured for 7 days
in culture medium in the absence of erythropoietin (EPO) (phase
I). Then, cells are transferred to an EPO-dependent medium (phase
II) to stimulate erythroid differentiation and hemoglobin production.
After 3 days of phase II culture, the cells are electroporated, adding to
the reaction mix all the components of the CRISPR-Cas9 system.
After electroporation, the cells are maintained in phase II medium
for a further 5 days and then analyzed to evaluate the correction of
the b039-thalassemia mutation at the following levels: genomic
(sequencing and droplet digital polymerase chain reaction [ddPCR]),
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transcriptomic (qRT-PCR and RT-ddPCR), and protein (western
blotting and high-performance liquid chromatography [HPLC]).

Figure 1B shows the CRISPR-Cas9-based design for the correction of
the b039-thalassemia mutation. The CRISPR-Cas9 system binds, by
CRISPR RNA (crRNA), on exon 2 of the b-globin gene, cutting the
DNA near the protospacer adjacent motif (PAM; AGG, in blue)
sequence causing the formation of a DSB (double-strand break)
and inducing the cell to activate repair mechanisms, such as homol-
ogous recombination. The cells will use a single-strand (ss) donor
DNA (ssDNA) as a template to repair the damage; this allows the
insertion of the correct nucleotide sequence instead of the one con-
taining the b039 stop mutation.

Culture and editing procedure using ErPCs isolated from a b039-

thalassemia patient

The blood samples were collected from b039-thalassemia patients af-
ter informed consent. The ErPCs, obtained from 25 mL of peripheral
blood, were cultured following the Fibach protocol7 and electropo-
rated on the 3rd day of phase II culture in the presence of the
CRISPR-Cas9 system and a ssDNA b-globin donor template (fwd
[forward] donor; rev [reverse] donor). After the genomic-editing pro-
cedure, the cells were monitored, observed under the microscope, and
counted at 3, 5, and 7 days after electroporation in order to monitor
any possible difference between edited and not edited (C�) cells. The
data reported in Figure S1 show, after the CRISPR-Cas9 editing, the
maintenance of a good survival and growth capacity (in comparison
to those of control cells) in cells from all of the patients analyzed,
comparable with those of control cells. These data suggest that no
clonal selection is occurring following the gene-editing protocol.

Efficiency of b039 gene editing: genomic analyses

Two complementary approaches have been followed to demonstrate
the presence of the normal b-globin gene after CRISPR-Cas9 correc-
tion of the b039-thalassemia mutation performed on ErPCs from
homozygous b039-thalassemia patients: (1) allele-specific PCR, per-
formed using ddPCR and (2) direct gene sequencing (Sanger
sequencing). Additional information about editing efficiency, ob-
tained with whole genome sequencing (WGS) and amplicon
next-generation sequencing (NGS), is presented and discussed in
the relative sections.

Figures 2A and 2B show a representative analysis of gene correction
with the CRISPR-Cas9 system performed on ErPC genomic DNA
isolated from a b039-thalassemia patient (Th-ErPC-2) and analyzed
by ddPCR assay. The correction data plotted are represented in
the1-dimensional (1d) and 2-dimensional (2d) dot plots (Figure 2A).
The blue dot plots, related to the recognition of the correct b-globin
gene sequence, and the green dot plots, for the recognition of the
b-globin gene sequence with the b039 mutation, have been done
with two different probes (edited 6-carboxyfluorescein [FAM] and
mutated hexachloro-6-carboxy fluorescein [HEX], respectively).
The samples indicated as C�, gene editing (GE) Fwd, and GE Rev
represent control untreated cells, cells treated with the CRISPR-
021



Figure 1. Experimental strategy

(A) Experimental strategy for the correction of the b039-

thalassemia mutation in ErPCs isolated from b039

homozygous patients. After the first step of cell culture

(phase I), the ErPCs are transferred in medium containing

EPO (phase II). At day 3, cells are electroporated, and the

CRISPR-Cas9 genomic editing was performed. After

genomic editing, the cells have been maintained in phase

II medium for a further 5 days and then collected and

analyzed to evaluate the correction of the b039-thalas-

semia mutation at genomic, transcriptomic, and proteo-

mic levels. (B) Scheme representing the CRISPR-Cas9

model system used for the b039 correction.
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Cas9 system with fwd donor DNA template, and cells treated with the
CRISPR-Cas9 system with rev donor DNA template, respectively.

As clearly seen, the presence of amplified, edited b-globin gene
sequences are absent in C� but present in both GE Fwd and GE
Rev samples (Figure 2A, blue spots in the upper panel). As expected,
mutated b-globin gene sequences are present in all the samples (Fig-
ure 2A, middle panel). In the bottom panel of Figure 2A, the 2d dot
plot, which represents the specificity of the assay used for genomic
analysis, is visualized. The correction level obtained is reported in
the form of fractional abundance %, calculated as the edited/(edited +
mutated) concentration. In Figures 2B and 2C, the fractional abun-
dance, in purple, is shown. In Figure 2B, the data obtained from the
same representative experiment shown in Figure 2A are reported,
Molecular Therapy: Methods &
whereas in Figure 2C, the average concentra-
tions of ddPCR analyses performed on six
different ErPC cultures isolated from b039/
b039-thalassemia patients are shown. The
average fractional abundance was found to be
6.67 ± 1.00 in GE Fwd samples and 4.60 ±

1.01 in GE Rev samples.

A representative Sanger sequencing experi-
ment reporting the electropherograms ob-
tained by sequencing of the DNA extracted
from the ErPC cultures treated with the
CRISPR-Cas9 system, containing both poten-
tial edited cells and cells in which editing has
not occurred, is shown in Figure 2D.
In particular, only a small portion of the
b-globin gene is reported, in which the b039
mutation is highlighted with the mutated
nucleotide T (red) and the corrected nucleo-
tide C (blue). Although the mutated nucleo-
tide is still predominant even in the edited
samples (GE Fwd and GE Rev), the peaks cor-
responding to the corrected sequence are
increased in both GE Fwd and GE Rev sam-
ples. The proportion of the sequencing peaks
corresponding to the corrected nucleotide
(C) increased in both CRISPR-Cas9-edited ErPCs GE Fwd and
GE Rev. The percentage of this increase was calculated as the
area subtended by the peaks, and in particular, the % of C/C + T
was found to range between 34.29% and 25.97% for fwd and rev
samples, respectively.

