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Abstract 

Background: Thalassemia is a genetic blood disorder characterized by decreased hemoglobin production. Severe 
anemia can damage organs and severe threat to life safety. Allogeneic transplantation of bone marrow-derived 
hematopoietic stem cell (HSCs) at present represents a promising therapeutic approach for thalassemia. However, 
immune rejection and lack of HLA-matched donors limited its clinical application. In recent years, human-induced 
pluripotent stem cells (hiPSCs) technology offers prospects for autologous cell-based therapy since it could avoid the 
immunological problems mentioned above.

Methods: In the present study, we established a new hiPSCs line derived from amniotic cells of a fetus with a 
homozygous β41-42 (TCTT) deletion mutation in the HBB gene and a heterozygous Westmead mutation (C > G) in 
the HBA2 gene. We designed a CRISPR-Cas9 to target these casual mutations and corrected them. Gene-corrected 
off-target analysis was performed by whole-exome capture sequencing. The corrected hiPSCs were analyzed by tera-
toma formation and erythroblasts differentiation assays.

Results: These mutations were corrected with linearized donor DNA through CRISPR/Cas9-mediated homology-
directed repair. Corrections of hiPSCs were validated by sequences. The corrected hiPSCs retain normal pluripotency. 
Moreover, they could be differentiated into hematopoietic progenitors, which proves that they maintain the multilin-
eage differentiation potential.
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Introduction
Thalassemia is an inherited autosomal recessive blood 
disorder prevalent in the Mediterranean, Middle East, 
Indian subcontinent and Southeast Asia [1, 2]. Thalas-
semia has been classified into three main types, which 
include α-thalassemia, β-thalassemia, and concurrent α- 
and β-thalassemia [3]. In Southern China, α-thalassemia 
and β-thalassemia are the main two types observed [4]. It 
was reported that the most commonly detected mutation 
for α-thalassemia was SEA/αα (31.53%); the most com-
mon mutation for β-thalassemia was CD41/42 (30.27%) 
in Hainan province, southernmost China [5]. The clini-
cal phenotypes of concurrent α- and β-thalassemia 
depend on how many of the four genes for α globin or 
two genes for β globin are missing [6]. Genetics analysis 
revealed that α-thalassemia is usually due to the deletion 
mutations within the α-globin gene, while most cases of 
β-thalassemia are caused by nondeletional mutations [7]. 
Based on clinical and laboratory reports, αWSα is the 
most common nondeletional α-thalassemia in Southern 
China. In Southeast Asia, the 4-bp deletion (-CTTT) at 
codon 41/42 (CD41/42) of the human β-globin gene rep-
resents the most common β-thalassemia mutations [8].

Patients suffering from severe anemia caused by thalas-
semia need lifelong blood transfusion [9]. At present, 
allogeneic HSC transplantation is the only practically 
available option with a high curative rate [10]. However, 
the outcome of HSC transplantation is strongly influ-
enced by factors such as immune rejection, histocompat-
ibility and the source of stem cells [11, 12]. Alternatively, 
researchers are pinning their hopes on gene therapy. 
Gene therapy is the process of replacing defective genes 
with healthy ones to help the body fight or treat disease 
[13]. As one of the gene therapy methods, the CRISPR 
technology modifies DNA with greater precision than 
existing technologies [14]. An advantage the CRISPR-
Cas9 system offers over other mutagenic techniques, 
like zinc-finger nucleases and transcription activator-like 
effector nucleases, is its relative simplicity and versatil-
ity [15]. In the present study, we recruited a thalassemia 
patient with β41-42 (TCTT) deletions in the human 
β-globin (HBB) gene and a Hb-WS mutation (ααWS/
αα) in the human hemoglobin alpha 2 (HBA2) gene. The 
human-induced pluripotent stem cells (hiPSCs) were 
derived from the patient’s amniotic cells and the CRISPR 
technology was applied to correct these two mutations. 

Finally, the gene-corrected hiPSCs retained normal 
pluripotency. It could be differentiated into hematopoi-
etic progenitors by performing a directed differentiation 
assay in vitro. It proved that they maintained the multi-
lineage differentiation potential.

