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The β-globin disorders β-thalassemia and sickle cell disease have been 
at the forefront of gene therapy development from its very inception. 
Owing to their frequency, severity and exceptionally well characterized 
molecular pathology, and to the availability of hematopoietic stem and 
progenitor cells as substrate for therapies, these disorders promise both 
fast insights into new methodologies and eventual return on investment. 
Accordingly, β-globinopathies are also a favorite subject of the nascent 
field of genome editing and its most pioneering approaches to achiev-
ing therapeutic functional correction of gene expression. Be it by muta-
tion-specific correction, modulation of disease modifiers or site-specific 
gene addition, genome editing of β-globinopathies has already delivered 
significant insights into the design of synthetic nucleases and the suitabil-
ity of different correction strategies. This Expert Insight reviews recent 
progress in the application of gene-editing tools and different model sys-
tems towards the establishment of new therapies for β-globin disorders. 
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b-GLOBINOPATHIES: A 
CONTINUOUS TEST BED 
FOR GENE THERAPY 
APPROACHES
The β-globinopathies as recessive 
monogenic disorders of the hemato-
poietic system were infamously the 
first targets for gene therapy more than 

35 years ago [1], and recently β-globin 
was once again a controversial “first” 
in the application of gene editing to 
human zygotes [2]. Contributing fac-
tors to the ongoing effort by a pleth-
ora of researchers and companies to 
use β-globinopathies as a benchmark 
for new gene therapy approaches are: 

high disease prevalence, high natural 
childhood lethality, easy accessibility 
of autologous hematopoietic stem 
and progenitor cells (HSPCs) as gene 
therapy substrate, established efficacy 
of allogeneic HSPC transplantation 
and the small size and exemplary 
characterization of the regulation of 
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HBB gene expression. Hope for a uni-
versal cure for β-globinopathies now 
focuses on gene editing approaches, 
not only because of recent technical 
developments, but also for reasons of 
safety and efficacy. After all, perma-
nent gene addition using integrating 
vectors has the inherent risk of inser-
tional mutagenesis [3], and for severe 
forms of β-globinopathies struggles 
to be fully therapeutic, owing to size 
restrictions on the transgene and the 
high transgene expression levels re-
quired [4]. 

The main adult hemoglobin 
(HbA) is a heterotetrameric metal-
loprotein, containing two α- and 
two β-globin chains. In sickle cell 
disease (SCD), a HBBE6V missense 
mutation results in toxic precipi-
tates of HbS tetramers, containing 
the sickling β-globin (βS), while 
in β-thalassemia absent or dimin-
ished expression of β-globin results 
in toxic homotetramerization of 
surplus α-globin. The pathophys-
iologies of both β-thalassemia [5] 
and SCD [6] have been reviewed 
in detail elsewhere; suffice it to say 
that the above intracellular toxicity 
leads to vaso-occlusion and painful 
crises for SCD and to (myeloid) in-
effective erythropoiesis and (periph-
eral) hemolysis for both disorders, 
with wide-ranging systemic and 
multi-system effects. 

An important difference between 
β-thalassemia and SCD when ap-
proaching the development of a new 
therapy is a catalogue of over 340 
primary mutations for the former 
and a single mutation for the latter 
[7,8]. This limits commercial inter-
est in developing mutation-specific 
cures for β-thalassemia, also be-
cause many patients are compound 
heterozygotes for different β-globin 
mutations, including β-thalassemia/
SCD. 

As a key modifier of disease se-
verity, α-globin has been considered 
as a therapeutic target for ameliora-
tion of β-thalassemia [9]. However, 
long-standing genetic and recent 
experimental evidence highlight the 
β-like fetal γ-globin in particular as 
a key ameliorating factor that might 
prove fully and universally thera-
peutic for both β-globinopathies 
[10]. γ-globin replaces β-globin as 
a binding partner for α-globin in a 
fetal hemoglobin (HbF) heterote-
tramer, and in SCD prevents HbS 
precipitation and sickling of erythro-
cytes. Expression of γ-globin is con-
trolled by a still-expanding network 
of loci, proteins and micro RNAs 
[4], with γ-globin repressors KLF1 
and BCL11A [10] and their response 
elements as promising therapeutic 
targets, in addition to the β-globin 
locus itself. 