In conclusion, the experiments performed using ddPCR and shown in
Figures 2A�2C demonstrate that amplification of a normal corrected
b-globin gene sequence was detectable only when CRISPR-Cas9-
treated ErPCs were employed. No amplification was detectable using
untreated b039/ b039 ErPCs. Analysis of the fractional abundance of
the edited genomes suggests that at least 4.5% of the b-globin genes
have been corrected by this approach. With the consideration of
the differences between the two technologies employed (digital PCR
Clinical Development Vol. 21 June 2021 509
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Figure 2. Genomic analysis of the CRISPR-Cas9 system in ErPC cultures

(A–C) The data relating to a representative example of ddPCR analysis of a b039-thalassemia patient-derived ErPC (Th-ErPC-2) (A and B), whereas (C) shows the ddPCR

average result of all ErPCs analyzed. (A) Representative results obtained after gene-correction treatment performed by the CRISPR-Cas9 system on a culture of ErPCs

isolated from a b039-thalassemia patient and analyzed by ddPCR assay. C�, untreated cells; GE forward (Fwd), cells treated with the CRISPR-Cas9 system with fwd donor

DNA; GE reverse (Rev), cells treated with the CRISPR-Cas9 system with rev donor DNA. Top and middle: 1d dot plot showing edited and mutated b-globin sequence.

Colored dots reported in (A) represent the events (droplets) in function of the respective FAM or HEX fluorescence. (B) Fractional abundance related at the representative

ddPCR example reported in (A). (C) Average fractional abundance calculated from the average concentrations of six ddPCR analyses performed on ErPC cultures isolated

from different b039-thalassemia patients. (D) Electropherograms related to a small portion of the b-globin gene in which the b039 mutation is highlighted with the mutated

nucleotide T (red) and the corrected nucleotide C (blue) and obtained by DNA sequencing from the edited ErPC cultures.
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and sequencing), we can anyway conclude that the obtained data
display the same trend.

High expression of normal b-globin mRNA following CRISPR-

Cas9 correction of the thalassemia b039 mutation

In order to evaluate the correction level of the b039-thalassemia mu-
tation obtained from ErPCs treated with our the CRISPR-Cas9 sys-
tem, we analyzed both mutated b039 as well as edited b-globin
mRNAs using RT-PCR and RT-ddPCR approaches. Figures 3A and
3B show a representative example of accumulation of b-globin
510 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
mRNA from a b039/b039 homozygous b-thalassemia patient (Th-
ErPC-2) and analyzed by RT-ddPCR assay. The amplification events
are represented in 1d (Figure 3A, upper and middle panels) and 2d
dot plots (Figure 3A, bottom panel). The blue dot plots (correct
b-globin mRNA) and the green dot plots (b-globin mRNA with the
b039 mutations) have been obtained with two different and selective
probes: edited FAM and mutated HEX, respectively. In Figure 3B, the
data obtained from the representative experiment (Figure 3A) are re-
ported in the form of fractional abundance %, calculated as an edited/
(edited + mutated) concentration, whereas in Figure 2C, the average
021



Figure 3. Gene-editing correction by the CRISPR-Cas9 system evaluated in globin mRNAs

(A) Representative example of gene-correction treatment performed by the CRISPR-Cas9 system on Th-ErPC-2 and analyzed by RT-ddPCR assay. The treatment points

shown in the figure are: C� (untreated); GE Fwd (cells treated with the CRISPR-Cas9 system with fwd donor DNA); GE Rev (cells treated with the CRISPR-Cas9 system with

rev donor DNA). Top and middle: 1d dot plots obtained after analysis of edited b-globin mRNA (top) or non-corrected cultures; bottom: 2d dot plot showing edited and

mutated b-globin mRNA. Colored dots reported in (A) represent the events (droplets) in function of the respective FAM or HEX fluorescence. (B) Fractional abundance (in

purple) related at the representative example reported in (A) is shown. (C) The fractional abundance calculated on the average of six RT-ddPCR analyses performed on ErPC

cultures isolated from different b039-thalassemia patients and represented by the histogram. (D) The histogram shows the relative content b039 non-treated (NT) values

related to the a (blue)-, b (red)-, and g (green)-globins obtained from the treated/NT ratio for each sample analyzed. All of the data were normalized using b-actin and GAPDH

as housekeeping genes.
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fractional abundance % of different mRNA samples isolated from six
CRISPR-Cas9-treated b039/b039-thalassemia ErPC cultures derived
from different b-thalassemia patients is shown. The average fractional
abundance was found to be 48.28 ± 1.21 in GE Fwd samples and
50.50 ± 0.91 in GE Rev samples. The different fractional abundance
found at the genomic (Figure 2C) and transcriptomic (Figure 3C)
levels is expected, since it is known that the mutated b039-globin
mRNA is far less stable than the normal b-globin mRNA. It is known
indeed that the accumulated mutated b039-globin mRNA does not
exceed 2%–5% with respect to the expected content values predicted
on the basis of transcriptional efficiency.35
Molecul
Accordingly, it was expected to find that the relatively slight increase
of b-globin gene correction generated a sharp increase (at least 10-
fold) when corrected b-globin transcripts were analyzed.

The relative content of globin mRNAs (a-, b-, and g-globins) shown
in Figure 3D is obtained analyzing, by qRT-PCR, the cDNA from
ErPCs isolated from six different b-thalassemia patients treated
with the CRISPR-Cas9 system. The histograms show the mean rela-
tive content values related to the a-globin (blue), b-globin (red),
and g-globin (green) mRNAs relative to C� untreated cells. The
sharp increase in b-globin mRNA is well in agreement with the
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 511
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Figure 4. Evaluation of b- and a-globin proteins, analysis by western

blotting

(A) The amount of b-globin protein (16 kDa) corrected and a-globin protein

(15 kDa) was assessed by western blotting analysis by comparing it with the

quantity of housekeeping b-actin (45 kDa) protein in the protein extracts ob-

tained from a Th-ErPC-2 treated by the CRISPR-Cas9 system. The genome

editing efficiency are reported in Table 2. (B) The quantification of the bands,

carried out by means of a ChemiDoc densitometric analysis, reveals a significant

increase in the quantity of b-globin protein (top panel) corrected for both donor

templates using GE Fwd (p < 0.001) and GE Rev (p < 0.001). These results are

reported as relative values calculated by normalizing the data with respect to the

b-actin protein and as b-globin fold increase over C�. At the bottom of (B), the

a-globin protein expression showed no difference reported either as relative

value with respect to the b-actin protein or as fold increase with respect to the

untreated sample (C�). The original uncut version of the gel is shown in

Figure S3.
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fractional abundance data shown in Figure 3C and demonstrated a
high content of the edited b-globin mRNA in CRISPR-Cas9-treated
ErPCs, which reached a level of total b-globin mRNA eight times
higher than the level of C� samples. Further details of the qRT-
PCR analyses are shown in Figure S2.