Methods
Cell culture and hiPSC generation
The amniotic fluid used in this study was donated by a 
couple carrying thalassemia mutations. They have con-
ducted amniocentesis for prenatal diagnosis in our 
department. The couple signed written informed con-
sent for donating amniotic fluid. After the genetic test-
ing, the remaining amniotic fluid was used to generate 
the hiPSC, following the procedures described previ-
ously [16]. Briefly, when the amniotic fluid cells reached 
the confluence of 70%-85%, the cells were digested with 
0.25% trypsin and 1.2 ×  106 cells were resuspended 
with 100 μl DPBS; then, 6 μg plasmid PEP4-E02S-ET2K 
(Addgene number 20927) and 4  μg PCEP4-miR302-367 
(including miR302a, b, c, d and miR 367) were added and 
mixed gently. The electroporation was conducted under 
the 200 V volts for 200 us. The electroporated cells were 
then cultured in Chang Amnio medium. When 40% con-
fluence has occurred, the Chang Amnio medium was 
replaced with the induced medium. Then ES-like colo-
nies were picked up; the induced hiPSCs were cultured in 
a matrigel-coated 6-well plate and maintained in mTesR1 
culture medium (StemCell Technologies, Canada).

CRISPR‑Cas9 and donor vectors construction
HBB-sgRNA and HBB-donor were used to correct the 
mutations in HBB. Both gRNAs targeting HBB and HBA2 
were designed by the CRISPR online tool (http:// crispr. 
mit. edu/). The complementary annealed sgRNA oligo-
nucleotides were inserted into the vector PX330 vector 
obtained from Addgene (Cambridge, USA). The prim-
ers were incubated at 16 °C for 2 h. After annealing, the 
products were transformed into DH5-alpha competent 
cells. Five monoclonal bacteria in LB medium contain-
ing 100 μg/ml  benzylamine with temperature resistance 
at 37 °C were picked at random and centrifuged at 200 r/
min for 16 h. The plasmid was extracted after the positive 
cloning sequence was identified.

The primers HBBL-F/R and HBBR-F/R were used to 
amplify the left and right arm of HBB donor from the 

Conclusions: We designed sgRNAs and demonstrated that these sgRNAs facilitating the CRISPR-Cas9 genomic edit-
ing system could be applied to correct concurrent α- and β-thalassemia in patient-derived hiPSCs. In the future, these 
corrected hiPSCs can be applied for autologous transplantation in patients with concurrent α- and β-thalassemia.
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wild-type genome, respectively. The left arm, 2.3  kb, 
covered the whole HBB gene, and the right arm length 
had 1.5  kb, both of which were inserted in the Psim-
ple-18 T vector and flanked the PGK-puromycin cassette 
(Fig.  1A). Primers sequences are listed in Table  1. The 
primers HBA2 L-F/R amplified the 800-bp left homology 
arm, and HBA2 R-F/R amplified the 700-bp right homol-
ogy arm. The two arms were amplified from the wild-type 
genomic DNA and inserted into the pUC-57 vector. A lox 
P-flanked PGK-neomycin cassette was inserted between 
the two arms (Fig.  1B). Primers sequences are listed in 
Table 1.

Green fluorescent protein (GFP) reporter assay
The designed sgRNA sequence was inserted between 
two repeating coding sequences with 205  bp, and then, 
the compound sequence was inserted into the pT53 plas-
mid (Fig.  1C). When sgRNA plasmid and GFP reporter 
were co-transfected into 293 T cells, the sgRNA cleaves 
the sgRNA sequence of GFP reporter through homolo-
gous recombination of repeating sequence. Finally, a 
complete GFP sequence was generated, thus expressing 
GFP, proving the validity and activity of sgRNA designed. 
Briefly, to test the sgRNA activity, GFP reporter and 

sgRNA plasmids were co-transfected into 293  T cells 
by calcium phosphate precipitation. Briefly, 293  T cells 
were cultured in 12-well plates with 5 ×  105 cells per 
well on the day before transfection. 24  h after transfec-
tion, the medium was replaced with 750 µL fresh 293 T 
medium and 250  µL mixture that contained plasmids, 
 CaCl2, HEPES-buffered saline and  ddH2O. The plasmids 
included 1  µg GFP reporter and 1 μg sgRNA plasmids. 
The medium was replaced after 12 h, and a picture was 
taken under fluorescent microscopy (Olympus, X71, 
Japan) after 48 h. The cells were suspended in 800 µL of 
PBS for flow cytometry (BD FACS Arial II, US) analysis. 
The flow cytometry data were analyzed by C6 Channel.

