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SICKLE CELL DISEASE

Selection-free genome editing of the sickle mutation in
human adult hematopoietic stem/progenitor cells

Mark A. DeWitt,"> Wendy Magis,> Nicolas L. Bray," Tianjiao Wang,"? Jennifer R. Berman,*
Fabrizia Urbinati,®> Seok-Jin Heo,® Therese Mitros,2 Denise P. Mufioz, Dario Boffelli,
Donald B. Kohn,® Mark C. Walters,>® Dana Carroll,””* David I. K. Martin,>* Jacob E. Corn'2*

Genetic diseases of blood cells are prime candidates for treatment through ex vivo gene editing of CD34" hemato-
poietic stem/progenitor cells (HSPCs), and a variety of technologies have been proposed to treat these disorders. Sickle
cell disease (SCD) is a recessive genetic disorder caused by a single-nucleotide polymorphism in the B-globin gene
(HBB). Sickle hemoglobin damages erythrocytes, causing vasoocclusion, severe pain, progressive organ damage,
and premature death. We optimize design and delivery parameters of a ribonucleoprotein (RNP) complex comprising
Cas9 protein and unmodified single guide RNA, together with a single-stranded DNA oligonucleotide donor (ssODN), to
enable efficient replacement of the SCD mutation in human HSPCs. Corrected HSPCs from SCD patients produced less
sickle hemoglobin RNA and protein and correspondingly increased wild-type hemoglobin when differentiated into
erythroblasts. When engrafted into immunocompromised mice, ex vivo treated human HSPCs maintain SCD gene
edits throughout 16 weeks at a level likely to have clinical benefit. These results demonstrate that an accessible ap-
proach combining Cas9 RNP with an ssODN can mediate efficient HSPC genome editing, enables investigator-led ex-
ploration of gene editing reagents in primary hematopoietic stem cells, and suggests a path toward the development of
new gene editing treatments for SCD and other hematopoietic diseases.
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INTRODUCTION

Sickle cell disease (SCD) is a recessive genetic disorder that affects at
least 90,000 predominantly African-American individuals in the United
States and hundreds of thousands worldwide (I, 2). The genetic and
molecular basis of SCD have been understood for nearly 70 years, but
curative treatments have lagged (3, 4). SCD is caused by a single-nucleotide
polymorphism (SNP) in the seventh codon of the gene for B-globin
(HBB), one of two globins that make up the major adult form of hemo-
globin. The resulting glutamate-to-valine substitution renders hemo-
globin prone to polymerization under hypoxic conditions, producing
characteristic “sickle”-shaped red blood cells (RBCs). Sickle RBCs
have a markedly reduced life span in the bloodstream, damage the vas-
culature, and cause vaso-occlusion. Major clinical manifestations of SCD
are chronic anemia, severe pain episodes, and progressive damage to vital
organs such as the brain, lung, and kidney. In the United States, the dis-
ease causes a 30-year decrement in life span and a greatly diminished
quality of life (2, 5-7).

RBCs are produced from repopulating hematopoietic stem cells
(HSC:s) in the bone marrow (BM), and allogeneic hematopoietic cell trans-
plantation (HCT) from an unaffected human lymphocyte antigen
(HLA)-matched donor is currently the only lasting cure for SCD (8).
However, HCT has been used sparingly because of the difficulty in iden-
tifying donors, risks associated with the toxicity of the transplant regimen
(requiring preparation with chemotherapy and immune suppression),
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and potentially fatal graft-versus-host disease (9, 10). Recent transplant
advances have reduced these risks in children (11) and have extended
treatment to selected adults (12) and individuals for whom only a hap-
loidentical HLA donor is available (13). Still, the vast majority of indi-
viduals with SCD do not pursue allogeneic HCT because of an
unfavorable risk-reward profile, especially during early childhood.
A curative treatment for SCD that can be safely applied to more people
remains an urgent need.

Gene editing has recently emerged as a promising avenue to treat
genetic diseases affecting hematopoietic cells (14-16). Ex vivo editing
of autologous hematopoietic stem/progenitor cells (HSPCs) could be
followed by reimplantation of edited cells, bypassing donor requirements
and eliminating the risks of graft-versus-host disease and postgrafting
immunosuppression. Because sickle RBCs have a markedly shorter life
span in circulation compared to wild-type (WT) RBCs, even low levels
of genotypic correction are predicted to generate a clinical benefit (17).
Observations in patients after allogeneic HCT suggest that clinical im-
provement may occur when as few as 2 to 5% of long-term engrafted cells
carry a normal HBB allele (18-20). An ideal gene editing treatment would
exceed this modest target, but to date, even this level of gene editing has
not been achieved (14, 21).

During gene editing, a targeted nuclease creates a double-strand break
(DSB) that can be repaired by one of two mechanisms: error-prone non-
homologous end joining (NHE]J) that results in genomic insertions and
deletions (indels), or templated homology-directed repair (HDR) to pre-
cisely insert, delete, or replace a genomic sequence (22). The recent de-
velopment of CRISPR-Cas9, a programmable RNA-guided DNA
endonuclease, has ignited an explosion of interest in gene editing to cure
many genetic disorders, including SCD (23, 24). Guided by a single guide
RNA (sgRNA), the Cas9 nuclease can be programmed to cut a target locus
within the genome, allowing rapid iteration and optimization not possible
with other gene editing approaches (23, 25).

Optimized methods for efficient ex vivo gene editing of human HSPCs
are required to enable a CRISPR/Cas9-based treatment for blood disorders
such as SCD. Recent work has demonstrated that Cas9 can be used for
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in vitro reversion of the SCD mutation in laboratory cell lines (26, 27)
and induced pluripotent stem cells (iPSCs) (28), as well as efficient
knockout of an erythroid enhancer in an immortalized cell line (29).
Cas9-mediated in vitro editing at the HBB locus in HSPCs has recently
been reported as well, using plasmid and mRNA delivery of Cas9 (27, 30).
Correction of the SCD mutation in iPSCs has been reported using
transcription activator-like effector nucleases (31, 32), and most recently,
zinc finger nucleases (ZFNs) have been used to correct the SCD muta-
tion in HSPC:s, albeit at levels less than 1% in the long-term repop-
ulating stem cell population (21). To date, gene editing has yet to
achieve long-term correction of the SCD mutation in these cells at levels
predicted to confer clinical benefit, based on engraftment in immuno-
compromised mice (21). Previous approaches to HSPC gene editing have
furthermore required specialized technologies that are not broadly avail-
able, including highly engineered and proprietary ZFNs, chemically
protected Cas9 guide RNAs, and viral HDR donors (14, 15, 21, 27). Al-
though these factors are not inherently a barrier to clinical translation,
they limit the discovery of efficient gene editing reagents for disease mu-
tations, including SCD.

Electroporation of a preassembled ribonucleoprotein (RNP) com-
plex, composed of recombinant Cas9 protein and unmodified in vitro
transcribed sgRNA, can be used for gene knockout in a variety of cell
types. We have recently extended this approach to enable extremely
efficient HDR sequence replacement through rationally designed single-
stranded DNA (ssDNA) donors in laboratory cell lines (33-36). Given
the efficiency and speed of Cas9 RNP-based editing, we reasoned that
a Cas9 RNP-based approach to gene editing could form the basis for
an accessible protocol to correct mutations in human HSPCs. We paired
the Cas9 RNP with single-stranded DNA oligonucleotide donors
(ssODNss), which are generally available, easily designed, and able
to mediate efficient sequence replacement in immortalized cell lines
(36). Our goal is not only to develop an approach to edit HSPCs as a
potential treatment for SCD but also to use reagents that are inexpensive
and accessible to a wide variety of researchers, enabling investigator-led
studies and rapid optimization to address a multitude of genetic hema-
topoietic diseases, including polygenic diseases.