Western blotting and HPLC analyses demonstrate “de novo”

production of b-globin and HbA following CRISPR-Cas9

correction of the b039-thalassemia mutation

We conclusively confirmed the correction of the b039-globin gene by
performing two complementary approaches: western blotting (Fig-
ure 4) and HPLC (Figure 5) analyses.

Results obtained from western blotting evidenced a sharp increase of
b-globin protein expression in CRISPR-Cas9-treated ErPCs. The
band relative to the b-globin protein detected for the samples treated
with the GE Fwd andGE Rev system is significantly more intense with
respect to the untreated C�. On the other hand, no variation of
b-actin protein was detected in all samples. The content of the
a-globin was also analyzed and found not modified following treat-
ment of the cells with the CRISPR-Cas9 system (Figure 4A). The rela-
tive levels of b-globin and a-globin proteins were calculated after
normalization with the densitometric values obtained using an anti-
b-actin antibody.

In particular, the level of b-globin protein in edited samples reaches
up to a 7.1-fold increase (upper panels of Figure 4B) with respect to
the non-edited control sample. On the contrary, the a-globin relative
content did not exhibit any differences when edited samples are
compared to untreated sample (C�) (Figure 4B, lower panels). The
uncut versions of the gels are shown in Supplemental materials and
methods (Figure S3).

The HPLC analyses performed on CRISPR-Cas9-edited ErPCs from
three b039/b039-thalassemia patients are reported in Figure 5. The
HPLC data, as clearly represented in chromatograms (Figures
5A�5C), indicate a de novo production of HbA in all edited samples
analyzed (GE Fwd and GE Rev samples). The percentage of HbA,
with respect to total hemoglobin content obtained after the
CRISPR-Cas9 correction, was found to be between 17.04% and
28.75%.

This efficiency of HbA production is very high considering that only
4.6%–6.67% (genomic average fractional abundance; see Figure 2) of
the b-globin genes have been corrected within the CRISPR-Cas9-
treated cell populations. In order to understand what level of HbA
was reached within the CRISPR-Cas9-corrected ErPCs, we developed
an algorithm based on the expected assumption that (1) no increase in
HbA is expected in ErPCs that were not corrected by the gene-editing
treatment; (2) no major changes in the hemoglobin pattern occur in
these cells (this hypothesis is supported by the concept that
the pattern of control, untreated, electroporated cells is over-impos-
able to that of untreated controls, data no shown); (3) no major
changes of expression of HbF and HbA2 occur in successfully
021



Figure 5. Evaluation of adult hemoglobin (HbA) by HPLC analysis

(A�C) Chromatograms relating to the HPLC analysis conducted on the protein lysates of the ErPC cultures derived from three different b039-thalassemic patients (A, Th-

ErPC-2; B, Th-ErPC-4; C, Th-ErPC-6). For each of them, the expression pattern of hemoglobins in the untreated cells and in the CRISPR-Cas9 system-treated cells was

analyzed. (D) Percentages of HbA (left panel) and free a-globin chain (right panel) were represented as different colored spots for each sample analyzed. An inverse trend can

be displayed for the two parameters analyzed. An opposite trend was recorded for hemoglobin HbA and free a chains for the untreated sample and for GE Fwd and GE Rev.

The relationship between the trends of the two protein components was represented graphically and reported in the graph in (E). The genome editing efficiency is reported in

Table 2.
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CRISPR-Cas9-edited cells; and (4) the maximum correction was
achieved in the edited cells (i.e., both the alleles were corrected).
With the consideration of all of these hypotheses, the virtual HbA
percentage increase within corrected ErPCs, as demonstrated by Fig-
ure 5, can be calculated applying the following algorithm:

ðHbAc x 100Þ � HbAnc ð100� FAcÞ
ð100� HbAcÞFAc+ ½ðHbAc � 100Þ � HbAnc ð100� FAcÞ�
where “HbAc” represents the area percentage obtained by HPLC
analysis following the CRISPR-Cas9 correction, “HbAnc” represents
the area percentage obtained by HPLC analysis in the sample not
corrected (C� sample) with the CRISPR-Cas9 system, and “FAc”
represents the fractional abundance value obtained in CRISPR-
Cas9-corrected samples after ddPCR analysis of genomic DNA
(see Figure 2).
Molecul
The results obtained by applying this algorithm are shown in Table 1
and suggest a very high production of HbA (87.73% in Th-ErPC-2 GE
Rev and Th-ErPC-4 GE Fwd; 94.08% in Th-ErPC-6 Rev) within the
CRISPR-Cas9-corrected samples. These values are very close to the
percentage of HbA that could be detected in ErPCs from healthy sub-
jects (96% ± 3.2%, data derived from 8 independent cell cultures)
(data not shown).

As far as possible clinically relevant effects, we found that in all of the
CRISPR-Cas9-edited cultures, a strong reduction of the excess-free
a-globin chains is present (Figure 5D). This should be considered
an important effect since the excess of free a-globins is a major issue
in pathological characteristics of b-thalassemia.1,36,37 The relation-
ship between the increase of HbA and decrease of the excess of free
a-globin chains is reported in Figure 5E, demonstrating high correla-
tion levels (r2 = 0.85).
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 513
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Table 1. HbA percentage calculated by applying the algorithm that

connects the genomic fraction abundance correction values and

percentage areas obtained from HPLC analysis of the same ErPC cultures

Sample Virtual HbA% in corrected ErPCs

Th-ErPC-2 GE Fwd 81.03

Th-ErPC-2 GE Rev 87.73

Th-ErPC-4 GE Fwd 87.73

Th-ErPC-4 GE Rev 87.61

Th-ErPC-6 GE Fwd 80.89

Th-ErPC-6 GE Rev 94.08

Molecular Therapy: Methods & Clinical Development
It is very important to underline that no modulation of the expression
of the a-globin protein is induced with the CRISPR-Cas9 system (Fig-
ure 4) but rather, a reduction of the free a chains, as a part of them
complexes with the correct beta chains to form the tetramer of the
HbA.

Amplicon-based sequencing results

Bar-coded amplicons were sequenced on a NovaSeq 6000 platform
150 phycoerytrin (PE) mode. The obtained number of fragments
was �400,000 for the 18 (nine in duplicate) samples sequenced.
The calculation of the frequency of the edited base and the indels at
the sites of interest showed an editing rate between 6.5% and 14.4%
for the edited base (chr11:5,226,774), with deletion rate between
1.3% and 17.8%. Very low occurrence of insertions (lower than
0.1%) was detected (Table 2).

All samples showed an editing rate above the control samples, gener-
ated as expected background values, indicating that the editing
worked on all samples analyzed. The two replicates showed high
reproducibility of the allele frequencies (AFs) on the target site.