Electroporation and drug selection
To correct the HBB β41-42/β41-42 mutations, 2  µg of 
HBB donor DNA and 4  µg of HBB-sgRNA plasmids 
were transfected into 1 ×  106 hiPSCs through elec-
troporation. The cells were then cultured in Matrigel-
coated 6-well plates with Y-27632 (10  nM, Sigma) 
for 1  day. Puromycin (0.5  µg/mL) was added into the 
mTeSR medium 3 days after the cell confluency reached 
60%, and then, the concentration of puromycin was 
changed to 1 µg/mL and lasted for 4 days. The positive 

Fig. 1 Strategy for correction of the thalassemia mutations and evaluation of the cleavage activity of gRNAs. A Schematic of the gRNAs for 
targeting the β-41/42 deletion mutant in the HBB gene. The oligos for β-sgRNA were designed in 600 bp downstream of the last exon of HBB. The 
primers used in this construct are AEXON-F/BEXON-R. B Schematic of the gRNAs for targeting the Westmead point mutation in the HBA2 gene. 
The oligos for α2-sgRNA were designed in 200 bp downstream of the last exon of HBA2. The primers used in this construct are HBA2 mut-F/R. C 
The complementary annealed sgRNA oligonucleotides were inserted into vector PX330. The sgRNA and PAM (NGG) sequence was inserted into 
the middle of the GFP gene and introduced into pTP53-GFP-reporter. After the targeting DNA was cut by Cas9, homologous recombination of 
the duplications occurred, resulting in the formation of a full-length GFP. D GFP signals were significantly increased, demonstrating the efficient 
cleavage activity of HBA2-sgRNA. E GFP signals were significantly increased, demonstrating the efficient cleavage activity of HBB-sgRNA
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clones were picked up and cultured in Matrigel-coated 
24-well plates and expanded for further certification. 
DNA sequencing was used to confirm the corrections 
of the HBB β41-42/β41-42 mutations. The HBA West-
mead heterozygous point mutation was repaired based 
on the method used to correct HBB β41-42/β41-42 
mutations mentioned above. The selection drug was 
G418 (100 µg/mL, Sigma, China).

PCR analysis and sequencing of corrected clones
After drug selection, the positive clones were selected 
and further validated for genomic correction. The 
genomic DNA of these positive clones was extracted 
using TIANamp Genomic DNA Kit (Tiangen, China) 
according to the manufacture’s user manual. PCR was 
performed using 50-100  ng of genomic DNA templates 
and LA Taq (Takara, China). Designed primers included 
P1/P2, P3/P4, AEXON-F/BEXON-R. A 2.7-kb product 