As gene editing tools, zinc-fin-
ger nucleases (ZFNs), transcrip-
tion activator-like effector nucleases 
(TALENs) and clustered regularly 
interspaced short palindromic re-
peats linked to Cas9 (CRISPR/Cas9) 
RNA-guided nucleases (RGNs) 
have to date been applied to 
β-globinopathies (see review by Bas-

sett in this spotlight issue [11]), as well 
as triplex-forming peptide nucleic 
acids. Figure 1 illustrates gene editing 
approaches currently employed to 
β-globinopathies, with Table 1 sum-
marizing the corresponding targets 
and efficiency data as detailed below.

HORSES FOR COURSES: 
CORRECTING THE  
PRIMARY MUTATION
Intuitively, correction of the primary 
mutation is the approach of choice 
for β-globinopathies, as it restores the 
exact genotype of normal or at least 
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carrier individuals (Figure 1A). How-
ever, in addition to allelic heteroge-
neity for β-thalassemia, technical dif-
ficulties arise with the high sequence 
identity of the human HBB and 
HBD genes. The latter may cause ac-
cidental disruption of δ-globin with-
out due care in the choice of target 
sequence [12] and might, conversely, 
make HBD an inadvertent and ef-
ficient repair template for homolo-
gy-directed repair (HDR)-based cor-
rection of HBB [13]. 

To date, all mutation-specif-
ic approaches to gene-editing of 
β-globinopathies have employed 
HDR-based sequence repair. As the 
model system furthest from clinical 
application, human erythroid K562 
cells were edited with ZFNs and 
TALENs to target the βS site, giving 
0.2% [14] and 13% [15] popula-
tion-wide HDR efficiency, respective-
ly. Low efficiency for the best out of 
four ZFNs tested in the former study 
may serve to illustrate the difficul-
ty of identifying designer nucleases 
with therapeutic potential based on 
the evidently powerful ZFN technol-
ogy. In preference to cell lines, from 
2011 many studies started employing 
early-generation induced pluripotent 
stem cells (iPSCs) and ZFNs to tar-
get the βS mutation [16–19]. They 
did so with varying and low popu-
lation-wide efficiencies, necessitating 
clonal selection of antibiotic-resistant 
clones to quantify and analyze intend-
ed recombination events and raising 
doubts over the applicability of the 
technology to primary HSPCs [14]. 

Mindful of a likely need for en-
richment towards clinical application 
of genome editing, subsequent efforts 
for the β-globinopathies emphasized 
the fidelity and full erythropoietic 
potential of iPSCs, employing ep-
isomal [20] or footprintless piggyBac 
vectors [17,21,22] for reprogramming. 

One such study applied TALENs to 
SCD and demonstrated the absence 
of off-target cleavage for predicted 
sites after correction [17]. Similarly, 
Ma et al targeted two β-thalassemia 
mutations using TALENs and em-
ploying a universal full-length-HBB 
donor sequence for correction [20]. 
Establishing that efficient designer 
nucleases are repurposable for differ-
ent β-thalassemia mutations, Xie et al 
used a single RGN to cleave HBB 
intron 1 and achieved repair of two 
independent mutations, one in the 
promoter and one in exon 2 of HBB 
in iPSCs of a compound heterozy-
gous β-thalassemia patient [21]. For 
cells corrected for either mutation the 
study then confirmed erythropoietic 
differentiation and restoration of HBB 
mRNA expression. Using RGNs in 
comparison to previously published 
ZFNs and TALENs, Huang et al 
achieved remarkable population-wide 
correction efficiencies in patient-de-
rived iPSCs (3.2–3.6%), followed by 
efficient in vivo erythroid differen-
tiation and enucleation of corrected 
cells [23]. Moving even closer towards 
clinical application of SCD gene ed-
iting, Hoban et al applied ZFNs to 
mobilized peripheral-blood (mPB)- 
and BM-derived CD34+ cells and 
achieved over 18% population-wide 
correction efficiency [24]. Despite 
45% donor chimerism in transplant-
ed NOD-scid  IL2Rgnull (NSG) mice 
5 weeks after treatment, only low 
levels of long-term engraftment were 
achieved, possibly indicating a recalci-
trance of long-term repopulating cells 
to editing conditions [25]. 

