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Abstract

Haemoglobin (Hb) H-constant spring (CS) alpha thalassaemia (- -/-x“®) is the most common type of nondeletional Hb H disease
in southern China. The CRISPR/Cas9-based gene correction of patient-specific induced pluripotent stem cells (iPSCs) and cell
transplantation now represent a therapeutic solution for this genetic disease. We designed primers for the target sites using
CRISPR/Cas9 to specifically edit the HBA2 gene with an Hb-CS mutation. After applying a correction-specific PCR assay to
purify the corrected clones followed by sequencing to confirm the mutation correction, we verified that the purified clones
retained full pluripotency and exhibited a normal karyotype. This strategy may be promising in the future, although it is far from
representing a solution for the treatment of HbH-CS thalassemia now.
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Introduction

Haemoglobin-Constant Spring (Hb-CS, «142, Term—
Gln, TAASCAA (&%), «®*a/) is a nondeletional form of
o-thalassemia («-Thal) with a nucleotide substitution at
the termination codon CD142 (UAA>CAA) of the o-
globin gene [1]. Although the heterozygote of Hb-CS is
clinically normal, when associated with a’-thalassemia, it
can result in HbH-CS disease (—/a®®a), which is the most
common type of nondeletional HbH disease (34) in
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southern China [2]. In addition, HbH-CS disease-affected
individuals are usually more anaemic, more symptomatic,
and more prone to significant hepatosplenomegaly, espe-
cially compared to an individual with a triple gene dele-
tion involving the a-globin gene (—/-a), who is more likely
to require transfusions [3]. Normally, haematopoietic stem
cell (HSC) transplantation is an efficient means and the
only way to cure severe thalassemia, while a lack of
HLA-matched healthy donors, immune complications,
and viral vector safety concerns has limited its use [4—6].

The generation of patient-specific «-Thal-induced plu-
ripotent stem cells (iPSCs) from patient somatic cells, the
correction of disease-causing mutations in those cells, and
differentiation into haematopoietic stem cells (HSCs) of-
fer a new therapeutic strategy for this monogenic disease
[7-9]. Recently, single-strand oligodeoxynucleotides
(ssODNs), high-fidelity CRISPR/Cas9 nuclease and small
molecules were used to achieve a seamless correction of
the 3-41/42 (TCTT) deletion mutation in (-thalassemia
patient-specific iPSCs with remarkable efficiency [10].
However, there has been no similar attempt in HbH-CS
disease.

In this study, we successfully corrected the HBA2 gene of
the Hb-CS mutation in Hb-CS-CS-Thal iPSCs by the combi-
nation of ssODNs and CRISPR/Cas9 gRNA, providing a po-
tential method for the treatment of HbH-CS thalassemia.
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Materials and methods
Ethics statement

All participants in this study signed a written informed con-
sent for donating peripheral blood for stem cell generation,
and all animal care and experiments were performed in accor-
dance with the institutional ethical guidelines for animal ex-
periments (the IRB at the Third Affiliated Hospital of
Guangzhou Medical University (No. 2016-001)). All methods
were performed in accordance with the approved guidelines.

Cell culture and iPSC generation

Five-millilitre peripheral blood was obtained from a Hb-CS
thalassemia 6.3-month-old boy patient (cco™/~>**) and a nor-
mal male adult without thalassemia trait or alpha globin chain
defect (control). And peripheral blood lymphocyte (SU-
PBMC, control-PBMC) were isolated and cultured in
DMEM (Gibco, USA, CAT#11995) supplemented with 10%
FBS (Gibco, 26140079) and 1% GlutaMAX (Gibco,
35050061). The iPS-HbH-CS cell line (SU-iPS-1) and control
cell line (control-iPS) were generated with Sendai virus using
a CytoTune-iPS 2.0 Sendai Reprogramming Kit (Invitrogen,
A16518), which included the four Yamanaka factors, includ-
ing Oct4, Sox2, Klf4, and c-Myc. Cells were subsequently
counted and infected with Sendai virus following the manu-
facturer’s instructions.