We developed a pipeline to enable efficient, RNP/ssODN-based cor-
rection of the SCD mutation without introducing a selective marker
(Fig. 1A). We first used an erythroleukemia cell line to explore a panel
of Cas9 RNPs that cut near the SCD mutation. We then used the most
effective RNPs to develop ex vivo editing methods in human HSPCs,
achieving up to 33% sequence replacement. We demonstrate efficient
correction of the sickle mutation in SCD HSPCs, with corresponding
production of WT adult hemoglobin (HbA) RNA and protein in edited,
differentiated erythroblasts. After the edited human HSPCs are en-
grafted in immunocompromised mice, sequence replacement at the
SCD locus is retained 4 months after engraftment at levels likely to have
clinical benefit.

RESULTS

Prioritizing SCD editing reagents in a model cell line
Pairing Cas9 with various sgRNAs can lead to different activities on
the same gene target (37). For HDR-mediated editing, each sgRNA
must in turn be paired with an HDR donor template that encodes the
desired nucleotide changes. Coupled with subtleties of donor template
design and reagent delivery, the complexity of this problem expands
rapidly. We chose to use inexpensive, commercially available ssODNs
and co-delivered these with Cas9 RNP by electroporation. Using these
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components, we were able to quickly iterate combinations of sgRNA,
HDR donor, and editing conditions. The rules governing the choice
of sgRNA and ssODN are still unclear, although we have developed
guidelines based on the mechanism of Cas9’s cleavage activity (36).

We searched for maximally active sgRNAs and ssODNs in K562
cells, a human erythroleukemia line that resembles early committed
hematopoietic progenitors. Two key restrictions when designing sgRNAs
and ssODNs for HDR experiments are the distance between the sgRNA
recognition site and the mutation, and the ability to silently ablate the
sgRNA protospacer adjacent motif (PAM). This latter constraint ensures
that Cas9 cannot recut corrected alleles, thus preventing the introduction
of indels into the corrected allele.

To find maximally active sgRNAs compatible with SCD editing, we
identified targets in the first exon of the HBB gene and tested six of them
for which the PAM could be silently mutated (G3, G5, G10, G11,
G17, and G18) and one for which it could not (G7) (Fig. 1A). Some
of these sgRNAs have been evaluated previously (26, 27), but to our
knowledge, they have not been used in a Cas9 RNP format. We also
tested truncated versions of three guides (trG3, trG10, and trG11) (table
S1) because truncation has been reported to reduce off-target cleavage
without compromising on-target efficiency (37). We designed an initial
ssODN (T1) that contained silent mutations in the PAMs of all sgRNAs
and a WT-to-SCD edit (K562 cells are WT at HBB) (fig. S1A). The com-
bination of the WT-to-SCD SNP mutation and removal of the G5 PAM
generates a silent Sfc I restriction site, allowing easy tracking of HDR-
mediated editing (fig. S1A).

We assembled Cas9 RNPs from each candidate sgRNA and individ-
ually delivered them to K562 cells together with the ssODN by elec-
troporation. We used a dose of 100 pmol of each RNP and template per
150,000 K562 cells, based on a previous work (33). A T7 endonuclease I
digest of polymerase chain reaction (PCR) amplicons from edited cell
pools, which, in this case, detects mismatches arising from both NHEJ-
and HDR-mediated repair of Cas9 DSBs, revealed sequence modifica-
tions with all but two sgRNAs (G3 and trG3) (Fig. 1B). Sfc I digest
showed appreciable HDR-mediated editing of the SCD SNP with three
sgRNAs: G5, G10, and trG10 (truncated G10) (Fig. 1C).

We quantified the frequency of HDR and indel formation at the SCD
SNP by next-generation sequencing (NGS) of PCR amplicons derived
from genomic DNA extracted from pools of edited cells (Fig. 1D) and
by droplet digital PCR (ddPCR) (fig. S1B). When the trG10 Cas9 RNP
was provided without an ssODN, 90% of NGS reads contained indels,
indicating excellent delivery of the RNP and efficacious gene knockout
(fig. S1C). We performed experiments using the T1 ssODN and a de-
rivative of T1 bearing only the WT-to-SCD edit and the G5 and G10
PAM mutations (T2) (fig. SIA). Most candidate sgRNAs induced sub-
stantial quantities of indels (35 to 40% of reads) (Fig. 1, B and D), and
G5, G10, and trG10 also yielded high levels of WT-to-SCD HDR (11%
of reads for G5, 41% of reads for G10) from multiple donor designs (Fig.
1 and fig. S1). A phosphorothioate-protected ssODN did not improve
HDR frequencies (fig. S1D). The G5 guide targets a sequence very similar
to one found in the closely related §-globin (HBD) gene, and we exper-
imentally verified that this guide induces indels in HBD (fig. S1E). Hence,
we selected the truncated trG10 guide for further testing.

To optimize an ssODN for HDR, we drew guidance from recent
work in our laboratory showing that, upon binding its target, Cas9 re-
leases the PAM-distal nontarget strand and that asymmetric homology
arms taking advantage of this property can increase HDR efficiency (38).
For sgRNAs that target the sense strand, such as G10, the best template to
use thus matches the sense strand (annealing to the antisense strand) and
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Fig. 1. Editing the SCD SNP in K562 cells. (A) Schematic depicting the experimental approach to editing in K562 cells. A
panel of 10 sgRNAs that cut within 100 base pairs (bp) of the SCD SNP was selected. A WT-to-SCD edit was programmed by
an ssDNA template (T1) bearing silent PAM mutations for the sgRNAs, which also introduces an Sfc | restriction site. (B) T7
endonuclease 1 assay depicting indel formation in pools of cells edited by candidate RNPs. (C) Editing of candidate sgRNAs
detected by Sfc | digestion. G5, G10, and a truncated variant, trG10, efficiently edit in K562 cells. (D) Gene modification of
select sgRNAs and templates at the SCD SNP, assessed by NGS. See fig. S1 for definitions of donors T1 and T2. Data are the
average of three biological replicates, and error bars indicate SD. (E) Analysis of off-target cutting by the G10 RNP at sites

predicted by the online CRISPR Design Tool, in K562 cells, determined by NGS, of a single replicate.

has along 5" homology arm and a shorter 3’ annealing arm (fig. S1F). On
the basis of these principles, we henceforth identify templates by the
lengths of their 5" and 3’ homology arms relative to the G10 cut site.
For example, the initial template T2 is termed T88-107. Unless noted,
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all templates bear only the G5 and G10
PAM mutations. We tested the effects of
asymmetric templates containing the SCD-
to-WT edit on HDR-mediated editing in
K562 cells (fig. S1C). We found that a
template with a 111-nt 5’ arm and a 57-bp
3" arm (T111-57) yielded an HDR fre-
quency modestly higher than the original
template T88-107 (33% versus 28.5% in
the same experiment). We also found low
but measureable rates of conversion (0.5
to 1%) between the HBB coding sequence
and the homologous region in HBD, but
this was only observed in samples treated
with G7, G10, and trG10 (fig. S1G).

The possibility that Cas9 may cut at
off-target sites is a concern for the devel-
opment of Cas9-based therapies (39, 40).
This tendency may be reduced by the use
of Cas9 RNP delivery, truncated sgRNAs,
and other emerging techniques (33, 41, 42).
We selected off-target candidates by se-
quence similarity using a popular off-target
prediction tool (40) and used NGS of PCR
amplicons to analyze the off-target activity
of G10 and trG10 Cas9 RNPs in K562 cells
(Fig. 1E). We assessed editing at the two
top-scoring off-targets (which are both
intergenic), the top 13 exonic off-targets,
and predicted off-target sites within the
four globin genes (HBD, HBE1, HBGI,
and HBG2) (fig. S2) (43).