Several studies of the thalas-
semias focused on the HBBIVS2–654 
splice-site mutation common in 
Asian populations. Targeting by a 
monomeric TALE–endonuclease 
fusion showed lowered genotoxici-
ty compared to its dimeric TALEN 
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ff FIGURE 1
Genome-editing strategies to cure b-globinopathies.
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Correction of the primary SCD or β-thalassemia mutation (A) relies on HDR and delivery of the corresponding repair template. For the use of one 
designer nuclease for different mutations (not shown) it is as yet unclear how repair efficiencies will change with increasing distance from a single 
DSB site. Re-creation of HPFH mutations (B) also relies on HDR. Here, only the case of an HPFH point mutation in the β-locus is shown; for potentially 
HDR-independent re-creation of deletional HPFH mutations, two DSB events flanking the deletion are required. Disruption of erythroid REs (C) 
to achieve induction of β-globin, as shown for the erythroid-specific enhancer of BCL11A, can likely be performed by NHEJ, even towards clinical 
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application. Site-specific gene addition (D) relies on HDR to integrate an expression cassette encoding the therapeutic transgene at inert genomic 
(safe-harbor) sites. For functional gene replacement by integration at the disease locus instead (not shown), unaffected endogenous promoter and 
encoding elements may be omitted from the donor template. Sizes of elements are not to scale. Practical application of these strategies towards the 
therapy of β-globin disorders is detailed in the main text. DSB: double strand break; HDR: homology-directed repair; HPFH: hereditary persistence 
of fetal hemoglobin; NHEJ: non-homologous end joining. 
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counterpart, albeit at reduced ef-
ficiency [26]. In an independent 
study, RGN-mediated correction 
improved hematopoietic differenti-
ation in patient-derived iPSCs with 
no detectable cleavage at predicted 
off-target sites [27]. Comparing the 
efficiency of TALENs and RGNs 
for the same locus, Xu et al demon-
strated higher efficiency and low-
er off-target activity of TALENs, 
erythroid differentiation and the 
presence of normal HBB mRNA 
[22]. Another study used HB-
BIVS2–654-specific ZFNs to compare 
the relative impact of iPSC repro-
gramming and ZFN-mediated gene 
correction on genome integrity. Us-
ing stringent quality filtering after 
exome sequencing, it determined 
that gene editing created four times 
the number of indels and five times 
the number of non-synonymous 
nucleotide variations, emphasizing 
the emerging consensus that each 
specific designer nuclease will need 
genome-wide off-target assessment 
as a component of its preclinical 
validation [28]. 

JACK OF ALL TRAITS:  
ACTIVATING γ-GLOBIN 

Therapies covering both 
β-thalassemia and SCD are the 
commercial ideal for therapeutic 
development, and for gene editing 
approaches this notion is current-
ly synonymous with re-activation 
of endogenous γ-globin. Unsur-
prisingly, different strategies for 
γ-globin reactivation are therefore a 
focus not just of academic, but also 
of IP and commercial R&D activity, 
much of which might still be undis-
closed [29–32]. With often low pop-
ulation-wide correction efficiencies 
and uncertainties over the γ-globin 

level achievable in each edited cell, 
it is still unclear whether currently 
employed re-activation strategies 
that are potentially suitable for all 
β-globinopathies will in the end be 
therapeutic for any of them. 