The data show that a consistent proportion of corrected sequences are
present in all of the edited samples, in agreement with the digital PCR
data shown in Figure 2, and demonstrate that both fwd and rev do-
nors sustain gene correction. As far as indel effects, no significant in-
sertions were found. On the contrary, deletions were detected to a
proportion similar to the insertion of corrected sequences. A repre-
sentative example among the analysis performed (Table 2) is shown
in Figure 6 and further details in Figures S4A and S4B focusing, in
particular, on indel effects. The efficacy of this editing protocol was
confirmed in CD34+ purified hematopoietic cells. Representative ex-
amples are shown in Table S3, including data related to the percentage
of correctly edited genomes (12.37% and 9.16% in the two CD34+

samples shown) and to the percentage of indels (17.64% and 6.72%
deletions and 0.45% and 0.14% insertions, respectively). The full
description of the efficacy of this protocol of CD34+-purified cells is
the issue of a forthcoming study (unpublished data).

WGS results

In order to confirm these data using theWGS approach and to extend
the analysis on possible off-target effects of the gene-editing protocol,
514 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
the study was focused on two randomly selected samples: Th-ErPC-2
and Th-ErPC-6 (C� and GE Fwd).

The whole genome libraries were sequenced on a NovaSeq 6000 plat-
form using 150 PE mode. The obtained number of fragments was be-
tween 450,000 and 600,000 for the 4 samples sequenced (data not
shown, C� and GE Fwd edited in both cases). The achieved insert
length was �500 bp, as expected. Results of the alignment of reads
showed that all samples obtained the expected mean coverage of
�40�, with an average duplication rate of 8%. The genotypability
reached 86.9% at a standard read depth of 3 (86.8% if considering
10 reads covering the site), and the fold 80 base penalty showed a
value of �1.3, which indicates a high uniformity of coverage (fold
80 close to 1).

In the WGS study, the calculation of the frequency of the edited base
and of the indels was supported by a coverage of 81�82� on Th-
ErPC-2 GE Fwd and of 33�35� on Th-ErPC-6 GE Fwd on the sites
of interest. As expected, the target site was edited in both samples.
Moreover, no insertions were found in any of the sites of interest,
whereas there was a low number of deletions on the target site,
in agreement with data obtained with an amplicon sequencing
approach.

As a key issue of the WGS approach, we further investigated the
potential off-target sites of CRISPR-Cas9, as calculated by Cas-
OFFinder, together with a manual inspection of all of the insertions
identified in the VCF file of Mutect2. Both of the analyses reported
no off-target mutations, indicating that the editing did not produce
any off-target effects outside the region of interest. The data generated
by Cas-OFFinder software and reporting the predicted off-target sites
are shown in Figure 7.

Moreover, we manually investigated supplementary alignments con-
taining stretch homologs to the region of interest, identifying 35 for
Th-ErPC-2 GE Fwd and 10 for Th-ErPC-6 GE Fwd supplementary
alignments, not included in the potential off-target site found by
Cas-OFFinder, supported only by one read, as reported in the Tables
S1 and S2. In addition, by checking the primary alignments of these
reads, none of the regions was present in Th-ErPC-2 GE Fwd and
Th-ErPC-6 GE Fwd samples. These data support the concept of
extremely low, occasional, and random alignments, with no accumu-
lation on genomic DNA, strongly highlighting the conclusion that the
editing approach did not produce noticeable off-target effects outside
the target site (no off-target mutation and no insertion of donor-
derived DNA sequences).

DISCUSSION
Gene editing by the CRISPR-Cas9 technology can be considered
among the most promising strategies to correct hereditary mutations
in a variety of monogenetic diseases. For instance, CRISPR-Cas9 has
been employed in cystic fibrosis,38,39 SCD,40,41 Huntington’s chorea
disorder,42,43 Duchenne muscular dystrophy,44,45 hemophilia,46,47

and chronic granulomatous disease.48,49
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Table 2. Editing results obtained by amplicon sequencing (replicates 1 and 2)

Sample name Replicate ID Tot reads Reads “T” allele %AF T Reads “C” allele %AF C Reads del %AF del Reads ins %AF ins

Th-ErPC-2 C�
1 458,006 456,607 99.7 725 0.2 19 0 0 0

1A 218,508 217,278 99.4 318 0.1 6 0 0 0

Th-ErPC-2 GE Fwd
2 340,907 24,731 7.3 38,805 11.4 53,527 15.7 622 0.2

2A 228,217 162,305 71.1 24,163 10.6 40,733 17.8 464 0.2

Th-ErPC-2 GE Rev
3 487,416 354,441 72.7 69,534 14.3 61,375 12.6 444 0.1

3A 291,744 210,678 72.2 41,252 14.1 3,861 13.2 203 0.1

Th-ErPC-4 C�
4 427,363 425,828 99.6 715 0.2 32 0.01 0 0

4A 291,416 290,403 99.7 468 0.2 19 0.01 1 0

Th-ErPC-4 GE Fwd
5 417,987 354,157 84.7 28,731 6.9 33,668 8.1 401 0.1

5A 270,785 230,672 85.2 17,534 6.5 21,653 8.0 241 0.1

Th-ErPC-4 GE Rev
6 397,882 335,472 84.3 29,596 7.4 31,592 7.9 53 0

6A 276,418 233,346 84.4 20,950 7.6 21,124 7.6 52 0

Th-ErPC-6 C�
7 461,288 459,674 99.7 893 0.2 23 0 0 0

7A 262,450 261,364 99.6 557 0.2 53 0.02 0 0

Th-ErPC-6 GE Fwd
8 377,829 31,396 8.3 26,798 7.1 35,671 9.4 538 0.1

8A 262,572 218,433 83.2 23,086 8.8 19,472 7.4 1,206 0.5

Th-ErPC-6 GE Rev
9 428,089 326,031 76.2 61,707 14.4 38,718 9.0 576 0.1

9A 364,864 2,9097 80 35,703 9.8 36,575 10.0 589 0.2

The columns report the sample name, the replicate identification (ID), the total (Tot) number of reads containing the base position (chr11:5,226,774, corresponding to the b039 mu-
tation), the number of reads containing the allele T (mutated), the allele frequency (AF) of T, the number of reads containing the allele C (not mutated), the AF of C, the number of reads
containing the deletion (del), the AF of del, the number of reads containing the insertion (ins), and the AF of ins.
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As far as thalassemia, this approach has been the object of
several studies,18–33 has been the main inventive part of several
patents (for instance US patents US9822372, US10550372,
and U8945839),50–52 and is considered in different clinical
trials (ClinicalTrials.gov: NCT03728322, NCT03655678, and
NCT04208529),34 demonstrating the translation of this research
from the laboratory to the clinic. These studies are based on
CTX001 (autologous CD34+ human HSPCs [hHSPCs] modified
with CRISPR-Cas9 at the erythroid lineage-specific enhancer of
the BCL11A gene), and recruited subjects will receive a single infu-
sion of CTX001 through a central venous catheter. This is expected
to cause an increase in the production of HbF in the patient’s red
blood cells. The hypothesis sustaining this last development is that
no major genome alterations occur in CRISPR-Cas9-edited
cells.29–34