Gene editing
Construction of primers and repair of the mutated template

According to the HBA2 gene sequences in GenBank
(NC _000016.10 (172847...173710), we designed a gene-
targeting gRNA on the CRISPR design website (http://crispr.
mit.edu/). The homologous oligo sequence was 5'-
CTGGACAAGTTCCTGGCTTCTGTGAGCACCGT
GCTGACCTCCAAATACCGTTAAGCTTGAGCCTCGGT
AGCCGTTCCTCCTGCCCGCTGGGCCTCCCAAC-3".
The HBA2 gene mutation primers and the upstream and
downstream loci after repair of the region are presented in
Fig. 2a. The primers and homologous oligos were
synthesized by Jie Rui Biological Technology Co., Ltd.
(China).

Plasmid structure of the targeted HBA2 gene gRNA

The sequence of procedures was followed as previously re-
ported [10]. Briefly, the spCas9-HF1 expression vector was
constructed using the wild-type spCas9 expression vector
pX458, and the coding sequence of spCas9-HF1 (N497A,
374 R661A, Q695A, and Q926A) was generated via standard
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PCR mutagenesis of wild-type spCas9 as previously reported.
Next, spCas9 was replaced by spCas9-HF1 in the pX458 vec-
tor. gRNA two-direction primers were synthesized to contain
sticky ends for annealing, form a double-stranded molecule,
and contain a Bsmbl linearized carrier of the skeleton
(SpCas9-HF1). The primers were incubated at 16 °C for an-
nealing and transformed into DH5-alpha competent cells, and
monoclonal bacteria in LB medium containing 100 mu
(g/mL) benzylamine with temperature resistance at 37 °C
were picked and centrifuged at 200 r/min for 16 h. The plas-
mid was extracted and, finally, the positive cloning sequence
was identified.

Gene editing based on the electrorevolution technique

The antiapoptotic factor Y-27632 (Sigma) was added at a
10 wm concentration to cells with a growth density of 60 to
70%. Two hours after the addition of EDTA or pancreatic
enzyme for cell digestion, cells were washed in PBS at
37 °C for 4 min and collected by centrifugation at 200xg for
5 min, and the washing was repeated. The mixed plasmid,
template oligo, and transfer solution were fully resuspended
for cell precipitation and transferred to a rotor cup after the
single cells were in a uniform state, and an electric shock was
subsequently administered to the LONZA point rotor. After
the electric shock was completed, the cells were distributed
evenly onto a petri dish coated with Matrigel, antiapoptotic
factors were added, and the cells were returned to the incuba-
tor. Daily routine exchange of fluid was performed for obvi-
ous clone formation and for positive clone screening.

DNA extraction and HBA2 gene sequencing

Portions of each clone were chosen to isolate DNA for PCR
screening. Colonies were lysed in 20 uL of lysis buffer as
previously described. A portion of each sample was used for
PCR (20 uL total volume) to detect modifications. The mod-
ified sequences were verified by Sanger sequencing. After the
collection of cell deposits, the cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS) and precipitat-
ed. The DNA was extracted using a commercial kit (Tiangen
Cat. No. DP304-03) after pretreatment of the collected sam-
ples at 37 °C for 30 min. A Nanodrop 2000 was used to test
the purity and concentration of the DNA, and samples were
stored at —20 °C. PCR amplification was performed using
human HBA2-specific primers (Table 1), and several
subclones were selected for sequencing and identification.

Validation of pluripotent-repaired HbH-CS iPS cell lines
Immunofluorescence (IF) staining was performed using primary

antibodies (all at 1:200 dilution) to detect OCT4, SOX2, and
SSEA-4. Next, nuclei were stained with 4,6-diamidino-2-
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Table 1  Human HBA2-specific primers

HBA2-RT-forward
HBA2-RT-reverse

GACCTGCACGCGCACAAGCTT

GCTCACAGAAGCCAGGAACT
TG

phenylindole (DAPI) at a final concentration of 0.01 mg/mL for
10 min. Chromosome analysis was performed as previously re-
ported [11]. At least 20 cells were analysed in each group of
chromosomes at a resolution of 400 bands. Teratoma formation
was examined according to a previously reported method. For
DNA fingerprinting, genomic DNA was extracted from the
corrected C-SU-iPS-1 cells and the patient’s SU-iPS-1 cells.
The extracted DNA was amplified for 15 different genetic loci
using a Promega PowerPlex 16 System Kit (Promega, USA).
Capillary electrophoresis was performed using an ABI 3100
Genetic Analyser (Applied Biosystems, USA).