Table 1 Primers used in this study

F Forward; R reverse

Primer Sequence

HBB-LA-F CCG AAG CTT GAA TTC CTC GAG GCG GCC GCA GTG CCA GAA GAG CCAA 

HBB-LA-R AAT CCC GGG GAA TTC GTC GAC ATA ACT TCG TAT AGC ATA CAT 

HBB-RA-F CCG AAG CTT GAA TTC CTC GAG ATA ACT TCG TAT AAT GTA TGC 

HBB-RA-R AAT CCC GGG GAA TTC GTC GAC GCG GCC GCG GTA TAC CTT GTG AAAT 

HBB-sgRNA-F CGA GAT GGT TTC TCC TCG CCTGG 

HBB-sgRNA-R GGC GAG GAG AAA CCA TCT CG

P1 GTA GCA ATT TGT ACT GAT GGT ATG GGGC 

P2 GGT GGA TGT GGA ATG TGT GCG AGG 

P3 CAG CCT TAG TTG TCT CTG TTG TCT TA

P4 GGT GGT TGA TGG TAA CAC TAT GCT A

AEXON-F CAA TCT ACT CCC AGG AGC AGGGA 

BEXON-R CGT CTG TTT CCC ATT CTA AAC TGT ACC 

HBB-GFP-sgRNA-F GAT CCG AGA TGG TTT CTC CTC GCC TGG 

HBB-GPF-sgRNA-R AGC TCC AGG CGA GGA GAA ACC ATC TCG 

HBA2-sgRNA-F CAC CGA TGG AGA GCG TAT GTT AAC 

HBA2-sgRNA-R AAA CGT TAA CAT ACG CTC TCC ATC 

HBA2-GFP-sgRNA-F GAT CGA TGG AGA GCG TAT GTT AAC TGG 

HBA2-GFP-sgRNA-R AGC TCC AGT TAA CAT ACG CTC TCC ATC 

HBA2-LA-F-EcoR1 CGG AAT TCT CCT GCC GAC AAG ACC AAC 

HBA2-LA-R-Cla1 CCA TCG ATC TCC ATT GTT GGC ACA TTCC 

HBA2-RA-F-Sal1 ACG CGT CGA CAG GCA GTG GCT CAG AAGC 

HBA2-RA-R-BamH1 CGG GAT CCC TGT GAG GCG CAG GAA GA

PR ACC GTG CTG ACC TCC AAA TAC 

PF ACT CCA GCC ACC TAC CCT 

HBA2-Seq-R ACT GAC CCT CTT CTC TGC AC

HBA2-Seq-F TGC CCA CTC AGA CTT TAT TCAA 

OCT4-F CCT CAC TTC ACT GCA CTG TA

OCT4-R CAG GTT TTC TTT CCC TAG CT

Nanog-F TGA ACC TCA GCT ACA AAC AG

Nanog-R TGG TGG TAG GAA GAG TAA AG

SOX2-F CCC AGC AGA CTT CAC ATG T

SOX2-R CCT CCC ATT TCC CTC GTT TT

GATA4-F CAG AAA ACG GAA GCC CAA 

GATA4-R TTG CTG GAG TTG CTG GAA G

T-F GTG GGC CTG GAG GAG AGC GA

T-R TTG TCC GCC GCC ACG AAG TC

PAX6-F TTG CTT GGG AAA TCC GAG 

PAX6-R TGC CCG TTC AAC ATC CTT 
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of the 5’junction of a targeted integration was ampli-
fied using P1/P2. A 2-kb product or a 500  bp product 
was amplified by P3/P4 to identify whether homolo-
gous recombination occurred (Fig. 1A). A 600-bp prod-
uct was amplified by AEXON-F/ BEXON-R and then 
was sequenced to identify whether the HBB mutations 
were corrected. Similarly, PF/PR was used to amplify a 
2-kb product or a 500-bp product to determine whether 
random integration occurred (Fig.  1B). The primer pair 
HBA2 mut-F/R was used to amplify a 600-bp prod-
uct containing the mutated region of HBA2. The PCR 
products were sequenced to identify whether the muta-
tions were corrected. All primers sequences are listed in 
Table 1.

Reverse transcription (RT) and quantitative PCR
Trizol (Invitrogen, China) was used to purify total RNA. 
Oligo dT (Takara, Japan) was used to reverse transcribe 
RNA into cDNA. Quantitative PCR (qPCR) was per-
formed with  SYBR green kit (Takara, Japan) on Agilent 
Technologies Stratagene Mx3000P. GAPDH was used for 
the reference gene. All data were measured in triplicate 
and repeated 3 times independently. Primer sequences 
used are presented in Table 1.

Immunofluorescence
The cells were washed with PBS three times. Next, the 
cells were fixed with 4% paraformaldehyde for 30  min, 
followed by permeabilization of 0.3% Triton X-100. After 
cells were washed three times with PBS and blocked with 
5% BSA, they were incubated with primary antibod-
ies SOX2 (ab97959, Abcam, Cambridge, UK) or OCT4 
(ab19857, Abcam, Cambridge, UK) overnight at 4  °C. 
Finally, the cells were washed three times with PBS. Rel-
evant secondary antibodies were added for 1 h at room 
temperature, followed by the incubation with DAPI 
(Sigma, China) for 5 min in the dark.

Teratoma formation analysis
βN/βN and αN/αN_corrected hiPSCs were cultured on 
Matrigel-coated 10-cm plates at 37 °C and 5%  CO2. After 
reaching 80% confluency (about 1 ×  106 cells), these cells 
were digested accurate and resuspended in Matrigel 
(BD Biosciences, USA) and DMEM/F12 (1:2), and then 
injected 1 ×  106 cells subcutaneously into immune defi-
ciency mice. Teratoma formation was evaluated upon 
sacrifice 8 weeks after the injection. It was dissected and 
fixed in 4% paraformaldehyde, followed by a dehydration 
series in ascending ethanol, clearing in xylene. Paraffin-
embedded, formalin-fixed blocks were sectioned and 
stained with hematoxylin–eosin (HE).