In this paper, we present for the first time the correction, by
CRISPR-Cas9 gene editing, of the b039-thalassemia mutation, one
of the most frequent in the Mediterranean area.1,2 The protocol
here described is expected to be of interest for all of the clinicians
working on hematological diseases, such as b-thalassemia, in partic-
ular, for those working on b0-thalassemia. It should be underlined
that researchers also working with SCD patients might be interested
because, apart the gene editing of the SCD locus, several patients are
compound subjects carrying the SCD locus together with a b0-39-
thalassemia mutation.
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In addition, this protocol might be of great interest for researchers
involved in developing alternative approaches for gene editing. For
instance, peptide nucleic acids (PNAs) were found to be useful
reagents for non-enzymatic gene editing. By forming high-affinity
heterotriplex structures within the genome, PNAs have been used
to correct multiple human disease-relevant mutations, including
b-thalassemia. In a model of b-thalassemia, treated animals demon-
strated clinically relevant protein restoration and disease phenotype
amelioration, suggesting a potential for curative therapeutic applica-
tion of PNAs to monogenic disorders. In this context, our CRISPR-
Cas9 protocols might be considered to test the efficacy of alternative
strategies finalized to gene editing for thalassemia.53–56

Moreover, the protocol might be the starting point to develop com-
bined treatments using, together with the CRISPR-Cas9 editing of
the b-globin gene, other therapeutic approaches, such as HbF induc-
tion using chemical inducers.57–64 In this context, several clinical tri-
als in b-thalassemia and/or SCD are ongoing using HbF inducers,
such as ClinicalTrials.gov: NCT01245179 (based on the histone de-
acetylase [HDAC] inhibitor panobinostat), NCT00790127 (based
on 2,2-dimethylbutyrate, HQK-1001),64 and NCT03877809 (based
on the mTOR inhibitor sirolimus).60 Possible combined treatment
of erythroid cells with HbF inducers and gene-editing protocols might
stimulate the co-increase of both HbF and HbA. In this context, the
possibility of inducing HbA by gene therapy andHbF by co-treatment
with HbF inducers has been demonstrated in recent studies.4,65
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Figure 6. Alignment of the fragments generated by the amplicon sequencing obtained from a sample edited with the b039 CRISPR-Cas9 system

The figure shows sections of some representative reads obtained following the sequencing of one of the two amplicons generated for Th-ErPC-2 GE Fwd (only one of the

replicates is reported). In particular, the alignment relative to position chr11:5,226,774 (in which the b039-thalassemia mutation is present) is indicated. In addition to the four

nucleotides reported each with a different color, deletions are visible, shown with a black line surmounted by the number of deleted nucleotides. The reads were aligned by

placing the same unedited patient as the reference genome sequence.
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Finally, the protocol here described might be of interest to re-
searchers working on gene editing of coding BCL11A and other
transcription repressors of the g-globin genes. In the case of com-
bined CRISPR-Cas9 treatments (using our protocol and else-
where-described strategies for correcting the genes coding for the
g-globin gene repressor), it might be possible to obtain induction
of both HbF and HbA.

Concerning the efficiency, a very important point of our protocol is
that the CRISPR-Cas9-corrected cells exhibit a very high production
of HbA, approaching the percentage of HbA that could be detected
in ErPCs from healthy subjects. On the other hand, we should
consider the heterogeneity of the CRISPR-Cas9-corrected popula-
tions. This is one of the limits of this and other CRISPR-Cas9-based
protocols. However, in order to have an idea about the level of
correction with respect to the maximum level of HbA that can be
obtained in the overall population that underwent the gene-editing
protocol, the following considerations can be done. When the
information about (1) the HbA content in the heterogenous cell
population containing corrected erythroid cells, (2) the correction
efficiency, and (3) the proportion of the indel fraction observed is
considered together, the amount of HbA expected is, in any case,
lower than that exhibited by ErPCs from healthy subjects, mainly
due to the presence of indels containing cells. Therefore, future ex-
516 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
periments about functional rescue should be considered, as well as
pharmacological induction of an increase of HbA (from the de
novo-corrected b-globin mRNAs) and HbF (from endogenous
g-globin genes).

Despite these limitations, a key advantage of this protocol is that the
CRISPR-Cas9-forced HbA production levels are associated with the
reach of a clinically relevant goal, i.e., the reduction of the excess of
a-globin chains. This is an important achievement, together with
the very efficient increase of HbA. In this specific context, recent
studies suggest that the reduction of the excess of free a-globin chains
might be associated in b-thalassemia to activation of autophagy.66

Therefore, a combination of the CRISPR-Cas9 approach with in-
ducers of autophagy might lead to full suppression of the a-globin
chains’ excess.

In conclusion, the possible combination of our CRISPR-Cas9 proto-
cols with other therapeutic strategies for b-thalassemia might lead to a
further increase of HbA and HbA/HbF, in association with a full
reduction of the excess a-globin chains, allowing the reach of clini-
cally relevant endpoints.

A critical issue of our approach is that the percentage of gene-edited
cells is low, with respect to the finding that a very high level of
021



Figure 7. Potential off-target sites in the WGS data obtained by Cas-OFFinder analysis

The off-target sites identified by the tool were inspected in the VCF files using bedtools intersect (v. 2.29.2). The software was set up to allow amaximum of threemismatches

with respect to the input query sequence, with default values for the size of the DNA and RNA bulge (both with bulge size = 0).
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production of HbA is activated in CRISPR-Cas9-corrected cells (see
Table 1). Both the ssODN donors (fwd and rev) were found to sustain
the editing with similar efficiencies, and only minor differences were
appreciated with the use of the different technological approaches
employed. In addition, no apparent insertions were detected at the
target site, where, on the contrary, several deletions were found. These
expected results are shown by the representative example of Figure 6
and by the summary of the results obtained reported in Table 2.
Although the deletions at the target sites do not represent a major
functional issue, since both the b0-globin genes carry a b039mutation,
leading to a b0-globin phenotype and to the absence of HbA produc-
tion, the overall percentage of CRISPR-Cas9-mediated changes never
exceeded 30% (%AF “C” + %AF deletion [DEL] + %AF insertion
[INS]) (see Table 2). This finding confirms that an important chal-
lenge of the CRISPR system is the delivery to the target cells.67–70

