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Take-home messages

- Genome editing is initiated by programmed nucleases that introduce a double-stranded DNA break at a specified sequence.
- Cells repair double-stranded DNA breaks through error-prone non-homologous end joining (NHEJ) or through homology

directed repair (HDR), which utilizes an exogenous DNA template to create precise nucleotide alterations.  Strategies to treat
b-hemoglobinopathies include NHEJ to induce fetal hemoglobin or HDR to repair the pathogenic mutation.

- In hematopoietic stem cells, NHEJ occurs at approximately 10-fold greater frequency than HDR.
- Challenges to clinical genome editing include optimizing programmed nuclease delivery into cells, defining and minimizing

deleterious off target effects, and maximizing the efficiency of on target editing.

b-hemoglobinopathies, including sickle cell disease (SCD) and
ß-thalassemia are common, devastating autosomal recessive
disorders caused by mutations in the HBB gene, which encodes
the b-globin subunit of adult hemoglobin (HbA, α2 b2).1,2

Medical therapies extend the lives of patients and reduce suf-
fering, but do not eliminate major clinical problems.
Allogeneic bone marrow transplantation (BMT) is curative for
up to 90% of selected patients, but serious complications can
occur, particularly for BMT recipients without an HLA-
matched sibling donor. Gene therapy via lentiviral vector
replacement of HBB is promising, but has not yet proven to be
fully effective.
We are poised to cure SCD and b-thalassemia by genome edit-
ing of hematopoietic stem cells (HSCs), either to repair the
causal mutations or to create new mutations that suppress dis-
ease phenotypes by inducing fetal hemoglobin (HbF) produc-
tion in adult red blood cells (RBCs). Genome editing is based
on programmable sequence-specific DNA nucleases that cre-
ate targeted double-stranded breaks (DSBs).3,4 Classes of gene
editing nucleases include clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas, transcription activator-
like effector nucleases (TALENs) and zinc finger nucleases
(ZFNs). Cells typically repair nuclease-induced DSBs accord-
ing to two distinct and competing endogenous enzymatic path-
ways: 1) error-prone non-homologous end joining (NHEJ) can
rejoin the broken DNA ends, but often introduces insertions or
deletion mutations (indels) that can disrupt coding genes or
noncoding regulatory sequences; 2) in the presence of a user-
supplied homologous “donor” DNA template, DSBs can be
repaired precisely by homology directed repair (HDR). By

varying the HDR donor template, it is possible to correct dele-
terious mutations. Both HDR and NHEJ-mediated genome
editing strategies are under investigation for treating b-hemo-
globinopathies. The general strategy is to remove HSCs from
the patient, edit these cells ex vivo to induce therapeutic genet-
ic alterations, then return them to the patient after administra-
tion of a myelotoxic “conditioning” agent to enhance engraft-
ment of the altered HSCs. This therapy modifies somatic cells
so that the induced genetic changes are not passed through the
germline. 

Correction of b-hemoglobinopathymutations by HDR

The major form of SCD is caused by a homozygous A-to-T
mutation resulting in a glutamic acid-to-valine substitution at
b-globin amino acid 6. It is possible to correct this mutation
through genome editing by creating a DSB in mutant HBB
exon 1 and supplying a donor DNA template containing the
normal sequence.5-7 Preliminary results are promising, but sev-
eral challenges exist for clinical application. First, NHEJ
occurs more efficiently than HDR at DSBs,8,9 particularly in
quiescent HSCs, resulting in low rates of gene correction com-
bined with NHEJ-mediated null (b0) alleles. Second, HDR
requires co-delivery of a donor template and may require
selection of edited cells, both of which may complicate pro-
duction of therapeutic cell products. In contrast to SCD, b-tha-
lassemia is caused by many different mutations, making it
more challenging to create a general correction strategy.
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Induction of fetal hemoglobin via NHEJ

Fetal Hb (HbF, α2γ2) is the main RBC oxygen carrier during
late gestation. After birth, γ-γlobin synthesis declines and b-
globin increases, thereby switching HbF to HbA. The γ-globin
genes HBG1 (Aγ) and HBG2 (Gγ) are located upstream of
HBB (b) and their relative expression is controlled by regional
cis elements and key trans-acting transcription factors, both of
which have been identified by human genetic studies.10,11

Residual HbF in adult RBCs is expressed as a quantitative
genetic trait and b-hemoglobinopathy patients with higher
HbF levels experience fewer symptoms and reduced
mortality.10,12,13 Hydroxyurea, the only approved drug for
SCD, acts partly by raising HbF levels though unknown mech-
anisms. Genome editing provides new opportunities to raise
HbF levels therapeutically by manipulating known regulators.
In a rare genetic condition termed hereditary persistence of
fetal hemoglobin (HPFH), relative HbF levels exceed 20% in
adult RBCs.14 HPFH is a benign condition typically caused by
deletions or point mutations in the extended b-globin locus.