Extracorporeal induction of corrected iPSC hematopoietic 
differentiation
OP9 cells were mouse brain cap fibroblast cells. It can 
effectively induce hematopoietic differentiation of 
human pluripotent cells. OP9 cells were cultured in a 
10-cm culture dish to a growth density of almost 90%. 
The β41-42/β41-42+ααWS/αα_iPS and βN/βN and 
αα/αα_corrected hiPSCs were scraped and collected 
after dispase (Invitrogen, China) digestion. They were 
then co-cultured with OP9 stromal cells for 10 days at 
2.5 ×  106 cells per 10-cm culture dish in 20 mL co-cul-
ture medium containing α-MEM (Gibco, China), 10% 
fetal bovine serum (FBS, HyClone, USA) and 100  µM 
monothioglycerol (MTG, Sigma, China). The medium 
was replaced entirely on the second day and a half on 
day 4/6/8/10. Differentiated cells were collected on the 
2nd, 4th, 6th, 8th, 10th, 12th day, respectively.

Hematopoietic and erythroid colonies formation units 
assays
On day 10 after co-culture, 5 ×  104 cells of  CD34+ 
hematopoietic cells were counted for the hematopoi-
etic colony formation units (CFUs) assays by a direct 
CD34 Progenitor Cell Isolation Kit (Miltenyi Bio-
tech, Germany). The cells were resuspended in 100 µL 
IMDM (Gibco, US) and 10% fetal bovine serum (FBS, 
HyClone, USA) added with 1-mL per dish of Metho 
Cult GF + H4435 semisolid medium (Stem cell Tech-
nologies, Canada) following the manufacturer’s instruc-
tions (Monroe, USA). Fourteen days later, erythroid 
colonies (Es) were counted and CFU-Es were collected 
to identify red blood cells. The level of β-globin protein 
was determined by flow cytometry (BD FACS Arial II, 
USA). PE Mouse Anti-Human CD71 (Cat.No.555537) 
was used to identify erythrocyte, and HBB antibody 
(Santa Cruz Biotechnology, sc-21757) was used to 
determine the level of β-globin.

Whole‑exome capture sequencing and gene‑corrected 
off‑target analysis
We performed whole-genome sequencing at × 100 cover-
age. All sequencing was performed using Illumina MGI 
V5 69 M (Illumina, San Diego, CA, USA), and exon cap-
ture was performed using Agilent SureSelect Technology 
(Agilent, Santa Clara, CA, USA). For sequence align-
ment, variant calling and annotation, these sequences 
were mapped to their locations with the human genome 
reference sequence (hg19; NCBI Build 37.1) using a Bur-
rows-Wheeler Aligner (BWA) (v.0.5.9-r16). Single-nucle-
otide variations (SNVs) and indel variants were detected 
by a genome analysis tool (GATK v3.7).
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Statistical analysis
All statistical analyses were performed using SPSS 19.0 
software to detect significant differences in measured 
variables among groups. A value of P < 0.05 was consid-
ered to indicate a statistically significant difference.

Results
hiPSCs derived from an α‑and β‑thalassemia carrier
The hiPSCs used in this study were generated from 
amniotic cells of a fetus with a homozygous mutation 
β41-42 (TCTT) deletion and a heterozygous mutation 
Westmead (C > G). We named this mutation β41-42/β41-
42 and ααWS/αα. The β41-42 deletion was located in the 
second exon of the HBB gene and caused a frameshift. It 
generated a termination codon (TAG) in the position of 
the new 59th codon, which reduced the synthesis of the β 
chains of hemoglobin. The Westmead was located in the 
last exon CD122 (CAC > CAG) of the HBA2 gene.

Detection of the cleavage activity of cas9/gRNA 
via a fluorescent reporter
To correct these mutations in α/β thalassemia, the oli-
gos for β-sgRNA and α2-sgRNA were designed in 600 bp 
downstream of the last exon of HBB (Fig. 1A) and 200 bp 
downstream of the last exon of HBA2 (Fig. 1B), respec-
tively. The complementary annealed sgRNA oligonu-
cleotides were inserted into vector PX330. In order to 

evaluate the efficiency of gRNAs, GFP reporter and 
sgRNA plasmids were co-transfected into 293  T cells. 
After the targeting DNA was cut by Cas9, homologous 
recombination of the duplications occurred, result-
ing in the formation of a full-length GFP (Fig. 1C). The 
GFP signaling was detected 48  h after nucleofaction by 
FACS to assess the activity of sgRNA. The GFP expres-
sion in group transferred HBA2-sgRNA and HBA2-GFP 
reporter was increased more than 3 times compared to 
the group transfected HBA2-GFP reporter (Fig. 1D). The 
GFP expression in the group transferred HBB-sgRNA 
and HBB-GFP reporter was increased almost 3 times 
compared to the group transfected HBB-GFP reporter 
(Fig. 1E). These results demonstrated the efficient cleav-
age activity of HBB-sgRNA and HBA2-sgRNA.