Many delivery approaches are being tested both to eliminate the prob-
lem of the size of the transgenic DNA to be inserted and to identify a
safer and more efficient delivery system than viral vectors. Some of
them involve the use of microinjection, transduction induced by
osmocytosis and propane-betaine, lipid-mediated transfection, or
systems that provide for the insertion of the donor DNA template us-
ing gold nanoparticles, or cell-penetrating peptides, and still hydrody-
namic delivery.71

Finally, no major off-targeting effects were detectable (see Figure 7;
Tables S1 and S2). This is clearly a positive finding, fully in agreement
with the results of preclinical experiments with CTX001, presented in
December 2017 at the American Society of Hematology (ASH)
Annual Meeting, confirming that CTX001 was able to efficiently
edit the target gene causing an increase of HbF production, without
off-target effects on HSCs, thereby appearing to be a safe potential
treatment.72

Although the described gene-editing protocols might be considered a
promising starting point on the road of the development of therapeu-
tic approaches for b-thalassemia, we like to point out that the final
demonstration of functional genetic modification of HSCs will
require in vivo xenotransplantation experiments and in vivo model
systems mimicking b-thalassemia.
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MATERIALS AND METHODS
ErPC isolation and culture

The blood samples used to conduct our experiments were collected
from patients with b039-thalassemia with informed consent. About
25 mL of peripheral blood was collected in tubes treated with the
Vacutainer lithium heparin (LH) (BD Vacutainers; Becton Dickin-
son, UK). The separation and isolation of peripheral blood mononu-
clear cells (PBMCs) were obtained starting from a whole-blood sam-
ple by centrifugation of the Ficoll-Hypaque density gradient
(Lympholyte-H Cell Separation Media; Cedarlane, Euroclone,
Italy). The PBMC ring, obtained after the separation of the different
blood components, was collected and washed with 1� DPBS W/O
CA-MG (Dulbecco’s phosphate-buffered saline without calcium-
magnesium; Gibco, Invitrogen, Life Technologies, Carlsbad, CA,
USA). The cells obtained were maintained in culture with the Fibach
protocol, characterized by the succession of two different culture
media.73 During phase I, the culture medium contains an a-mini-
mum essential medium (a-MEM; Sigma-Genosys, St. Louis, MO,
USA), prepared from a powder and diluted with water; a
penicillin-streptomycin (PEN-STREP) solution (PEN-STREP
10,000 U/mL; Lonza, Verviers, Belgium); 10% fetal bovine serum
(FBS; Celbio, Milan, Italy); 10% conditioned medium (CM),
obtained from cell cultures of bladder cancer cells (5,637); and
1 mg/mL of cyclosporin A (Sigma-Aldrich), prepared with cyclo-
sporine absolute ethanol and diluted in 1�DPBS (Gibco), in the ra-
tio 1:1. After 7 days in phase I culture, the non-adherent cells were
taken, washed once with 1�DPBS (Gibco), and then grown in phase
II medium. The composition of this second medium includes the
following: a-MEM (Sigma-Genosys), 30% FBS (Celbio), 1%
deionized bovine serum albumin (BSA; Sigma-Genosys), 10�5 M
b-mercaptoethanol (Sigma-Genosys), L-glutamine 2 mM (Sigma-
Genosys), dexamethasone 10�6 M (Sigma-Genosys), and 1 U/mL
of recombinant human EPO (Tebu-bio, Magenta, Milan, Italy)
and stem cell factor (SCF; Life Technologies, Carlsbad, CA, USA)
at a final concentration of 10 ng/mL.

Treatment with CRISPR-Cas9 system: Cell electroporation

The hemoglobin subunit beta synthetic donor template used
was purchased from Integrated DNA Technologies (IDT; Tema,
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Table 3. List of oligonucleotides used to conduct the different analyses and evaluate the correction degree obtained on the b-globin gene and mRNA with

the CRISPR-Cas9 system

Oligonucleotide and assay Sequence Application

a-globin forward primer 50-GGTCTTGGTGGTGGGGAAG-30 qRT-PCR

a-globin reverse primer 50-CGACAAGACCAACGTCAAGG-30 qRT-PCR

a-globin probe 50-/5HEX/ACATCCTCT/ZEN/CCAGGGCCTCCG/3IABkFQ/-30 qRT-PCR

b-globin forward primer 50-GGTGAATTCTTTGCCAAAGTGAT-30 qRT-PCR

b-globin reverse primer 50-GGGCACCTTTGCCACAC-30 qRT-PCR

b-globin probe 50-/5Cy5/ACGTTGCCCAGGAGCCTGAAG/3IAbRQSp/-30 qRT-PCR

g-globin forward primer 50-TTCTTTGCCGAAATGGATTGC-30 qRT-PCR

g-globin reverse primer 50-TGACAAGCTGCATGTGGATC-30 qRT-PCR

g-globin probe 50-/56-FAM/TCACCAGCA/ZEN/CATTTCCCAGGAGC/3IABkFQ/-30 qRT-PCR

GAPDH forward primer 50-TGTAGTTGAGGTCAATGAAGGG-30 qRT-PCR

GAPDH reverse primer 50-ACATCGCTCAGACACCATG-30 qRT-PCR

GAPDH probe 50-/56-FAM/AAGGTCGGTCGGA/ZEN/GTCAACGGATTTGGTC/3IABkFQ/-30 qRT-PCR

b-actin forward primer 50-ACAGAGCCTCGCCTTTG-30 qRT-PCR

b-actin reverse primer 50-ACGATGGAGGGGAAGACG-30 qRT-PCR

b-actin probe 50-/5Cy5/CCTTGCACATGCCGGAGCC/3IAbRQSp/-30 qRT-PCR

b-globin forward primer 50-CACTGACTCTCTCTGCCTATTG-30 ddPCR b-globin gene

b-globin reverse primer 50-ACCTTAGGGTTGCCCATAAC-30 ddPCR b-globin gene

b-globin b039 probe (HEX) 50-/5HEX/TCTACCCTT/ZEN/GGACCTAGAGGTTCT/3IABkFQ/-30 ddPCR b-globin gene

b-globin edit probe (FAM) 50-/56-FAM/TCTACCCTT/ZEN/GGACCCAGAGATTCT/3IABkFQ/-30 ddPCR b-globin gene

b-globin forward primer 50-TGGATGAAGTTGGTGGTGAG-30 ddPCR b-globin mRNA

b-globin reverse primer 50-CCTTAGGGTTGCCCATAACA-30 ddPCR b-globin mRNA

b-globin b039 probe (HEX) 50-/5HEX/TCTACCCTT/ZEN/GGACCTAGAGGTTCTT/3IABkFQ/-30 ddPCR b-globin mRNA

b-globin edit probe (FAM) 50-/56-FAM/TCTACCCTT/ZEN/GGACCCAGAGGTTCTT/3IABkFQ/-30 ddPCR b-globin mRNA