We observed very little exonic off-target
activity, with most off-target sites show-
ing no Cas9-dependent indel formation
within the limit of detection (~0.001%)
(Fig. 1E). Substantial off-target activity
was observed for both G10 and trG10
at a top-scoring intergenic site (OT1,
chr9:104,595,865, 45% indel formation),
which lies ~3 kb from the nearest anno-
tated genic sequence and is nearly identi-
cal to the GI10 target site. High off-target
activity by G10 at this site has been ob-
served previously (26). Off-target activity
was detected with G10 at the other inter-
genic site (OT2, chr17:66,624,238,
0.30%), but this was absent with the trun-
cated guide trG10. Low but detectable off-
target activity was observed with both the
G10 and trG10 RNPs at two exonic off-
targets, FSCN3 and GTDC2. Indel forma-
tion was lower for the full-length G10
RNP (FSCN3: 0.013 and 0.16% indel for
G10 and trG10, respectively; GTDC2:

0.025 and 0.035% indel for G10 and trG10, respectively). Very few in-
dels were observed at HBD (0.010 and 0.011% indel for G10 and trG10,
respectively), and indels at other B-globin genes (HBE1, HBG1, and
HBG2) were not detected over background (Fig. 1E).
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Optimizing candidate Cas9

RNPs and ssODNs to edit

CD34* HSPCs

The results of RNP delivery to K562 cells
encouraged us to investigate using this ap-
proach with HSPCs, recognizing that
editing efficiency can differ between cell
types. We used the trG10 sgRNA, which
showed robust HDR and few off-target
effects in K562, and reoptimized HDR
in adult mobilized peripheral blood
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We observed appreciable initial levels
of editing at the sickle SNP in HSPCs, with
HDR rates between 6 and 11% (Fig. 2, A
and B). After 5 days of erythroid expan-
sion, HDR rates increased, with up to
33% editing at both high and low doses
of RNP (150 and 75 pmol, respectively).
Total editing (%HDR + %NHE]) in ex-
panded HSPCs was between 66 and 72%,
indicating good delivery of the trG10
RNP to HSPCs. In general, higher editing
was accompanied by some reduction in
viability, as measured by fewer cells re-
maining after treatment, particularly at a
high, 150 pmol dose of RNP (fig. S3C).
The asymmetric ssODN was most effective in K562 cells (T111-57)
drove HDR more efficiently at a lower Cas9 dose of 75 pmol RNP per
150,000 HSPCs, whereas a shorter template (T111-27) was more effi-
cient at a higher dose of Cas9 (150 pmol RNP per 150,000 HSPCs)
(Fig. 2A). In a separate experiment, we confirmed high rates of HDR
by ddPCR (fig. S3D). These experiments demonstrate efficient in vitro
editing of CD34" HSPCs using the Cas9 RNP, including HDR-mediated

HBB
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HBD
FSCN3 =
MNT =

OT1 (intergenic)
OT2 (intergenic)

Fig. 2. Editing of WT human CD34* HSPCs by the Cas9 RNP. (A) Analysis of editing in unexpanded HSPCs (left) and
erythroid-expanded HSPCs (right), using trG10 RNP and under conditions as indicated. Templates, which are asymmetric
about the G10 cut site, were designed as described in the text. All graphs show three biological replicates, and error bars are
+SD. (B) Modification (HDR+Indel) at off-target sites in HSPCs edited with the trG10 RNP and template T88-107, as com-
pared to untreated cells. The bars for HBB, OT1, FSCN3, and MNT represent three biological replicates, with error bars (+SD);
the others are each a single replicate. Targets were selected using the online CRISPR Design Tool. (C) Indel formation at on-
and off-target sites by Cas9 mutants with increased specificity (HF1 and eSpCas9-1.1), in HSPCs, as compared to WT Cas9, all
complexed to the G10 sgRNA and no ssODN. The absence of an ssODN reduced indel formation overall. All data are shown
as n = 3 biological replicates, with error bars (£SD).

sequence replacement using ssODNs without a selection marker. As was
the case with K562 cells, in HSPCs we found low but measureable con-
version of HBB coding sequence to HBD (0.2 to 2%), and rates of con-
version increased after expansion of edited cells (fig. S3E).

To analyze how allele frequencies in the HSPC population translate
to the editing of alleles in individual HSPCs, we repeated our best editing
condition in CD34" HSPCs (75 pmol trG10 RNP and 100 pmol T111-57),
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recovered the cells in HSPC expansion medium for 2 days, and plated
single edited HSPCs by limiting dilution in erythroid expansion me-
dium. After 14 days of growth, 96 edited clones were individually geno-
typed by multiplexed NGS (Table 1). In this experiment, 21% of alleles
were HDR. However, these alleles were spread among 32% of the cells.
This increased prevalence of edited cells relative to edited alleles is pre-
dicted by the independent assortment of alleles within a population (al-
though we observed that homozygous genotypes were still overrepresented
relative to a prediction based on random assortment) (46).

We analyzed off-target activity of the trG10 RNP in HSPCs using the
target selection criteria described above for K562 cells (Fig. 2B). Most
predicted genic off-targets showed no detectable indel formation, al-
though cutting at the previously observed intergenic site remained high
(OT1, ~80% indel). The rates of off-target cleavage observed in
HSPCs generally corresponded to observations in K562 cells, although
the rates were often reduced (for example, rate of FSCN3 is ~0.05% in
HSPCs versus up to 0.16% in K562 cells).

As an additional test of the effects of off-target activity of the trG10
RNP, we used overamplification PCR to detect the presence or absence
of translocations between the on-target site at HBB and selected off-
target sites (OT1, HBD, FSCN3, and MNT) in both K562 cells and
HSPCs edited with trG10 (fig. S4). Translocations between OT1 and
HBD with HBB were observed in K562 cells. Most sites showed no trans-
locations in HSPCs; one translocation may have occurred between OT1
and HBB in HSPCs, but the frequency of this event is not known.

Wealso tested whether trG10 has off-target activity at cancer-associated
genes. Although these sites bear little similarity to the trG10 protospacer,
even low levels of activity in such locations would be a concern. We used
a capture library (Ilumina TruSight Cancer) to sequence 94 genes and
290 cancer-associated SNPs to ~8000-fold coverage each. Relative to
unedited cells, we found a small number of indel mutations enriched in
K562 cells edited with the trG10 RNP, typically at less than 1% of alleles
(table S2). Almost all of these mutations were present in unedited cells.

Table 1. Zygosity of clonal colonies of CD34* HSPCs edited with the trG10
RNP. HSPCs were edited with 75 pmol of the trG10 RNP (similar to Fig. 2) and
cloned by limiting dilution. Of the resulting clones, 96 were then genotyped by
NGS. The fraction of all three alleles, the frequency of clones with at least one
copy of each of the three alleles, and the frequency of all six genotypes are

indicated.
n = 96 colonies
%WT %Indel %HDR
All alleles 46 33 21

Actual 60 48 32
Predicted 71 55 37

%WT/ %WT/ %WT/ %Indel/ %Indel/ %HDR/
Clones by genotype "' | 4o  HDR Indel HDR HDR
Actual 32 18 10 18 13 94
Predicted 21 30 19 1 14 43
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In contrast, no indels were detected in similarly edited HSPCs. These
results highlight the importance of performing rare off-target event de-
tection in the target primary cell type and suggest that the trG10 RNP
may not have substantial genotoxic liabilities, although this has not been
tested at clinical scale.