CRISPR‑Cas9 technology correct α/β‑thalassemia 
patient‑derived hiPSC
We first corrected the mutations within the HBB gene. 
The HBB linearized donor and HBB-sgRNA were trans-
fected into hiPSCs cells by electroporation. The positive 
clones were selected and transferred to Matrigel-coated 
24-well plates after puromycin selection for further 
expansion and identification. We extracted the genomic 
DNA and amplified the desired genomic fragment. 
The repaired clones should give two bands of different 
sizes (Fig.  2A). We found that the repaired efficiency of 

Fig. 2 PCR and DNA sequence analysis of the corrected hiPSC clones. A After β41-42 homozygous mutation was completely corrected, the 
repaired clones showed two bands with different sizes in P1/P2 and P3/P4 amplification. B The black box indicates β41-42 deletion in the position 
of the new 59th codon. The sequencing results showed the β41-42 (-TCTT) heterozygous mutation before and after gene correction. C After the 
Westmead mutation was repaired, the repaired clones showed 500-bp and 2000-bp bands in PR/PF amplification. D The black box indicates the 
Westmead mutation was located in the last exon CD122 (CAC > CAG). Sequencing results showed the Westmead mutation (CAS → CAC) before and 
after gene correction. The P1/P2, P3/P4 and PR/PF were detected by PCR in different gels
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β41-42/β41-42 homozygous mutations to β41-42/βN 
heterozygous mutations reached 90%, but homozygous 
correction (βN/βN) was only 1%. The PCR-identified 
positive clones were further confirmed through Sanger 
sequencing (Fig. 2B). The full-length gels are included in 
a supplementary information file.

To correct the mutations with HBA2, linearized donor 
and HBB-sgRNA were transfected into hiPSCs cells by 
electroporation. G418-resistant clones were picked and 
transferred into Matrigel-coated 24-well plates. We iden-
tified 5 of 34 clones as positive clones (Fig. 2C), with an 
efficiency of 14%. Sanger sequencing was performed for 
transcription of HBA2 restoration after genes correction 
(Fig. 2D).

Gene‑corrected α/β‑thalassemia hiPSCs retain normal 
pluripotency
To further identify whether the corrected hiPSCs still 
retained pluripotency, we evaluated the expression 
of the traditional pluripotent markers (OCT4, SOX2 
and NANOG) using RT-qPCR. We found that all of 
these markers were well expressed in corrected hiPSCs 
(Fig.  3A). Also, these corrected hiPSCs maintained the 

stem cell morphology. In addition, these corrected cells 
were able to differentiate into three germ-layer lineages 
as revealed by teratomas formation assay (Fig.  3B). The 
expression of OCT4 and SOX2 was observed by immu-
nostaining in corrected hiPSCs (Fig. 3C). Moreover, cor-
rected hiPSCs still retained normal female karyotype 
(Fig. 3D).

The gene‑corrected off‑target and exome sequencing 
analysis of gene‑corrected hiPSCs
To discover the possible off-target events of the perfor-
mance of CRISPR-Cas9, genomic DNA both from the 
before and after gene-targeted hiPSCs was examined 
by exome sequencing in comparison with the hg19 ref-
erence genome. Additionally, we predicted the poten-
tial off-target sites using the classical online software 
CRISPR Design. We found the top 7 off-target sites of 
HBA2 sgRNA and 30 off-target sites of HBB sgRNA, 
both of which within less than five mismatches. None of 
the mutations resides was located in potential off-target 
regions. Remarkably, compared to the uncorrected hiP-
SCs, the same 5 SNVs and a vanished indel in the cor-
rected hiPSCs were detected in putative off-target sites. 