Whole-exome capture sequencing and gene-corrected
off-target analysis

We aimed to perform whole-genome sequencing at x 100
coverage. Paired-end sequencing was performed using
Illumina GAIIx/HiSeq 2000 instruments (Illumina, San
Diego, CA, USA), and exon capture was performed using
Agilent SureSelect Technology (Agilent, Santa Clara, CA,
USA). For sequence alignment, variant calling, and anno-
tation, these sequences were mapped to their locations
with the human genome reference sequence (hgl9;
NCBI Build 37.1) using a Burrows-Wheeler Aligner
(BWA) (v.0.5.9-r16). Local realignment of the potential
insertion/deletion sites was carried out with a genome
analysis tool (GATK). Single-nucleotide variations
(SNVs) and indel variants were assessed against the ref-
erence dbSNP138. All variants were annotated with refer-
ence to the consensus coding sequences (CCDS) (NCBI
release: 20090902) and RefSeq (UCSC distribution:
20101004). The novel variants were checked using the
Integrative Genomics Viewer (IGV) [12, 13].

Extracorporeal induction of iPSC haematopoietic
differentiation

OP9 cells were cultured in a 100-mm culture dish, and
iPSCs were transferred to OP9 cells. The stem cells were
washed twice with PBS, 2 ml of DMEM/F12 was added,
and a feeder layer cell coculture of iPSCs in 1 ml was also
used. One millilitre of Essential 8 Medium-cultivated
iPSCs were scraped off the plate and transferred to a
15 ml centrifuge tube for gravity sedimentation for
3 min. The supernatant was discarded, and 1 ml of fresh
mTeSR medium was added, evenly and gently covering
the OP9 cells in the dish. Cells were cultured at 37 °C and

5% CO, for 1 day, and dead cells (cells that did not stick
to the wall) were removed on the second day. The follow-
ing day, half of the liquid medium was changed to im-
prove differentiation efficiency. The cells were collected
on the 14th day for follow-up experiments.

Flow cytometric analysis of haematopoietic differentiation

After 14 days in culture, cells were washed twice with
PBS, digested with 1 mg/ml of collagenase IV for
20 min followed by 0.25% trypsin for 15-20 min, after
which the digest was resuspended. Blast cells were a
single-cell suspension. Cells were collected to a 15 ml
volume by centrifugation at 1000 rpm for 5 min, reduced
to 1 ml after discarding the supernatant containing 2%
serum, and again passed through a 100-um sterile cell
screen. A CD34-PE-CY7 antibody was added, and the
cells were cleaned by streaming buffer at 4 °C for
30 min. Finally, the cells were brought to a density of
5% 10° suspension cells/ml, injected into an Aria III flow
cytometer, and analysed with FACS software to determine
differentiation efficiency.

Colony-forming assay

A clone-forming experiment was used to evaluate the
in vitro differentiation ability of haematopoietic cells
(HSCs). The CD34" HSCs were grown in heavy suspen-
sion with 2 ml of methyl fibrin to 5-10 x 10* cells with
inoculation in low-adsorption 6-well panels, and the cells
were cultured at 37 °C and 5% CO, for 21 days. One
millilitre of fresh methylcellulose-based feed medium
was added every 3 days. Methylcellulose-based feed me-
dium containing Iscove’s Modified Dulbecco’s Medium
(IMDM), 30% H4434, 0.75 mg/mL bovine serum albu-
min, 20% FBS, 2 mM GlutaMAX, 0.5 mM (3-ME,
insulin-transferrin-sodium (ITS), 50 ng/ml SCF,
10 ng/ml IL-3, 10 ng/ml IL-6, 10 ng/mL granulocyte-
macrophage colony-stimulating factor (GMCSF), 6 U/ml
EPO, and 1% penicillin/streptomycin was added every
3 days. HSCs can be differentiated into erythroid (E),
macrophage, granulocyte (G), and granulocyte macro-
phage (granulocyte/macrophage, GM) lineages that exhib-
it granulocyte/red blood cell and macrophage/
megakaryocyte pluripotency (granulocyte/erythrocyte/
macrophage/megakaryocyte, GEMM), i.e., into the direc-
tion of the five different terminal differentiations.
Fourteen days after cultivation, typical clones had formed.
Clones were imaged and scored according to their mor-
phological criteria. Representative images were recorded
using a microscope (Zeiss, Axio Vert, Germany) .