Two mutant variants of the Cas9 protein have been reported to re-
duce off-target effects in cell lines, even at highly similar off-target sites
such as OT1 for the G10 RNP (47, 48). We expressed and purified the
eSpCas9-1.1 and HF1 variants of Cas9, paired them with the G10 sgRNA
to form RNPs, and used them to edit WT CD34" HSPCs in the absence
of an ssODN. We used NGS to determine the on- and off-target editing
frequencies (Fig. 2C). As expected based on our recent observation of
enhancement of indel formation by oligonucleotides, the on-target in-
del formation was reduced in the absence of an ssODN (Fig. 2B ver-
sus Fig. 2C) (38). Compared to WT Cas9, both HF1 and eSpCas9-1.1
showed even further decreased on-target indel formation at the HBB
locus, for example, an almost fivefold decrease in indels for HF1. How-
ever, both modified enzymes also completely eliminated all previously
observed off-target events, including the prevalent OT1 intergenic off-
target (Fig. 2C).

Correction of the SCD mutation in SCD HSPCs to produce
WT hemoglobin

Our success in WT-to-SCD editing in HSPCs implies that the same
method could be used to edit SCD to WT in HSPCs derived from
SCD patients. Because human erythropoiesis does not occur when
human HSPCs are xenografted into mice, and the availability of SCD
HSPCs is limited, we evaluated the effects of correcting the SCD muta-
tion in HSPC:s in vitro, by carrying out erythroid differentiation of
edited HSPCs. We obtained CD34" HSPCs from whole blood discarded
after exchange transfusion of SCD patients. Because the HF1 and
eSpCas9-1.1 proteins yielded reduced levels of on-target editing and
the predominant off-target from WT Cas9 lies in an intergenic region
with no known function, we focused on experiments using more effica-
cious WT Cas9. We corrected the SCD mutation using the trG10 RNP
and ssODNs carrying an SCD-to-WT edit. These SCD-to-WT templates,
denoted by the suffix “S,” encode the same number of mutations as the
WT-to-SCD templates, with the base identity different only at the SCD
SNP. Measuring editing by both NGS and ddPCR, we found that SCD
HSPCs were edited at levels similar to those observed in WT HSPCs from
mobilized blood, with up to 25% of alleles corrected to WT at high RNP
dose and 18% corrected at low RNP dose (Fig. 3A and fig. S5).

To analyze the hemoglobin production potential of corrected
HSPCs, we differentiated pools of treated HSPCs into enucleated ery-
throcytes and late-stage erythroblasts and measured hemoglobin by high-
performance liquid chromatography (HPLC) (21, 28, 49). We found that
corrected HSPC pools produce substantial amounts of WT HbA, with a
concomitant decrease in sickle hemoglobin (HbS) (22.2 to 22.4% HDA,
48.0 t0 50.6% HDbS at low-dose RNP, 29.3% HbA, and 38.7% HDbS at high-
dose RNP) (Fig. 3, B and C). We also observed a substantial increase in
fetal hemoglobin (HbF) in edited cell pools (16.3 to 17.4% HDbF in edited
cells versus 2.0% HDF in unedited cells).

We used RNA sequencing (RNA-seq) to measure globin transcript
abundance in pools of edited SCD HSPCs differentiated to erythrocytes
(50). Globin transcript levels showed a trend similar to protein levels
after editing, with sickle HBB transcripts decreasing from 56.7% of all
transcripts to ~9% and WT HBB transcripts increasing from 0.1 to 13%
across all three editing conditions (Fig. 3D). Consistent with the increase
in HDF protein, we observed about threefold increase in the expression
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of y-globin (HBG1 and HBG2) mRNA. Thus, corrected pools of cells
produce decreased sickle B-globin, increased adult WT B-globin, and
increased fetal (y) globin.

Repopulation by edited HSPCs in vivo

The trG10 Cas9 RNP and an ssODN donor template can efficiently edit
the SCD mutation in CD34" HSPCs, and erythrocytes derived from
these cells have altered hemoglobin levels consistent with substantial
gene correction. However, in order for gene correction to manifest in vivo,
edited repopulating stem cells must engraft and repopulate within a re-
cipient (51). A powerful method of assaying repopulating stem cells is
through long-term xenografting in an immunodeficient mouse model,
such as the NOD/ SCID/IL—ZI"{"“M (NSG) mouse (52). In this model,
edited human stem cells must engraft in the mouse and persist over
several months for them to be observed in subsequent experiments.
After 16 weeks, progenitor cells should be lost from the system, and human
cells in the BM should be derived from long-term repopulating stem
cells within the initial HSPC population (21, 52). Because SCD HSPCs
are difficult to obtain at the necessary scale, we tested engraftment by
editing WT HSPCs to SCD and implanting them in NSG mice.

We injected NSG mice with pools of WT CD34" HSPCs edited with
the trG10 RNP and the T88-107 template (seven mice over three treat-
ments, 1 x 10° cells per mouse), along with two uninjected NSG mice (52).
Engraftment was monitored by fluorescence-activated cell sorting (FACS)
analysis of blood draws at 5 and 8 weeks after injection. Final engraftment
was assessed at 16 weeks after injection, when mice were sacrificed and
BM cells were harvested and subjected to FACS-based lineage analysis
(six mice) (Fig. 4A and fig. S6). Substantial numbers of hematopoietic (CD45")
cells were detectable in BM of all injected mice at 16 weeks (37 + 21%
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100 200 100

Fig. 3. Correction of the SCD mutation in SCD HSPCs. (A) Editing the SCD mutation in unexpanded CD34* HSPCs from
the whole blood of SCD patients, assessed by NGS. (B) HPLC trace depicting hemoglobin production in SCD HSPCs edited
with 200 pmol of the trG10 RNP and the T111-27S donor, as compared to untreated HSPCs, after differentiation into late-
stage erythroblasts. Increases in HbA, HbF, and HbA2 are apparent. au, arbitrary units. (C) Stacked bars showing HPLC
results, with HSPCs edited as indicated before differentiation into erythroblasts. (D) Globin gene expression in SCD HSPCs
edited as in (C), determined by RNA-seq. All experiments include a single replicate for each of the four treatment conditions.

spleen; mean + SD). Human cells engrafted
in one mouse maintained HDR-mediated
editing in BM at a markedly high level
(6.2%), although the reasons for this
difference are unclear. To ensure that edit-
ing was present in the progenitor (CD34")
cells and not overrepresented in the B lym-
phocyte (CD19") populations, marrow from
two mice was sorted for these markers and
genotyped by NGS. Editing was maintained within both populations,
indicating durable editing of the long-term stem cell (HSC) population
(fig. S6). Despite the decreased HDR rate relative to input, this level of
sequence replacement using Cas9 RNP and ssODNss is more than ninefold
greater than the previously reported editing of the SCD mutation in
HSCs using ZFN mRNA electroporation and ssODNs (21).

DISCUSSION

The treatment of genetic diseases by gene editing to replace an endog-
enous sequence is a long-standing goal of regenerative medicine. Unlike
gene therapy using integrating viral vectors, wherein regulation of the
introduced gene may be compromised and endogenous genes may be
disrupted, gene editing corrects the disease mutation at the endogenous
locus. In the case of most genetic blood disorders, lasting correction re-
quires HDR-mediated editing of endogenous genes in repopulating
HSCs. Ideally, these edits should be efficient enough to operate without
the introduction of a nonnative selection marker. This is technically
challenging, particularly because the edits do not typically confer a selec-
tive advantage in the target cell compartment, as is the case for correc-
tion of the HBB sickle mutation in BM stem cells (14, 21).