Fig. 3 Characteristics of the corrected hiPSCs clones. A The expression level of pluripotent markers (OCT4, SOX2 and NANOG) in corrected hiPSC 
clones was analyzed by qRT-PCR. The gene-corrected clones maintained pluripotent genes. B Teratomas formation assay showed the differential 
ability of the corrected hiPSCs clones. C The expression of OCT4 and SOX2 in β41-42/β41-42 and αα/ααWS hiPSCs and βN/βN&αα/αα_corrected 
hiPSCs were detected by immunostaining. Scale bars = 100 µm. D, Karyotype analysis of the corrected hiPSCs clones showed that corrected hiPSCs 
retained normal female karyotype



Page 8 of 12Li et al. Stem Cell Research & Therapy          (2022) 13:102 

To sum up, these data strongly suggest that these muta-
tions are not direct results of our off-target activities by 
Cas9 (Fig. 4).

Differentiation of corrected hiPSCs into HSCs
Hematopoietic differentiation experiment and colony-
forming assay were performed to examine the hemat-
opoietic function of the corrected hiPSCs. OP9 cells were 
mouse brain cap fibroblast cells. It can effectively induce 
hematopoietic differentiation of human pluripotent cells 
without other cytokines. OP9 cells were co-cultured 
with the corrected or uncorrected hiPSCs (Fig. 5A). The 
expression of OCT4, SOX2, NANOG, GATA4 and PAX6 
was examined by RT-qPCR. The results revealed that 
the expression of pluripotency genes, OCT4, SOX2 and 
NANOG, gradually decreased, and the mesoderm gene T 
was expressed earlier in the corrected hiPSCs compared 
to uncorrected hiPSCs during the differentiation process 
(Fig. 5B and C).

CD34+ and  CD43+ are hallmark surface markers of 
HSCs in humans. The red blood lineage clones were 
picked up and examined by flow cytometry. Flow cytom-
etry analysis of CRISPR/Cas9-corrected hiPSCs showed 
significantly higher hematopoietic differentiation by 
analyzing the number of  CD34+/CD43+ cells (Fig.  6A). 
However, compared with the cord blood or H1 cells, the 
gene-repaired hiPSCs cell lines did not show any sig-
nificant differences in the expression levels of β-globin 
(Fig.  6B). Interestingly, the number of CFU-E from the 
corrected hiPSCs was significantly higher than those 
from uncorrected hiPSCs (Fig.  7), indicating these cells 
could differentiate into different blood lineages.

Discussion
Hb Constant Spring (Hb CS, c.427  T > C), Hb Quong 
Sze (Hb QS, HBA2: c.377 T > C) and Hb Westmead (Hb 
WS, HBA2: c.369 C > G) are three common mutations 
causing nondeletional α-thal in the Chinese population 
[17]. A nondeletional α-thal usually is associated with 
mild clinical symptoms [18]. However, it is reported that 
nondeletional α-thal in combination with β0-thal causes 
β-thalassemia intermedia (β-TI) presented with a sig-
nificant variety of clinical presentations [19]. Due to its 
complex clinical presentation, early valid intervention for 
α- and β-thalassemia is not frequently applied until com-
plications of iron overload or other thalassemia-related 
complications occur later [20]. At present, allogeneic 
hematopoietic stem cells and bone marrow transplanta-
tion are the only possible curative therapy for thalassemia 
[21]. However, immune rejection and lack of HLA-
matched donors hamper their clinical implementation 
[22].

In recent years, a growing number of studies have 
reported using the CRISPR-Cas9 technique to correct 
the mutation from allele of the HBB gene by homology-
directed repair with a single-stranded DNA oligonucleo-
tide template [23]. As the third generation of engineered 
endonuclease, CRISPR-Cas9 is proving to be an efficient 
and customizable alternative to other existing genome 
editing tools [24]. For example, the HBB gene CD41/42(-
CTTT) mutation has been successfully repaired by the 
CRISPR-Cas9 technique [25]. The HBA2 gene with a 
Hb-CS mutation has been successfully corrected in a 
patient-specific hiPSCs [26]. In the present study, we 
reported a patient with an HBB homozygous deletion 