An HDR-based strategy for re-
activation of γ-globin was pursued 
by Wienert et al, who used TALENs 
to re-create the natural Aγ-175(T>C) 
hereditary persistence of fetal he-
moglobin (HPFH) mutation (Fig-

ure 1B), albeit in erythroid cell lines 
and with low γ-globin induction 
efficiency [33]. An earlier attempt 
to introduce the Aγ-175(T>C) HPFH 
mutation in human mPB CD34+ 
cells utilized triplex-forming pep-
tide nucleic acids and achieved a 
remarkable but clinically negligible 
1.63% population-wide HDR ef-
ficiency [34]. Importantly, HSPCs 
mainly employ non-homologous 
end joining (NHEJ) for double-
strand-break repair, in part because 
HDR is favored in actively cycling 
cells  [25], underlining the advan-
tage of NHEJ-based strategies for 
reactivation of γ-globin, particu-
larly in HSPCs. 

Of conceivable strategies us-
ing NHEJ, the reproduction of 
highly therapeutic HPFH dele-
tion mutations by two indepen-
dent double strand break events 
is possible, but would likely suf-
fer from lowered efficiency and 
uncontrollable recombination 
events [35]. Complete deactiva-
tion of γ-globin suppressors BC-
L11A or KLF1 by a single NHEJ 
event would be efficient but det-
rimental to the hematopoietic 
and erythropoietic compartment, 
respectively [36,37]. However, dis-
ruption of their response elements 
in the γ- and β-globin promot-
ers or of the erythroid enhancer 
element of BCL11A (Figure  1C) 
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f f TABLE 1. 
Genome-editing achievements in β-globinopathies. Reports are listed first by target sequence (SCD 
mutation, β-thalassemia mutations in their order in HBB; HPFH mutations in their order in HBG1/2,  
BCL11A target regions), then by their order of appearance in the main text. All iPSCs are of human origin. 

Target [HGVS name] Nuclease Model Reported Efficiencies Ref.
βS 

[HBB:c.20A>T]
ZFN K562 NHEJ 2%, HDR 0.2% bulk

HDR 95% clonal
 [14]

TALEN K562 HDR 13% bulk (19% of  
transfected cells)

 [15]

TALEN iPSC HDR 63% clonal  [16,17]

ZFN iPSC HDR 67% (2 out of 3) clonal  [18]

ZFN (x3) HEK293T
iPSC

NHEJ 12.9%, 2.5% & 1.2% 
(HEK293T) bulk
HDR 33.3%, 37.9%, 26.3%  
(Hs iPSC) clonal

 [19]

RGN, 
TALEN

iPSC HDR 33% (TALEN), 12.3% (RGN) 
clonal

 [22]

RGN, 
TALEN, 
ZFN

HEK293T
iPSC

NHEJ 45% (HEK293T), 3.2–
3.6% (Hs iPSC) bulk, RGN

 [23]

ZFN Hs mPB & BM 
CD34+

HDR 18.4±6.7% (BM CD34+) 
bulk

 [24]

β -28 (A>G) 
[HBB:c.-78A>G]

RGN iPSC HDR 33% clonal  [21]

β CD 14/15 (+G)
[HBB:c.45_46insG]

RGN HEK293T
Hs zygotes

NHEJ 52% (zygote)
HDR 48.3% (HEK293T) &  
7.4 % (zygote) bulk

 [13]

β CD 17 (AAG>TAG)
[HBB:c.52A>T] 

RGN HEK293T
Hs zygotes

NHEJ >50% (HEK293T)  [13]

β CD 41/42 (-TTCT)
[HBB:c.124_127delTTCT]

RGN HEK293T
Hs zygotes

NHEJ undetectable (HEK293T)  [13]

TALEN iPSC HDR 40% clonal  [20]

RGN iPSC HDR 42% clonal  [21]

β IVS2–1 (G>A)
[HBB:c.315+1G>A]

TF-PNA TG CHO
K562
Hs mPB CD34+

HDR 0.4% (CHO), PCR+ (K562 & 
CD34+) bulk

 [54]