@ Springer



2664

Ann Hematol (2019) 98:2661-2671

Real-time quantitative PCR was used to detect
haematopoietic correlation genes

After collecting the cells of normal-person-iPS (control), SU-
iPS-1, and C-SU-iPS-1, RNA was extracted using the
TRIZOL method. After collecting normal-person-iPS (con-
trol), SU-iPS-1, and C-SU-iPS-1 cells, RNA was extracted
using the TRIZOL method. Normal-person iPS cells were
induced from a normal male adult without thalassemia or al-
pha globin chain defects. The RNA concentration was mea-
sured, and 1 pug of cDNA was synthesized and diluted 10-fold.
Quantitative fluorescence PCR was performed using a SYBR
Green qPCR SuperMix-UDG with ROX Kit according to the
manufacturer’s instructions. The expression levels of LD2,
CD34, CD71, HBB, EPOR, HBA, and HBG were detected
with beta-actin as an internal reference. The reaction mixture
proceeded as follows: with the diluted cDNA, 2 mu/l sample
was adsorbed, 10 mu of the upstream and downstream primers
at 10 mu (mol/l) were added, and later, 10 mu/l SYBR Green
Mix and water were added to 20 mu/l. The thermal cycling
conditions included an initial denaturation at 95 °C for 10 min,
40 cycles of 15 s at 95 °C and 60 °C modified annealing for
1 min, and fluorescence signal collection in each cycle’s an-
nealing stage. Data analysis was conducted using ABI
StepOne™ v2.2.2. The sequence information of the primers
is shown in Table 2.

Statistical analysis

All statistical analyses were performed using SPSS 19.0
software to detect significant differences in measured

Table 2 Primers of LD2, CD34, CD71, HBB, EPOR, HBA and HBG
Primers Sequences
Epor-RT-forward TCCGATTCTGGCATCTCAAC

GGACAAGGCTGTTCTCATAGG
ATGAAAGCCTTCAGTCCGGTG
AGCAGACTCATCGGGTCGT
CCTCAGTGTCTACTGCTGGTCT
GGAATAGCTCTGGTGGCTTGCA
CTAGCCTCACTGTGACAGTACC
TCAACCGTGCTGCCTTCAGATG
CACCTTTGCCACACTGAGTGAG
CCACTTTCTGATAGGCAGCCTG

GGAAGATGCTGGAGGAGAAA
cC

GTCAGCACCTTCTTGCCATGTG
ATCGGTTGGTGCCACTGAATGG

ACAACAGTGGGCTGGCAGAA
AC

Epor -RT-reverse
1d2-RT-forward
1d2-RT-reverse
CD34-RT-forward
CD34-RT-reverse
HBA-RT-forward
HBA--RT-reverse
HBB-RT-forward
HBB--RT-reverse
HBG-RT-forward

HBG--RT-reverse
CD71-RT-forward
CD71-RT-reverse
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variables among groups. A value of P<0.05 was consid-
ered to indicate a statistically significant difference.

Results
Validation of iPSCs

Karyotyping of the patient’s PBMCs (SU-PBMCs) and
iPSCs (SU-iPSc-1 and SU-iPSc-2) was performed with
no abnormality (46, XY). The results of pluripotent vali-
dation included immunocytochemistry for the detection of
TRA-1-81, SSEA4, SOX2, and OCT4 (Fig. 1a) and quan-
titative PCR for the expression of OCT4, SOX2, and
NANOG (Fig. 1d). The SU-iPS-1 cells spontaneously dif-
ferentiated into cells that highly expressed AFP, SMA,
and NESTIN (Fig. 1b). Teratoma formation (Fig. 1c)
was also observed. The cell lines (46, XY) were main-
tained in our laboratory and cultured in irradiated
mTeSR (STEM CELL, Inc., Rockville, Maryland).

Specific RNA-guided Cas9 nuclease-mediated HBA2
gene correction

We sought to correct these disease-causing mutations in
«-Thal iPSCs (SU-iPS-1) through in situ gene targeting
using the CRISPR/Cas9 system (Fig. 2a). We obtained the
corrected clone (C-SU-iPS-1) using confirmation by di-
rect sequencing analysis of the PCR fragment clones,
which were randomly selected from 126 clones. The se-
quencing results showed that 11 clones were correctly
repaired. As a result, the correction efficiency was 8.7%.
Representative sequencing results are shown in Fig. 2b.