Here, we used the Cas9 RNP and ssODNs to develop a rapid and
extensible gene editing pipeline to introduce SNPs into human adult
HSPCs, focusing on the SCD mutation. We used K562 cells to iterate
combinations of Cas9 RNPs and ssODNs that edit the HBB gene and
then applied these reagents to human HSPCs. These reagents efficiently
induce HDR-mediated editing of the SCD mutation in HSPCs with
minimal genic off-target activity. Previous reports of gene knockout in
HSPCs by Cas9 mRNA delivery required chemical protection of the
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Fig. 4. Engraftment of edited HSPCs into NSG mice. (A) Engraftment of human
CD45* cells in NSG mice injected with edited HSPCs, compared to two uninjected mice.
(B) Analysis by NGS of editing at the SCD SNP in cells before engraftment. Error bars
indicate mean + SD of three separate experiments with cells from two healthy donors.
(C) HDR-mediated editing and (D) indel formation at the SCD SNP in human cells en-
grafted in mouse blood, spleen, and BM at 5 and 16 weeks after injection. Error bars
indicate mean + SD over either six mice (spleen) or seven mice (BM and blood).

sgRNA (27), but we found that RNP delivery yields efficient knockout
and HDR even with unmodified sgRNAs and ssODNs. Although we
used a truncated guide (trG10) here, we found no apparent decrease
in off-target activity compared to the full-length guide, possibly due to
the extremely high homology between the on- and off-target sites. RNP
delivery has been associated with reduced off-target effects (41), sug-
gesting that this modality could allow efficient editing of disease muta-
tions in HSPCs using full-length unmodified sgRNAs such as G10.

We performed extensive off-target analysis using the trG10 RNP
in HSPCs. We found few genic off-target events and one major inter-
genic event that had been described previously (26, 27). We did not find
clear evidence of frequent translocation events between targeted loci in
HSPCs. Similarly, we found low-frequency mutations at a few cancer-
associated loci in edited K562 cells, typically at sites with measurable
mutations in unedited cells, but did not observe any mutations in HSPCs.
This suggests that off-target analysis should be performed in the target
primary cell type and not cancer cell lines. To reduce off-target activity, we
tested several recently characterized high-fidelity Cas9 variants as RNPs, but
chose to pursue WT Cas9 due to their reduced on-target activity (47, 48).

Recent gene editing efforts in hematopoietic cells have focused on
the use of viral HDR donors that are often delivered at very high mul-
tiplicity of infection (15, 16, 21). Advances in viral delivery technology
have greatly improved safety, and viral donors are a valid option for gene
correction. However, genomic insertion of even nonintegrating vector
sequences has been observed during genome editing, and high levels of
off-target integration have been observed in HSPCs (53, 54). Furthermore,
the intensive engineering associated with viral donor design restricts op-
timization. By contrast, the co-delivered RNP/ssODN approach de-
scribed here is nonviral, modular, and readily optimized.

DeWitt et al., Sci. Transl. Med. 8, 360ra134 (2016) 12 October 2016

Here, we describe levels of sequence replacement in long-term stem
cells that may be clinically relevant (21). However, HDR was still di-
minished relative to the input CD34" populations. Reductions in HDR
frequency during long-term engraftment have been observed previously
and remain a major impediment to bringing HDR-based therapies to the
clinic (14, 15, 21). It may be that HDR-edited HSCs do not engraft as well
as unedited cells, that the HDR donors are themselves toxic, or that HSCs
are intrinsically more difficult to edit than other CD34" cells. We found
that relatively high doses of ssDNA donor do not affect indel formation
even during long-term engraftment, implying that donor delivery is not
in itself toxic, but that the stem cells may instead be intrinsically refractory
to HDR-based editing or that HDR causes HSC:s to lose their long-term
regenerative potential.

Corrected SCD HSPCs produced greatly reduced sickle and increased
WT hemoglobin protein and B-globin mRNA. Edited HSPCs also
produced more y-globin mRNA and HbF. Although the cause of this
increase is unclear, it is possible that indels within HBB cause selective
expansion of HbF-expressing cells during differentiation or that indels
within HBB stimulate a cell-intrinsic up-regulation of HbF. The molec-
ular basis by which alterations at B-globin cause changes in HbF abun-
dance warrants further investigation.

Observations of transient mixed chimerism (2 to 5%) after allogeneic
HCT for SCD suggest that correcting the sickle allele in relatively few BM
stem cells could translate into a clinically meaningful increase in the
numbers of nonsickling circulating RBCs (see Supplementary Discussion)
(18-20). The abrogation of ineffective erythropoiesis intrinsic to sickle
cell anemia and the greatly increased life span in circulation of WT RBCs
carrying a WT B-globin allele imply that correction of a small fraction of
HSCs can substantially increase HbA level and lower the HbS fraction in
the blood. Furthermore, we found that alleles assort largely independently
within the edited population, such that a given percentage of allele cor-
rection of alleles in a population corresponds to correction of nearly twice
as many cells. This should be taken into account when comparing the
allelic correction data presented here with observations of mixed chime-
rism (for example, correction of 1 to 3% of alleles may correct 2 to 6% of
cells) (table S3 and Supplementary Discussion).

An approach to SCD treatment that integrates a gene editing ap-
proach could have several limitations. First, it is possible that the allelic
correction frequency we observed in the HSPC population will amelio-
rate but not eliminate the clinical expression of SCD. Second, although
autologous HSCT should be safer than allogeneic HSCT, it is still an
intensive procedure, requiring myeloablative conditioning, which can
have serious side effects. Finally, clinical translation of an HSCT-based
therapy is not feasible in developing countries, where SCD is most
prevalent. We anticipate that further developments will address these
remaining issues.

The approach described here allows researchers to edit SNPs at en-
dogenous loci in human adult HSPCs using readily available reagents
that are conducive to rapid iteration and optimization. Given the low
barrier to entry, we anticipate that these democratizing methods will
enable investigator-led gene editing studies in a wide variety of disease
areas. We predict that the methods outlined can be improved and scaled
up for a gene editing treatment for SCD.

MATERIALS AND METHODS
For detailed Materials and Methods, please see the Supplementary
Materials.
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S1. Additional data showing editing of K562 cells with the Cas9 RNP.

S2. Genomic context of predicted off-target cut sites for the G10 RNP.

S3. Additional data showing editing of CD34* HSPCs with the Cas9 RNP.

S4. Qualitative detection of chromosomal translocations by overamplification PCR.
S5. Confirmation of efficient correction of SCD HSPCs by ddPCR.

S6. Additional data on engraftment and editing of HSPCs in NSG mice.

Table S1. Oligonucleotides used in this study.

Table S2. Indel mutations at cancer-associated genes in K562 cells and HSPCs edited with the
trG10 RNP, as compared to unedited cells.

Table S3. Estimates of cellular editing in mice engrafted with edited HSPCs.

Table S4. Tabulated data from Figs. 1 to 4 (provided as an Excel file).
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Supplementary Discussion

How much gene correction is sufficient for detectable clinical benefit in SCD
patients? It has long been known that sickle RBCs have a 5-10-fold reduced lifespan
in circulating blood (depending on fetal hemoglobin level) (55). Furthermore, sickle
RBCs mature ineffectively compared to wild-type RBCs, as evidenced by selective
loss of recipient (SCD) erythroblasts in the bone marrow of SCD patients with donor
chimerism after allogeneic HSCT (17). These two factors imply that only a small
minority of corrected HSCs will generate the preponderance of the circulating RBCs.
Indeed, observations of SCD HSCT recipients with donor chimerism after
undergoing nonmyeloablative conditioning indicate that when only 2-5% of bone
marrow cells are from a healthy donor, >50% of hemoglobin is HbA, and these
patients experience a marked decrease in clinical events (20). In parallel studies of
lethally-irradiated mice transplanted with congenic mixtures of sickle and healthy
marrow, similarly low levels of chimerism (~3-7%) result in substantial

improvement in pathology and hematology (56).