β IVS2–654 (C>T) 
[HBB:c.316–197C>T]

TALEN iPSC HDR 68% clonal  [20]

RGN, 
TALEN

iPSC HDR 33% (TALEN) & 12.3% 
(RGN) clonal

 [22]

Aγ -175 T>C HPFH 
[HBG1:c.-228T>C]

TALEN K562
TG MEL

Aγ promoter activity x2 (K562 
& MEL) & β-globin promoter 
activity x0.5 (MEL) clonal

 [33]

Aγ -117 G>A HPFH 
[HBG1:c.-170G>A]

TF-PNA TG Mm BM
Hs mPB CD34+

HDR 1.63% (CD34+) bulk  [34]

BCL11A h +55, +58, +62  
[NC_000002.11:g. 
60718000–25500]

RGN 
(x533)

HUDEP-2
Hs CD34+

40% HbF (4x control level),  
40% F cells (2x control level) 
bulk (CD34+, for sgRNA-1621)

 [31,40]

BM: bone marrow; bulk: population-wide percentages after treatment, without enrichment or antibiotic selection of corrected cells; 
CHO: Chinese hamster kidney cell line; clonal: percentages amongst pre-selected antibiotic-resistant clones; HDR: homology-directed 
repair; HUDEP-2: human CD34+ HSPC-derived erythroid precursor cell line; HEK293T: SV40 T-antigen+ human embryonic kidney 293 
cell line; iPSC: induced pluripotent stem cell; Hs: Homo sapiens; MEL: mouse erythroleukemia cell line; mPB: mobilized peripheral blood; 
NHEJ: non-homologous end joining; PCR+: too low to quantify, but detectable by PCR; sgRNA: synthetic guide RNA; TG: transgenic; 
zygotes: tripronuclear zygotes.
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would predictably only affect the 
erythroid compartment and glo-
bin-gene expression  [38]. As an 
added benefit of this approach, ed-
iting non-coding target sequences 
has a lower incidence of off-tar-
get cleavage in exonic regions, 
but care must be taken to avoid 
off-target hits in homologous reg-
ulatory sequences elsewhere in the 
genome  [39]. As the correspond-
ing regulatory elements are most-
ly defined through widely spaced 
genetic HPFH markers, Canver 
et al recently employed 533 tiling 
RGNs (over 700 including con-
trols) to define key elements of the 
murine BCL11A enhancer [40]. In 
the process they identified one 
RGN of particular potency also 
in human HSPCs which achieved 
a population-wide level of 40% 
HbF and 40% γ-globin positive 
cells (four times and twice the lev-
el of controls, respectively), thus 
defining a new benchmark for 
likely therapeutic HbF induction 
and warranting further preclinical 
analysis. 

SOMETHING OLD,  
SOMETHING NEW: SITE- 
SPECIFIC GENE ADDITION
The recent wedding of designer 
nucleases with entire genes or ex-
pression cassettes for site-specif-
ic integration also promises to be 
fruitful for the β-globinopathies 
(Figure 1D). Numerous existing 
gene-addition vectors and their 
corresponding efficiency and safety 
data can be borrowed for this ap-
proach of gene replacement at the 
disease locus or of gene addition 
at inert genomic loci. The latter 
strategy allows faster development 
of new therapies by following 