Pluripotency of gene-corrected a-Thal iPSCs
(C-SU-iPS-1)

To characterize the pluripotency of the gene-corrected oc-
Thal iPSC clones, immunostaining was performed to de-
tect pluripotent gene expression. The results showed that
typical pluripotent markers, such as OCT4, SSEA-4, and
TRA-1-81, were expressed in the C-SU-iPS-1 clones, in-
dicating that they maintained pluripotency (Fig. 3a). The
SCID mouse results of the initiation of teratoma formation
revealed all three germ layers (Fig. 3b), and whole-exome
capture sequencing and bioinformatics analysis demon-
strated that these cells maintained their normal genome
well after gene-targeting correction. Furthermore, STR re-
sults suggested that the corrected C-SU-iPS-1 and patient
iPS (SU-iPS-1) cells shared the same origin (SU-PBMCs)
(Fig. 3c¢).
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Fig. 1 Validation of iPSCs (SU-iPS-1). a Immunocytochemistry of SU- AFP, SMA, and NESTIN. ¢ Teratoma formation. d The results of plurip-
iPS-1 cells for the detection of TRA-1-81, SSEA4, SOX2, and OCT4. b otent validation included quantitative PCR analysis of the expression of
The iPSCs spontaneously differentiated into cells that highly expressed OCT4, SOX2, and NANOG
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Fig.2 Specific RNA-guided Cas9 nuclease-mediated HBA2 gene correction. a Schematic overview of the gene-targeting strategy for the human HBA2
¢.427T>C mutation. b Sequencing results of the HBA2 ¢.427T>C mutation site before and after gene correction
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Fig. 3 Pluripotency of gene-corrected «-Thal iPSCs (C-SU-iPS-1). a
Immunostaining for the pluripotent markers SSEA-4, TRA-1-81,
SOX2, and OCT4. b The SCID mouse results of the initiation of teratoma

Characterization of the gene-corrected a-Thal iPSCs
and the detection of off-target results

The gene-corrected clones maintained a normal karyotype
(46, XY) and pluripotent genes, such as SOX2 and
NANOG (Fig. 4a). To investigate the effects of gene cor-
rection on exome integrity in iPSCs, exome sequencing
was performed on the SU-iPS-1 and C-SU-iPS-1 cells.
The data showed no obvious mutations in these sites
(Fig. 4b, ¢).

To address the off-target effects of CRISPR/Cas9 by
using gene-corrected iPSCs, we used the latest high-
fidelity SpCas9-HF1 to target patient-specific iPSCs.
Genomic DNA from C-SU-iPS-1 cell lines, the correctly
targeted single colony, was examined by whole-exon se-
quencing. Using the human (hgl9) genome as a refer-
ence sequence, we identified 24,149 indels (<50 bp in-
sertions/deletions) in the uncorrected iPSCs and 24,305
in the corrected iPSCs (Table S2) and 7 CNVs in the
uncorrected iPSCs and 2 CNVs in the corrected iPSCs
(Table S3).
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formation for all three germ layers. ¢ STR analysis showed the same
origin of C-SU-iPS-1 and SU-iPS cells with PBMCs

To determine whether these filtered indels were de novo
mutations caused by our Cas9/gRNA editing system, we ex-
tracted = 30 bp sequences flanking each filtered indel and used
Blastn (e-value cutoff, 1000) to compare them to the potential
gRNA off-target host genome sites predicted by sequence
similarity at 0—7 mismatches and to Hb-CS on-target se-
quences. Without any mismatches to the gRNA targets, we
found no off-target site around the extracted 60, 600, and
1200 bp sequences of the filtered indels. Within the extracted
50-bp sequences, we found no off-target site, even with 7
mismatches at alignment lengths > 12 nucleotides from
PAM NRG (which must be 100% matched).