Although we edited 2.3% of alleles, this may translate into nearly 2-fold more
corrected cells, if the alleles assort independently as they do in edited CD34+ cells in
vitro (Table 1). Consider the mixture of genotypes produced by editing a population
of HSCs with a f35/f35 genotype. Some alleles will not be targeted (remaining f55),
some will be targeted and receive an indel (f3inde!), and some will be subjected to
HDR and corrected to WT (S¥T). The frequency of each allele (f35, Sindel, SWT) in the
population is established by NGS genotyping as we have shown, and can be used to
calculate the frequency of cells with each biallelic genotype. We can use the Hardy-
Weinberg principle to calculate the proportions of genotypes at various frequencies
of HDR. It can be readily shown that when the edited allele is relatively rare
(approximately 5%), roughly 2-fold as many cells have one edited allele
(approximately 10 %) (46). Table S3 presents the calculated percentages of cells
with at least one HDR allele using the Hardy-Weinberg equations, based on our NGS
analysis of the marrow of edited WT HSPCs engrafted in NSG mice (Figure 4C).
Because there is only a single nucleotide difference between WT and SCD HSPCs, we
anticipate a similar result for correction of SCD HSPCs using our method.

The bar for clinical relevance for an autologous gene correction approach to
SCD treatment may be as low as 3-10% of cells, or 1.5-5% of alleles. Establishing a
clear pre-clinical target for SCD correction by gene editing within this range remains
an urgent need for the gene therapy community.

Materials and Methods
Study Design. The goal of this study was to quantify editing of the SCD mutation in

CD34+ HSPCs and HSCs in a variety of contexts, and in particular engraftment of



edited cells in immunocompromised mice. Editing of the long-term population of
cells was measured by engraftment of 3 pools of cells from 2 healthy donors in 7
NSG mice. All mice that were engrafted with edited cells were used in the analysis,
excluding 4 mice that died before the termination of the experiment, 2-10 weeks
after injection. No blinding was used.

Synthesis of Cas9 RNPs. Cas9 RNP component synthesis and assembly was carried
out based on published work (33). Cas9 was prepared by the UC Berkeley Macro Lab
using a published protocol (33). Cas9 was stored and diluted in sterile-filtered Cas9
Buffer (20 mM HEPES pH 7.5, 150 mM KCl, 1 mM MgClz, 10% glycerol, 1 mM TCEP).
TCEP was added to storage buffer only. sgRNA was synthesized by assembly PCR
and in vitro transcription. A T7 RNA polymerase substrate template was assembled
by PCR from a variable 57-59 nt primer containing T7 promoter, variable sgRNA
guide sequence, and the first 15 nt of the non-variable region of the sgRNA
(T7FwdVar primers, 10 nM, table S1), and an 83 nt primer containing the reverse
complement of the invariant region of the sgRNA (T7RevLong, 10 nM), along with
amplification primers (T7FwdAmp, T7RevAmp, 200 nM each). These primers
anneal in the first cycle of PCR and are amplified in subsequent cycles. Phusion high-
fidelity DNA polymerase was used for assembly (New England Biolabs, Inc.).
Assembled template was used without purification as a substrate for in vitro
transcription by T7 RNA polymerase using the HiScribe T7 High Yield RNA
Synthesis kit (New England Biolabs, Inc.). Resulting transcriptions reactions were
treated with DNAse I, and RNA was purified either by treatment with a 5X volume of

homemade solid phase reversible immobilization (SPRI) beads (comparable to



Beckman-Coulter AMPure beads) or the Qiagen RNeasy purification kit, and elution
in DEPC-treated water. sgRNA concentrations were determined by fluorescence
using the Qubit dsDNA HS assay kit (Life Technologies, Inc). Cas9 RNP was
assembled immediately before electroporation of target cells (see below). To
electroporate a 20 uL cell suspension (150,000-200,000 cells) with Cas9 RNP, a 5 pL
solution containing a 1.2-1.3X molar excess of sgRNA in Cas9 buffer was prepared. A
5 pL solution containing 75-200 pmol purified Cas9 in Cas9 buffer was prepared and
added to the sgRNA solution slowly over ~30 seconds, and incubated at room
temperature for >5 minutes before mixing with target cells.

Editing HBB in K562 cells. K562 cells were obtained from the UC Berkeley Tissue
Culture facility, and cultured in IMDM with 10% FCS, penicillin-streptomycin (100
units/mL and 100 pg/mL), plus 2 mM GlutaMax. K562 cells were edited by
electroporation using the Lonza 4d nucleofector and manufacturer’s protocols
(Lonza, Inc.). For each electroporation, 150,000-200,000 late log-phase K562 cells
were pelleted (100 x g, 5 minutes) and re-suspended in 20 pL Lonza SF solution. 20
uL cells, 10 pL Cas9 RNP containing the desired guide (see above, and table S1), and
1 uL 100 pM ssDNA template carrying the desired edit at the SCD SNP were mixed
and electroporated using the recommended protocol for K562 cells. After
electroporation, K562 cells were incubated for 10 minutes in the cuvette,
transferred to 1 mL of the above medium, and cultured for 48-72 h before genomic
DNA extraction and genotyping.

Editing HBB in primary human CD34+ HSCs. Cryopreserved WT human mobilized

peripheral blood CD34+ HSPCs were purchased from Allcells, Inc. SCD CD34+ HSPCs



were prepared by Allcells Inc. from whole blood discarded during exchange
transfusion of SCD patients at Benioff Children’s Hospital Oakland, and
cryopreserved. To edit HSCs, ~1 million HSPCs were thawed and cultured in
StemSpan SFEM medium supplemented with StemSpan CC110 cocktail (StemCell
Technologies) for 24 h before electroporation with Cas9 RNP. To electroporate
HSPCs, 100,000-200,000 were pelleted (200 x g, 10 minutes) and resuspended in 20
uL Lonza P3 solution, and mixed with 10 uL Cas9 RNP and 1 pL 100 uM ssDNA
template programming the desired edit. This mixture was electroporated using the
Lonza 4d nucleofector and either of two protocols (“1” : DO100, “2”: ER100).
Electroporated cells were recovered in the cuvette with 200 pL StemSpan
SFEM/CC110 for 10-15 minutes and transferred to culture in 1 mL StemSpan
SFEM/CC110 for 48 hours after electroporation. Half of the cells were removed for
genotyping (“un-expanded HSPCs”), and the remaining cells were transferred to
erythroid expansion medium (StemSpan SFEM II with StemSpan Erythroid
Expansion supplement, [StemCell Technologies]) for 5 additional days before
genotyping of expanded cells. To determine the zygosity of edits in HSPCs (Table 1),
a culture of edited HSPCs (2 days after electroporation) in SFEM/CC110 was diluted
to 10 cells/mL in SFEM with erythroid expansion medium, and 100 pL per well was
plated into 96-well plates. Clones were grown for 14 days, then 96 clones were
pelleted and their genomic DNA extracted for genotyping by NGS.

Editing HBB with newly-developed Cas9 Variants in CD34+ HSPCs. Plasmids encoding
Cas9 variants HF1 and espCas91.1 were generated from the previously-published

wild-type Cas9 construct (33, 47, 48), and expressed and purified from E. coli using



an identical protocol by the UC Berkeley Macro Lab. HSPCs were prepared and
edited essentially identically as with wild-type Cas9: 75 pmol Cas9 variant
complexed with guide G10 was delivered to 150,000 CD34+ HSPCs with no HDR
donor. Edited HSPCs were cultured for 5 days in expansion conditions before
genomic DNA extraction and subsequent analysis of indel formation at selected
targets by NGS.