optimized blueprints for combin-
ing different gene-addition vectors 
with pre-existing designer nucleas-
es. These would typically be highly 
optimized for target specificity and 
efficient HDR at inert genomic 
loci (safe-harbor sites), with the 
AAVS1 (PPP1R12C) locus as the 
most popular target for HSPC 
gene therapy [41]. Application of 
this approach to β-thalassemia 
was reported as early as 2011 [42], 
when it relied on iPSCs and fluo-
rescence-based selection of clones 
carrying the β-globin transgene. In 
the wake of this study, site-direct-
ed insertion of an α-globin cassette 
for α-thalassemia used a similar 
methodology [43]. Since then, only 
an adenoviral-encoded TALEN, 
specific to the β-globin locus con-
trol region and displaying 50% 
targeting efficiency in a human 
cell line, is of direct interest to the 
β-globinopathies, as it may allow 
the introduction of donor sequenc-
es for HBB gene replacement [44]. 
More significantly, however, have 
been recent general technological 
advancements, such as the up to 
fivefold enhancement in human 
cells of HDR-based repair at the 
AAVS1 locus by adenovirus-me-
diated knockdown of NHEJ com-
ponents [45]. Moreover, optimiza-
tion of the safe-harbor approach 
for HSPCs reached 3–6% HDR 
in primitive to early progenitors 
and 0–9% in bone-marrow CD34+ 
cells in chimeric NSG mice long-
term, thus approaching efficiencies 
of clinical interest [25]. While the 
specific study focused on X-linked 
severe combined immunodeficien-
cy, the underlying methods and 
infrastructure are also available for 
β-globin gene addition by a lenti-
viral vector currently undergoing 
clinical trial [46,47]. 
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TRANSLATION INSIGHT 

State of play

Genome editing potentially 
avoids the danger of insertional 
mutagenesis inherent to current 
gene-addition approaches, and 
faithful correction of primary mu-
tations would moreover achieve 
normal β-globin expression levels 
in corrected cells. The technolo-
gy is therefore likely to transform 
the clinical application of gene 
therapy for the β-globinopathies. 
All three major gene-editing 
platforms – ZFNs, TALENs and 
RGNs – have the potential to pro-
ceed to clinical trials, depending 
on safety and efficacy of each indi-
vidual nuclease and the associated 
culture and treatment protocols. 
Presently, there remain impedi-
ments to clinical translation of 
the technology, namely off-tar-
get effects and low efficiencies of 
HDR events in HSPC bulk pop-
ulations. The additional concern 
of iPSC safety is secondary to 
low efficiencies in HSPCs, which 
would be the preferred cell pop-
ulation for clinical application. 
Recent findings already indicate 
how safety and efficacy of gene ed-
iting might be improved towards 
a clinical application of the tech-
nology for β-globinopathies based 
on HSPCs. 

Safety

Off-target sites are potentially 
widespread [13,28] and essentially 
unpredictable [48], representing 
a clear safety concern for clinical 
application. Gene editing applica-
tions will therefore predictably in-
corporate genome-wide sequence 
analyses in human model systems 
as a mandatory part of preclinical 
safety assessments for each gene 

editing tool. In parallel, advanced 
designs for improved specifici-
ty of designer nucleases [49–53] 
will be incorporated as standard 
methods at least for gene editing 
studies geared towards clinical 
application. 

Efficiency 

Cell-specific and population-wide 
correction efficiencies remain sep-
arate concerns for different types 
of application. While disruption 
of response elements reaches high 
population-wide efficiencies by 
reliance on NHEJ, data are as yet 
insufficient to judge if the resulting 
engraftment and γ-globin expres-
sion per corrected cell will indeed 
reach therapeutic levels. Converse-
ly, HDR-dependent correction of 
primary mutations will be thera-
peutic for each corrected cell, but 
suffers from lower population-wide 
efficiency, as does HDR-based 
re-activation of γ-globin expres-
sion. Site-specific gene addition as 
a hybrid approach combines HDR 
with the constraints of transgene 
delivery typical of gene addition. 
Owing to safety and mutation-in-
dependence of optimized designer 
nucleases (where safe-harbor sites 
are targeted) and potential use of 
pre-existing vectors for gene addi-
tion, however, the approach will 
likely still have a future. Finally, 
for all HDR-based strategies recent 
findings indicate that modification 
of repair pathways and optimized 
tools and treatment protocols may 
eventually overcome low popula-
tion-wide efficiencies, with already 
high levels of correction in human 
HSPCs and despite as yet low lev-
els of long-term repopulation for 
corrected cells in NSG mice [24]. 
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