BGF b-globin forward primer 50-GTGCCAGAAGAGCCAAGGACAGG-30 b-globin PCR and sequencing

T12R b-globin reverse primer 50-AGTTCTCAGGATCCACGTGCA-30 b-globin PCR and sequencing
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Coralville, IA, USA) with chemically modified nucleotides at the
three terminal nucleotides at both the 50 and 30 ends containing
20-O-methyl-30-phosphorothioate. The genomic sgRNA target
sequence, with PAM underlined, is 50-TGGTCTACCCT
TGGACCTAGAGG-30; the guide RNA (gRNA) complex begins
by joining a trans-activating crRNA (tracrRNA; ATTO 550-
labeled Alt-R CRISPR-Cas9 tracrRNA; IDT) and the Alt-R
CRISPR-Cas9 crRNA (IDT) oligonucleotide in Thermoblock at
95�C for 5 min. Subsequently, Cas9 RNP was made by incubating
gRNA and Cas9 at a molar ratio of 1:2 at 25�C for 10 min immedi-
ately before electroporation. The ErPCs were electroporated on the
3rd day of phase II in the presence of Cas9 RNP and 6 mM of
b-globin PAM-modified donor template by using the Lonza
Nucleofector IIb (program U-008). The cells and all components
necessary for gene correction were resuspended and electroporated
in Mirus Ingenio solution (Mirus Bio, Madison, WI, USA) in a
final volume of 100 mL. After 7 days, the erythroid precursors
were collected by extracting RNA and DNA, and approximately
4 � 106 cells were lysed to analyze the hemoglobins produced by
HPLC.
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Genomic DNA extraction

The DNA was extracted from 200�300 mL of whole blood using the
QiAmp DNA Blood Mini Kit (QIAGEN, Hilden, Germany), accord-
ing to the manufacturer’s protocol. The DNA obtained was visualized
on a UV transilluminator after 0.8% agarose gel electrophoresis and
quantified using the spectrophotometer SmartSpec Plus (Bio-Rad).

PCR and Sanger sequencing reaction

The b-globin gene was amplified starting from 300 ng of genomic
DNA. Each reaction was carried out in a final volume of 100 mL in
the presence of 1 � buffer (10 mM Tris-HCl, pH 8.8, 1.5 mM
MgCl2, 50 mM KCl, 0.1% Triton X-100), 33 mM deoxyribonucleotide
triphosphates (dNTPs), 0.25 mM fwd and rev primers (Table 3), 2 U of
DyNAzyme II DNA Polymerase (Finnzymes, Espoo, Finland) or
DNA polymerase DreamTaq 5 U/mL (MBI Fermentas, Burlington,
ON, Canada), and ultra-pure water. Each reaction was subjected to
an initial denaturation step of 2 min at 94�C. The 35 PCR cycles
used were as follows: denaturation, 30 s at 94�C; annealing, 30 s at
65�C; and elongation, 1 min at 72�C. PCR products were analyzed
by agarose gel electrophoresis to 1% before being purified for
021
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sequencing. The PCR products were visualized on a UV transillumi-
nator after 1% agarose gel electrophoresis. The PCR products were
purified withMicroClean (Microzones, HaywardHeath,West Sussex,
UK) and were sequenced in both directions using the PCR primers
fwd and rev (Table 3) and the BigDye Terminator v.1.1 Cycle
Sequencing Kit (Life Technologies). The reaction products were pu-
rified from unincorporated dideoxynucleotides (ddNTPs) by using
a 96-well MultiScreen (Millipore) plate containing Sephadex G-50
Superfine (Amersham Biosciences, UK). Sequencing was performed
by BMR Genomics (Padua, Italy), while the obtained sequence data
were analyzed by the Sequence Scanner, v.1.0 (Applied Biosystems,
Life Technologies), software.

RNA isolation and reverse transcription (RT)

The total cellular RNA was extracted by TRI Reagent (Sigma-
Aldrich). The isolated RNA was washed once with cold 75% ethanol,
dried, and dissolved in diethylpyrocarbonate-treated water (WMBR
[water molecular biology reagent] nuclease-free; Sigma-Aldrich)
before use. For gene-expression analysis, 0.5 mg of total RNA was
reverse transcribed by using the TaqMan Rev Transcription Reagents
and Random Hexamer (Applied Biosystems, Life Technologies,
Thermo Fisher Scientific).

Levels of a-, b-, and g-globins were quantified by multiplex qPCR us-
ing primers and FAM, HEX, and Cy5/ZEN/IBFQ-labeled hydrolysis
probes purchased as custom-designed PrimeTime qPCR Assays from
IDT and reported in Table 3. The obtained data were normalized
using b-actin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as housekeeping genes.

ddPCR to evaluate genomic and transcriptomic b039-globin

correction

The evaluation of the b-globin gene-correction levels in the position
of the codon 39 was carried out by ddPCR. The ddPCR allows the ab-
solute quantification of certain nucleic acids by dividing the analyte
into multiple reactions divided as limit dilutions allowing us to also
determine substrates or targets that are poorly expressed or present
in very low concentrations. In these experiments, TaqMan probes
marked with FAM and HEX fluorophores were used, designed specif-
ically for the identification of the sequence containing the b039 mu-
tation (HEX) in the b-globin gene and the corresponding corrected
sequence (FAM). Both probes were used for genomic and transcrip-
tional analysis and were designed using IDT tools, whereas specific
pairs of primers have been designed for the selective amplification
of DNA or transcript (in introns in the case of genomic analysis
and in exons in the case of transcriptomic analysis). The predeter-
mined quantity of DNA or cDNA obtained following extraction
from ErPCs treated with the CRISPR-Cas9 system was added to the
ddPCR reaction mix containing 2� ddPCR Supermix for probes
(no dUTP) (Bio-Rad) and 20� TaqMan b039 Assay or b-Edited
Assay (IDT) (Table 3). The ddPCR reaction mix was mixed with
Automated Droplet Generation Oil for Probes (Bio-Rad), and droplet
emulsion (water in oil) was automatically generated using Automated
Droplet Generator (AutoDG) (Bio-Rad). The emulsion was amplified
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using the GeneAmp PCR System 9700 (Thermo Fisher Scientific) us-
ing the following thermal cycler condition at 95�C for 10 min, 94�C
for 30 s, and 61�C for 1 min; repeated for 40 cycles; and then a final
phase of inactivation of the enzyme DNA polymerase at 98�C for
10 min. The plate must be kept at 4�C for 1 h before reading in order
to stabilize the analysis. Generated droplets were read using the
QX200 Droplet Reader, and data analysis was performed with Quan-
taSoft v.1.7.4 (Bio-Rad).