Together, these data strongly suggest that none of the indels
detected in the cells with the excised uncorrected iPSC ge-
nome lie within 50 bp of the targets of any potential off-
target site, as predicted by search criteria allowing up to 7
mismatches. By expanding the searching sequences up to
600 or 1200 bp, relatively rare off-target sites were identified,
including various numbers of mismatches and aligned lengths.
With a perfect match to the last 12 bp seed sequence plus PAM
NGG, none of the indels fell within the search area of 60—1200
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DNA sequences. Our overall interpretation of these data sup-
ports the preceding surveyor assay results in these cells as well
as in other cell types and establishes, by a very stringent anal-
ysis, that no off-target effects on the host genome are elicited
by our CRISPR/Cas9 system, although off-target mutagenesis
in the noncoding regions of the chromosome may be unde-
tected. The absence of recurring mutations and the fact that
none of the mutations reside in any putative off-target sites
according to the bioinformatics predictions strongly suggest
that these mutations randomly accumulated during regular cell
expansion and are not direct results of off-target activities by
Cas9.

Differentiation of C-iPSCs into HSCs and erythrocytes

FACS analysis showed that 10.79% of the CRISPR/Cas9-
corrected C-SU-iPS-1 cells differentiated into CD34"
haematopoietic progenitor cells (HPCs) compared with
4.39% of the parental cell line (SU-iPS-1) and 12.75% of
the wild-type iPSCs (Fig. 5a). To determine whether the dif-
ferences in differentiation efficiency among the cells were
caused by their ability to maintain their pluripotency, we mea-
sured the expression levels of pluripotency-related genes in
cells that had differentiated for 21 days. However, compared
with the HbH-CS iPS cell lines, the gene-repaired HbH-CS
cell lines did not show any significant differences except for
the number of erythroid (E) cells based on the CFU assay (Fig.
5b, ¢), while the expression levels of LD2, CD34, CD71,
HBB, EPOR, HBA, and HBG showed significant differences
based on real-time quantitative PCR (Fig. 5d).

Discussion

There is a high prevalence of thalassemia in South China and
Mediterranean countries. HbH-CS disease has a severe phe-
notype (e.g., thalassemia intermedia and splenomegaly) com-
pared with deletional Hb H disease (SEAL 3T SEAL o*2)
[14, 15]. Hb-CS has an «-chain with 172 amino acids instead
of the normal length of 141 amino acids [1]. The elongated -
chain results from a TAA—CAA single base substitution in
the termination codon of the x-globin-2 gene, which results in
its translation as an amino acid and allows read-through of the
normally untranslated 3’ flanking region of the «-globin
mRNA until the next in-phase termination codon is reached
[14]. However, a Hb-CS carrier does not have severe clinical
symptoms. Therefore, we decided on the strategy of gene
repair on the Hb-CS mutation locus of the o’-globin gene.
We expected that after correction of the Hb-CS mutation lo-
cus, the corrected o>-globin gene combined with the remain-
ing two deletions of the a-globin gene (—/aa) could alleviate
the symptoms of thalassaemia compared with HbH-CS dis-
ease, which does not require blood transfusions.

Technology utilizing human induced pluripotent stem cells
(iPSCs) has considerable potential to provide improved cellu-
lar models of human disease [16—18]. The CRISPR/Cas9
complex consists of the Cas9 endonuclease and a 100-
nucleotide single-guide RNA (sgRNA) [17]. This experiment
combined the CRISPR/Cas9 technology of the successful re-
pair of iPSC lines with gRNA highly active filtering tech-
niques and the design of improved oligos to increase the effi-
ciency of editing [19]. Our results indicate that the CRISPR/
Cas9 gene editing assay is precise and efficient and does not
affect the cells’ genetic stability when used for HbH-CS-iPS
cell line correction. They also demonstrated that CRISPR/
Cas9 gene editing could restore the capacity for iPS cell
pluripotency and differentiation. Thus, this nucleotide editing
technique provides promising potential material to treat Hb-
CS thalassemia.

Recently, engineered nucleases, such as zinc finger nu-
cleases (ZFNs), transcription activator-like effector nucle-
ases (TALENS), and clustered regularly interspaced short
palindromic repeat CRISPR/Cas9, have been widely used
to generate double-strand DNA breaks (DSBs) to increase
the efficiency of standard homologous recombination
[20-22]. ZFNs have been used to target the HBB gene
in «-thalassemia [23]. However, traditional approaches
for correcting mutations have a low efficiency and leave
a residual footprint [24, 25], which leads to a number of
safety concerns in clinical applications. Therefore, we uti-
lized single-strand oligodeoxynucleotides (ssODNs),
which have been reported to show efficacy as templates,
to correct the HBA mutation in «2-Thal patient-specific
iPSCs and the high-fidelity CRISPR/Cas9 nuclease to
achieve a seamless correction of the TAA—CAA muta-
tion in Hb-CS thalassemia patient-specific iPSCs with re-
markable efficiency, which is different from previous
studies [14, 26]. Additionally, off-target analysis and
whole-exome sequencing results revealed that corrected
cells exhibited a minimal mutational load and no off-
target mutagenesis.