Editing HSPCs before injection in NSG mice. For each mouse, 750,000-1,000,000
CD34+ HSPCs were edited. Editing was performed using a scaled-up reaction
volume from in vitro experiments above. 750,000-1,000,000 HSPCs were thawed
and recovered for 24 h before editing. Both stimulated and unstimulated conditions
used StemSpan SFEM medium supplemented with StemSpan CC110 cocktail;
stimulation was for 3 days, and unstimulated were treated as above. Before editing,
HSPCs were pelleted and resuspended in 100 pL P3. 500 pmol Cas9 RNP was
prepared in 50 pL Cas9 buffer. RNP, cells, and 5 uL. T88-107 100 uM donor template
were mixed in a large-sized cuvette and electroporated using the Lonza 4d
Nucleofector and protocol “2” (ER100). Cells were recovered by addition of 400 pL
StemSpan SFEM/CC110 to the cuvette, then cultured in recovery medium for 24
hours at a density <1 million cells/mL. For the first and third mouse experiment (2
mice and 3 mice, respectively), cells were cultured in SFEM/CC110 for 1 day before
editing. For the second experiment (2 mice), cells were cultured for 3 days before
editing.

Xenografting of human CD34+ HSPCs into NSG mice. NSG mice (JAX) were maintained

in clean conditions. 7-week-old female mice were subjected to 2.5Gy X-irradiation 4



hours before tail vein injection of edited cells under isoflurane anesthesia. At 5
weeks and 8 weeks after injection, 200 pl blood was obtained from the
submandibular vein under isoflurane anesthesia. 16 weeks after injection, mice
were euthanized, and bone marrow and spleen were recovered for analysis.

Flow cytometry. Cells were prepared from peripheral blood of NSG mice by lysis in
Qiagen buffer EL for 40 seconds (200 pL blood plus 2 mL EL) followed by quenching
with 5-6 volumes of cold PBS before staining for flow cytometry. Cells were
prepared from bone marrow and spleen of NSG mice by resuspension of cells in 10
mL PBS, pelleting, lysis in 2 mL Qiagen buffer EL for 40 seconds, and quenching of
lysis with 5-6 volumes of cold PBS. Pelleted lysed cells were stained with antibodies
to the indicated cell surface markers, and analyzed on a BD FACS Fortessa flow
cytometer. Flow cytometry data were analyzed using the Flow]o software package.
For genotyping of the sorted pools, mouse bone marrow was sorted by FACS for the
indicated cell surface marker. Sorted cells were pelleted and genotyped by NGS as
described above. The following antibodies were used, all from BD Pharmingen: APC
Rat anti-Mouse CD45,(561018, clone 30-F11), FITC Mouse anti-Human CD45
(555482, clone HI30), V450 Mouse anti-Human CD45 (560368, clone HI30), BV421
Mouse anti-Human CD3 (563797 clone SK7), BV421 Mouse anti-Human

CD56 (562752, clone NCAM16.2), FITC Mouse anti-Human CD19 (340409, clone
SJ25C1), FITC Mouse anti-Human CD33 (561818, clone HIM3-4), BV421 Mouse anti-
Human CD34 (562577, clone 581).

Differentiation of HSCs into erythroblasts. After electroporation, cells were recovered

and placed in StemSpan SFEM/CC110 for 24 hours. They were then transferred to



StemSpan SFEM II with StemSpan Erythroid Expansion supplement and grown for 7
days with maintenance of optimal density (200,000-1,000,000 cells/mL). The
resulting erythroid progenitors were transferred to StemSpan SFEM II with 3 U/ml
erythropoietin (Life Technologies), 3% normal human AB serum (Sigma), and 1 uM
mifepristone (Sigma). They were then cultured for a further 5 days with daily
monitoring of cell morphology by Wright-Giemsa staining; at the conclusion, the
majority of the cells were enucleated. Cells were then lysed in hemolysate reagent
(Helena Laboratories) for preparation of hemoglobin for HPLC, or RNA extracted
with the Direct-zol RNA Kit (Zymo Research).

Genotyping of edited cells. Pools of edited cells (K562 cells, CD34+ HSPCs, and
nucleated cells from mouse blood) were lysed and their genomic DNA extracted
using QuickExtract solution (Epicentre Inc.) to a final concentration of ~5,000
haploid genomes/pL. A 286 bp region around the SCD SNP and Cas9 cut site was
amplified by PCR using Q5 DNA polymerase (New England Biolabs, Inc), and
primers 1F and 1R (table S1). NHE]-mediated indel formation within each pool was
estimated by T7 endonuclease digestion using manufacturer’s protocols (New
England Biolabs, Inc). HDR-mediated editing was assessed by restriction digest with
either Sfcl (for WT->SCD edits) or Hpy188III (for SCD->WT edits). For analysis of
editing by next-generation sequencing (NGS), initial PCR products were cleaned
with SPRI beads (1.8X), followed by amplification of 20-50 ng product in a second 6-
8 cycle PCR using primers 4F and 1R, generating amplicons of an appropriate length
for NGS, followed by Illumina TruSeq adaptor ligation and purification (Bioo

Scientific DNAseq kit or [llumina TruSeq Nano HT kit). To avoid contamination of



ssDNA donor sequence, 1F and 1R amplify outside the genomic region matching
donor, and 4F does not anneal to the ssDNA donor. Libraries from 12-96 pools of
edited cells were pooled and run on a single MiSeq lane, using a paired-end 150
cycle read. HDR-mediated editing of the SCD SNP was also assessed by droplet
digital PCR (ddPCR, QX200, Bio-Rad Laboratories, Inc.). ddPCR assays (1x assay:
900 nM primers, and 250 nM each probe) used TagMan probes specific for unedited
and HDR-edited alleles, with one primer positioned outside of the template
matching region of HBB to prevent amplification of donor template. Assays were
run using ddPCR supermix for probes (no dUTP) with the following thermal cycling
protocol: 1) 95°C 10 min; 2), 94°C 30 s; 3), 55°C 1 min; 4), 72°C 2 min; 5) repeat steps
2-4 39 times; 6), 98°C 10 min, with all the steps ramped by 2°C/s.

NGS data analysis. 20 million MiSeq reads were de-multiplexed and analyzed using a
custom analysis workflow written in Python. Each sample contained >75,000 reads,
generally much more. For each sample, reads were called as “indel”, “HDR”, or
“unedited”. Any read containing an indel within a window of 12-16 bases around the
predicted cut site was called as “indel”, and remaining reads were called as
“unedited” or “HDR” based whether they matched either the unedited sequence or
the ssDNA donor sequence at the SCD SNP. To assess incorporation of HBD coding
sequence into HBB, four single-nucleotide differences between HBB and HBD were
used. If all four HBD differences were found, that allele was called as HBD. Indel
alleles were excluded from this analysis .

HPLC analysis of edited SCD HSPCs. HPLC analysis was performed as previously

described(21). Briefly, edited SCD HSPCs differentiated into erythroblasts were



harvested and lysed in Hemolysate reagent (Helena Laboratories). Cell lysates were
characterized by HPLC (Infinity 1260, Agilent) using a weak cation-exchange
column (PolyCAT A, PolyLC, Inc.). Analysis and peak integration was performed
using OpenLAB CDS Chemstation software. HbF, HbA, HbS, HbC (FASC) Reference
Material (Trinity Biotech) was used to define the elution time of common
hemoglobins.

RNA-seq analysis of edited SCD HSPCs. Total RNA from SCD erythroblasts (~5x106,
differentiated in vitro as described above) was isolated with the Direct-zol RNA Kit
(Zymo Research). RNA integrity was checked on an Agilent Bioanalyzer; cDNA was
synthesized from this RNA following the Smart-seq2 method, and fragmented with
the Covaris apparatus. From the Covaris fragments, indexed libraries were
constructed with the ThruPlex-FD prep kit (Rubicon Genomics) and sequenced on
an [llumina HiSeq 2500 sequencer for 100 cycles (single read) at the Berkeley GSL.
Resulting RNA-seq reads for each sample were quantified against version 80 of the
human Ensembl annotation using the program kallisto (50) with default parameters,
yielding the relative abundance of each mRNA in transcripts-per-million (57), which
was then normalized for comparison between samples.