Individuals with SCD or b-thalassemia genotypes who co-
inherit HPFH mutations experience few or no disease patholo-
gies. Several groups, including ours, are using genome edit-
ing-mediated NHEJ to recapitulate HPFH mutations, with
promising preliminary results.15,16

It is also possible to raise HbF by targeting transcription fac-
tors that repress γ-globin production. The leading candidate
is BCL11A, which was identified through genome wide
association studies to regulate HbF levels in adult RBCs.17-19

Because HSCs and B cells require BCL11A,20-23 therapeutic
strategies to inhibit its expression must be specific to ery-
thoid lineages. This may be achieved via NHEJ-mediated
disruption of an erythroid-specific BCL11A enhancer, which
raises HbF to potentially therapeutic levels in adult CD34+

cell-derived erythroblasts.19 Excision of the orthologous
enhancer in mice increases embryonic/fetal globin expres-
sion in adult RBCs, with no deleterious effects on other cell
lineages.24 Thus, genome editing-mediated disruption of
theBCL11A erythroid enhancer via NHEJ represents a poten-
tial therapeutic strategy.
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Genome editing for sickle cell disease (SCD). Patient hematopoietic stem cells (HSCs) produce red blood cells (RBCs) that undergo
pathological sickling due to adult hemoglobin (HbA, α2b2) polymerization at low oxygen tension. HSCs may be modified by genome
editing to prevent sickling of their RBC progeny. Two approaches are under investigation: correction of the HBB gene SCD mutation by
homology directed repair (HDR) and induction of fetal hemoglobin (HbF, α2γ2) by non-homologous end joining to de-repress γ-γlobin
transcription from the HBG1 and/or HBG2 genes.
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Toxicities

While gene editing is quite specific, nuclease-induced off-tar-
get DSBs can cause unintended mutations.25 Additionally,
genomic deletions or rearrangements can occur between two
DSBs that occur simultaneously in the same cell. While some
off-target DSBs are predicted by sequence homology to the
on-target site, current in silico prediction algorithms fail to
capture the majority of bona fide off-target effects.25

Numerous cell-based unbiased genomic approaches can detect
off target DSBs and genomic rearrangements in cells to a sen-
sitivity of about 0.1%. Most low frequency off-target DSBs
are likely to be inconsequential. However, a major concern is
that rare off-target mutations in HSCs could confer selective
growth advantages and thereby induce hematopoietic malig-
nancies. In these cases, very low-frequency mutations occur-
ring below current limits of detection could be deleterious.
Ideal preclinical assays to assess such mutations are lacking.  
Currently, patients receiving any form of HSC gene therapy,
including genome editing, must undergo myelotoxic condi-
tioning prior to infusion of modified autologous HSCs in order
to facilitate their engraftment. Conditioning regimens can
cause acute organ damage, sterility, hair loss and leukemia. 

How much correction is enough? 

The fraction of correctly edited HSCs required to cure b-
hemoglobinopathies is unknown. Genetic correction will
enhance the survival of erythroblasts and RBCs over those
with b-thalassemia or SCD mutations. Therefore, disease-free
RBC populations can arise from relatively low levels of cor-
rected HSCs. Assessment of mixed donor chimerism after
allogeneic BMT for b-hemoglobinopathies26-32 and mathemat-
ical modeling33 estimate that as low as 20% corrected HSCs
could be curative. However, these models assume that every
gene-edited cell will undergo complete correction, which may
not be the case. For example, HDR to correct the HBB SCD
mutation will likely be accompanied by NHEJ-induced null
alleles and gene editing to inhibit γ-to-b globin switching may
not induce HbF to fully therapeutic levels in all RBCs. Thus,
while preclinical benchmarks for % HSC editing are important
to consider, clinical trials are necessary to define more precise-
ly the therapeutic requirements for HSC modification.
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