Western blotting analysis

The accumulation of the b-globin protein (16 kDa) was assessed by
western blotting. For whole-cell extract preparation, the cells were
lysed through three freeze-thaw cycles in dry ice and quantified by
BCA assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific).
For each sample, 20 mg of ErPCs extracts was loaded on a 16% acryl-
amide SDS-PAGE gel (40% acrylamide/bis solution; Bio-Rad). After
separation by an electrophoretic run, the proteins were transferred
onto nitrocellulose paper and incubated with different primary anti-
bodies: anti-b-globin chain antibody (monoclonal antibody [mAb],
sc-21757; Santa Cruz), anti-a-globin chain antibody (mAb,
TA307691; OriGene), and anti-b-actin (13E5 rabbit mAb; Cell
Signaling Technology), a constitutive protein (45 kDa) expressed
similarly in all treated and untreated samples, used as housekeeping
to normalize the quantification of the target protein.

HPLC analysis of hemoglobins

To evaluate the effectiveness of the genome-editing systems in ErPCs,
an HPLC analysis was carried out on the protein extracts obtained at
the end of the treatments in order to evaluate the occurred correction
found by increasing the level of HbA produced. The ErPCs were
centrifuged at 8,000 rpm for 8 min and washed with PBS. The pellet
is then resuspended in a predefined volume of water for HPLC
(Sigma-Aldrich, St. Louis, MO, USA), following 3 freeze/thaw cycles
on dry ice in order to lyse the cells and obtain the protein extracts. He-
moglobin analysis is performed by loading the protein extracts into a
PolyCAT-A cation exchange column and then eluting in a sodium-
chlorine-BisTris- potassium cyanide (KCN) aqueous mobile phase
using the HPLC Beckman Coulter instrument, System Gold 126 Sol-
vent Module-166 Detector, which allows us to obtain a quantification
of the hemoglobins present in the sample. The reading is performed at
a wavelength of 415 nm, and a commercial solution of purified hu-
man HbA0 (Sigma-Aldrich) extracts has been used as standard. The
values thus obtained are processed using “32 Karat software.”

WGS and amplicon sequencing

WGS experiments and bioinformatic analysis were performed at
Genartis-Innovative Genomic Technologies Laboratories (Genartis
srl, Verona, Italy; https://genartis.it/).

Genomic DNA quality control was performed using the 4150
TapeStation System (Agilent Technologies, Santa Clara, CA, USA)
and quantified using the Qubit double-stranded DNA (dsDNA)
High-Sensitivity (HS) Assay Kit (Thermo Fisher Scientific). Whole
Genome libraries were prepared from 1 mg of genomic DNA. DNA
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shearing was performed with a Covaris S220 (Covaris) in order to
obtain an insert size of around 500 bp. Libraries were obtained using
a KAPA HyperPrep Kit and unique dual-indexed adapters (5 mL of a
15-mM stock), according to the supplier’s protocol (Roche, Basel,
Switzerland), with minor modification in order to obtain the desired
insert size. Specifically, the post-ligation products were cleaned up us-
ing 0.8 � Ampure XP beads followed by a Size Selection step using
0.7� of Ampure XP beads. The libraries were analyzed on the 4150
TapeStation System and quantified with the KAPA Library Quantifi-
cation Kit for Illumina platforms, using QuantStudio3 Real-Time
PCR Systems (Thermo Fisher Scientific). Libraries were pooled at
equimolar concentrations and sequenced on the NovaSeq 6000 plat-
form (Illumina, San Diego, CA, USA) using the 2 � 150-bp mode.

Amplicons from eighteen samples in duplicate were generated using
fwd primer 50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GAAACTGGGCATGTGGAGAC-30 and rev primer 50-GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGGGCACCGAGCAC
TTTCTT-30 for the Nextera XT kit. PCR products were cleaned up
using 0.9� Ampure XP beads. Dual indexes barcodes, provided by
Nextera XT Index Kit Set B (Illumina, San Diego, CA, USA), were
added to each amplicon by 8 PCR cycles. The final product was puri-
fied using 1.12� Ampure XP beads, and the average size was checked
by the 4150 TapeStation System (average size 526–573 bp) and quan-
tified using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scienti-
fic). Amplicons were pooled at equimolar concentration, and a final
quantification was done by real-time PCR, as mentioned above.
Sequencing was performed on the NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) using the 2 � 150-bp mode.

Bioinformatics pipeline

The obtained fastq files were trimmed with the fastp tool (v.0.21.0),
and reads were aligned against the hg38 reference genome using
BWA-mem (v.0.7.17). After that, the generated BAM files were
cleaned performing the soft clipping using bamUtils (v.1.0.14), fol-
lowed by the removal of the duplicates with Picard (v.2.21.1) and
the base recalibration using GATK BaseRecalibrator (v.4.1.9.0). For
the amplicon-based samples, duplicate removal was not performed.
GATK CallableLoci v.3.8.0.1 was used to calculate, for the genome
and the target sequence for amplicons, the average coverage, the per-
centage of the genome and of the target covered by at least 5�, 10�,
20�, and the genotypability at minimum read depth of 3 (%PASS)
and at a minimum read depth of 10 (%PASS RDR 10). Fold80 pen-
alty value (uniformity of coverage) was calculated using Picard
CollectHSMetrics v.2.21.1 (http://broadinstitute.github.io/picard/).
Then, a variant calling on WGS was performed using Mutect2 by
GATK (v.4.1.9.0) applying the “tumor-normal” mode, considering
as “tumor” the edited sample and as “normal” the wild-type, obtain-
ing only the variants present in the edited cells. For the amplicon-
based samples, variant calling was performed using VarScan
(v.2.4.4.). The bam files were manually curated by removing short
reads (%60 bp) and supplementary alignments on the target region.
The Python (v.2.7) pysamstats package was then used to calculate the
frequencies of the edited base and of the indels located in the positions
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of interest (chr11:5,226,774 and chr11:5,226,769) for both the WGS
samples and the ones processed with the amplicon protocol.74–78

CRISPR-Cas9 off-target site estimation

Cas-OFFinder was used to investigate the potential off-target sites in
the WGS data.79 The software was set to allow a maximum of three
mismatches with respect to the input query sequence, with the default
values for DNA and RNA bulge size. The off-target sites identified by
the tool were inspected in the VCF files using bedtools intersect
(v.2.29.2).80

Moreover, the supplementary alignments in the target site were
manually investigated to identify potential off-target sites not identi-
fied with Cas-OFFinder.

Off-target insertion of target sequence

To investigate the presence of the insertion of the target sequence
(50-ACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAG
ATTCTTTGAGTCCTTTGGGGAT-30) in the WGS samples, the
VCF files obtained from variant calling were filtered by variant type
retaining only the insertions. Manual inspection of the insertions
was then performed.
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