One important consideration is how many of these de-
tected SNVs were the result of off-target mutagenesis by
the CRISPR/Cas9 endonuclease. All the sequences of the
SNVs and indel sites were compared with the gRNA tar-
get sequence, and none were within a potential off-target
region, which is consistent with previous analyses study-
ing predicted off-target sites. Our data support the idea
that CRISPR/Cas9 technology can successfully make the
gene correction at the Hb CS mutation locus of the o’
globin gene. However, the haematopoietic differentiation
efficiency of the corrected HbH-CS cell lines showed in-
consistent results based on the CFU assay and real-time
quantitative PCR, and according to Fig. 5d, the expression
of important target genes (HBB, EPOR, and HBA), par-
ticularly that of HBA, is dramatically lower in C-iPSC-
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<« Fig. 4 No obvious genome change was detected in SU-iPS-1 and C-SU-
iPS-1 cells. a The gene-corrected clones maintained pluripotent genes,
such as NANOG, OCT4, and SOX2. b Copy number variations (CNVs),
as well as single-nucleotide variations (SNVs) (¢) and indels (d), were
detected in the SU-iPS-1 and C-SU-iPS-1 cells (e) with exome sequenc-
ing, which showed no obvious mutations in these sites

derived cells than in noncorrected cells, which suggests
that haematopoietic differentiation efficiency of the
corrected HbH-CS cells was affected by other genetic
and environmental factors. Furthermore, there is no clear
genotype-phenotype correlation associated with the iPSC
phenotype, since iPS cells with identical genotypes do not
necessarily show the same severity. The variable genetic
and phenotypic characterization of many existing iPS cell
lines limits their potential use for research and therapy
[19]. Kilpinen et al. described the systematic generation,
genotyping, and phenotyping of 711 iPSC lines derived
from 301 healthy individuals by the human induced plu-
ripotent stem cells initiative, outlined the major sources of
genetic and phenotypic variation in iPS cells, and
established their suitability as models of complex human

a SU-iPS-1
20161228 004

C-SU-iPS-1
20161228 002

traits and cancer; these researchers found that 5-46% of
the variation in different iPS cell phenotypes, including
differentiation capacity and cellular morphology, arises
from differences between individuals [27]. Furthermore,
there is no standard iPSC haematopoietic differentiation
and culture system for HbH-CS cells. A recent study
showed that the heterogeneity of hPSCs exists in different
protocols in different cell stocks of different laboratories
[28]. As a result, further study on improving the differen-
tiation efficiency of corrected HbH-CS cells may be
needed.

In conclusion, we successfully corrected the HBA2 gene of
the Hb-CS mutation in «-Thal iPSCs by the combination of
single-strand oligodeoxynucleotides (ssODNs) and CRISPR/
Cas9 gRNA. The iPSCs retained both pluripotency and
multidifferentiation abilities after correction. This strategy
provides promising potential material for the treatment of
Hb-CS thalassemia disease. Moreover, our results also indi-
cated that the haematopoietic differentiation efficiency of the
corrected Hb-CS cell lines might be affected by other genetic
and environmental factors, which suggests that the utility of
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Fig. 5 Differentiation of C-iPSCs into HSCs and erythrocytes. a Flow
cytometry analysis of CRISPR/Cas9-corrected C-SU-iPS-1 cells, the pa-
rental cell line (SU-iPS-1) and wild-type iPSCs using the surface marker
CD34 after differentiation for 14 days. b, ¢ Compared with the Hb-CS iPS

cell lines, the gene-repaired Hb-CS cell lines did not show any significant
difference in haematopoietic differentiation efficiency based on the
colony-forming assay but showed differences using real-time quantitative
PCR (d)
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iPS cells in the clinical translation of gene therapy for thalas-
semia needs further study.
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