Fig. 4 Whole-exome sequencing of the parental and gene-corrected hiPSCs. No obvious genome change was detected in parental and 
gene-corrected hiPSCs. Compared with the untargeted β-thal hiPSCs (A), the corrected hiPSCs (B) contain five the same single-nucleotide 
variations (SNVs), and one disappears indel than that formed from the hiPSCs without corrections
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mutation (CD41-42) and an HBA heterozygous point 
mutation (Hb WS). We designed the gRNAs recognized 
the β41-42 mutation sequence on the HBB gene and the 
long sequence for the Hb WS mutations on the HBA2 
gene. After transfecting the long linearized donor plas-
mids and Cas9 gRNA into hiPSCs, the corrected clones 
were selected by antibiotic selection. Since off-target 
mutagenesis is a primary safety concern of CRISPR-Cas9 
therapy, the potential off-target sites were confirmed by 
DNA sequencing. Our results indicated that the monoal-
leleic correction efficiency reached 90%. The efficiency of 
biallelic correction was 14%, much higher than the cor-
rection efficiency of HbH-CS from a previous report with 
a 6.3% for monoallelic correction and 16.7% for biallelic 
correction [27].

Recent reports have shown the success of genetic cor-
rection of an HBB or HBA2 gene in thalassemia-specific 
hiPSCs using the CRISPR-Cas9 technique [28]. hiPSCs 
have certain advantages over other stem cell types in 
human disease treatment because they are derived from 
adult somatic cells and not embryos [29]. It can be con-
tinuously expanded in  vitro and is amenable to genetic 
manipulation [30]. hiPSCs also are not associated with 
the ethical dilemmas surrounding the use of embryonic 
stem cells [31]. Our study demonstrated that transplanta-
tion of the corrected autologous patient-derived hiPSCs 

could be potential treatment strategies for preventing 
thalassemia. A gene-corrected hiPSCs lineage could 
provide HLA-matched cell type for all pathological tis-
sues and organs of interest [32]. Human pluripotent stem 
cells can self-renew and differentiate into hematopoietic 
cells [33]. We found that the expression of pluripotency-
related genes and transient early mesoderm markers in 
corrected hiPSCs was gradually decreased during the dif-
ferentiation process. CD34 and CD43 are the well-known 
surface markers of HSCs [34].  CD34+ is used to identify 
hematopoietic stem cells with multilineage potential [35]. 
We further found that the number of  CD34+/CD43+ 
cells from the gene-corrected group was significantly 
higher than those from the uncorrected group, indicating 
that gene-corrected hiPSCs have multilineage differentia-
tion potential.

Conclusions
In summary, our study provides a successful strat-
egy to repair two disease-causing mutations in human 
mutant hiPSCs. This could be employed as a univer-
sal approach in the future correction of the HBB and 
HBA gene in hiPSCs derived from β41-42/β41-42 and 
ααWS/αα-thalassemia patients. The knowledge and 
protocols obtained from our study will apply to the 

Fig. 5 Hematopoietic differentiation of the corrected hiPSCs. A Morphological changes of the corrected hiPSCs cells during hematopoietic 
differentiation on day 2, day 4, day 6, day 10 of OP9 co-culture. Scale bars = 200 μm. B The expression level of pluripotent markers (OCT4, SOX2 
and NANOG) in corrected hiPSCs clones was analyzed on day 0, day 2, day 4, day 6, day 8, day 10 of hematopoietic differentiation. Pluripotency 
genes OCT4, SOX2 and NANOG gradually decreased during hematopoietic differentiation, which is approaching 0. C The expression level of germ 
layer gene T in corrected hiPSCs clones was analyzed on day 0, day 2, day 4, day 6, day 8, day 10 of hematopoietic differentiation. During the 
hematopoietic differentiation process, the germ layer gene T expression peak appeared earlier in repaired hiPSCs than that no corrected hiPSCs
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Fig. 6 Flow cytometry analyses of the surface marker in hematopoietic stem cells. A Flow cytometry revealed the results of anti-human 
CD34 + /CD43 + in the corrected hiPSCs. Flow cytometry analysis of CRISPR/Cas9-corrected hiPSCs showed significantly higher hematopoietic 
differentiation. B Flow cytometry revealed the results of anti-human CD71 and anti-HBB  in the corrected hiPSCs CFU-E flow analysis results showed 
the expression of β-globin in repaired hiPSCs, which is no significant difference between cord blood and H1. Moreover, no red blood cells were 
detected in the unrepaired hiPSCs

Fig. 7 CFU-E colony formation. A Representative image of CFU-E. Scale bars = 200 µm. B The number of CFU-E formed by hiPSCs after the repair 
was significantly higher than that no corrected hiPSCs
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genetic correction of patient-specific hiPSCs with other 
genetic disorders.
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