Analysis of indel formation in cancer-associated genes. To look for indel formation at
cancer-associated genes in edited cells, large pools of K562 cells and HSPCs were
edited with trG10 (1000 pmol RNP, 1 million cells) as above, and cultured for 3 days
(K562 cells) or 5 days (HSPCs, in SFEM/CC110). Genomic DNA was purified from
these cells and untreated cells using the Qiagen Blood and Tissue DNA Extraction Kit

(4 genomic DNA samples). Cancer-associated exons and SNPs were enriched and



prepared for Illumina sequencing using the Illumina TruSight Cancer capture kit
according to the manufacturer’s instructions, then sequenced on an [llumina HiSeq
4000 sequencer, 2x150 paired-end read. Resulting reads were analyzed for indel
mutations compared to reference (human genome hg19) sequence using the
MuTect2 algorithm. Indels in either sample that passed filters for sequencing errors
and significance are listed in table S2.

Detection of translocation events by over-amplification PCR. Genomic DNA extracts of
K562 cells and HSPCs edited with the trG10 RNP were amplified for 35 cycles using
primers for the on- and off-target editing sites indicated. All four combinations of
primers for each site (two on- and two off-target) were used, and the products were
visualized on a 2% agarose gel. The predicted translocation amplicon lengths were
estimated from the predicted cut sites.

Statistical Analysis. All errors indicated are expressed as the mean * standard
deviation of at least three replicates, except for experiments with a single replicate.
All data from Figures 1D-E, 2, 3A, 3C, 3D, 4A, 4C, and 4D are provided in tabular

form in table S4.
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Figure S1. Additional data showing editing of K562 cells with the Cas9 RNP. A)
Initial templates are 195 nt long, and edit the WT SNP to SCD. To prevent re-cutting,
template 1 encodes silent mutations for the PAMs of all the sgRNAs tested.
Templates T2 and T2p have PAM mutations only for G10 and G5. Template T2p has

three 3’ and three 5’ phosphorothioate linkages to prevent degradation by



endogenous exonucleases. B) Genomic DNA from K562 cells edited with indicated
RNPs and templates were analyzed by ddPCR using probes and primers as indicated
in Materials and Methods. Error bars are SEM of 3 independent biological replicates,
each consisting of 3 technical replicates. Template T88-107 is identical to T2. See
text for details. C) Editing outcomes for K562 cells with edited trG10 sgRNA as
indicated, along with the indicated asymmetric template, defined by the lengths of
the homology and annealing arms, respectively (homology length-annealing length,
see panel F). Editing outcomes were assessed by NGS. D) Editing outcomes of K562
cells edited with unprotected template T2 and phosphorothioate-protected T2p,
analyzed by NGS. E) T7 endonuclease 1 assay of PCR amplicons from the HBB SCD
region or the corresponding region in HBD, from K562 cells edited with indicated
RNPs, analyzed on a 2% agarose gel. Both the G5 and G10 RNPs cut efficiently at
HBB, and G5 also cuts at HBD. F) Design of ssDNA templates, relative to the G10 cut
site. Templates consist of a shorter “annealing” arm that anneals to the strand
liberated by RNP binding, and a longer “homology” arm that drives incorporation of
the desired edit. G) Conversion of HBB coding sequence to HBD at the HBB locus,

assessed by NGS.
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Figure S2. Genomic context of predicted off-target cut sites for the G10 RNP.
Sites were selected using the online CRISPR-design tool, according to criteria
discussed in the text. Screenshots of the 5 kb region near the off-target site were

prepared using the UCSC genome browser.
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Figure S3. Additional data showing editing of CD34+ HSPCs with the Cas9 RNP.

A) Editing outcomes of un-expanded HSPCs (cultured for 2 days after editing in HSC



expansion medium) and erythroid-expanded (cultured for 5 additional days in
erythroid expansion medium) HSPCs after electroporation with the indicated doses
of templates, trG10 RNP, and Scr7 (NHE] inhibitor), and either protocol 1 (Lonza
D0100) or protocol 2 (Lonza ER100). Either forward-strand matching (F) or reverse
strand-matching (R) templates (template T88-107, and its reverse complement)
were provided as indicated. B) Editing outcomes of HSPCs cultured in non-
expanding and erythroid-expanding conditions, assessed by NGS. CD34+ HSPCs
were edited with indicated templates and RNPs, and protocol 2. C) Viable cell counts
of HPSCs 24-144 hours after treatment with the indicated electroporation protocol
and dose of RNP (except untreated cells). Error bars indicate s.d. of 3 biological
replicates for each condition. D) Genotyping of HSPCs by ddPCR. HSPCs (3 biological
replicates) were edited with the indicated doses of trG10 RNP, along with the
indicated asymmetric template, and cultured in non-expanding conditions for 2 days
before genotyping by ddPCR. Error bars indicate the SEM of the means from three
technical replicates of three biological replicates, from a single healthy donor. E)
Conversion of coding sequence of HBB to HBD, for HSPCs edited and cultured as in

Figure 2A, assessed by NGS.
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Figure S4. Qualitative detection of chromosomal translocations by
overamplification PCR. A) Schematic depicting primers used to detect
chromosomal translocations between HBB (on-target), HBD, OT1 (intergenic),
FSCN3, and MNT. B-C) 2% agarose gel depicting translocations between on- and off-

target sites in K562 cells (B) and HSPCs (C) edited with the trG10 RNP, compared to



untreated cells. Arrows indicate trG10 presence (red arrows) or absence (green
arrows) of trG10-dependent translocations, and positive controls (black arrows).
Translocations between HBB and both OT1 and HBD are observed in K562 cells.
One translocation event between OT1 and HBB is observed in HSPCs, but not

between HBB and the other sites.
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Figure S5. Confirmation of efficient correction of SCD HSPCs by ddPCR. HSPCs
from SCD patients were edited with indicated templates and the trG10 RNP, and
cultured for 2 days in non-expanding conditions (identical to conditions in Fig. 3).
Editing was then assessed by ddPCR of genomic DNA extracted from edited cells,
using TagMan probes for the SCD (unedited) and WT (edited) alleles. Data are from

n = 3 technical replicates (mean * s.d.).
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Figure S6. Additional data on engraftment and editing of HSPCs in NSG mice. A)
FACS plots depicting engraftment of edited HSPCs in NSG mice. Mice were engrafted
with either no cells (Mouse 1), or edited HSPCs (Mice 2-3). At indicated times,
engraftment in either blood or bone marrow (BM) was determined by
immunostaining and FACS analysis with human anti-CD45-FITC and mouse anti-

CD45-APC. B) Lineage characterization of engrafted human cells. Bone marrow from



mice was harvested 16 weeks after injection and stained with antibodies against
indicated human-specific markers along with human CD45. Error bars represent
mean = s.d. of four mice. C) Editing data as in Figure 4C-D, including indel and HDR
within the CD34+ (progenitor) and CD19+ (B lymphocyte) compartments of the

marrow of two mice, 16 weeks after injection.



Supplementary Tables

Table S1. Oligonucleotides used in this study.

Type Name Sequence
Amplification of SCD 1F gggcagagccatctattgcetta
SNPIEgKHlthuHHHl 1R tgggaaaatagaccaataggcagag
HBB

4F actgtgttcactagcaacctcaa
Assenﬂﬂy(ﬁﬁr7 FwdVar-G3 ggatcctaatacgactcactatagCAGACTTCT

polymerase substrates
for sgRNA synthesis by
in vitro transcription

(UPPERCASE = guide)

CCACAGGAGTCgttttagagctagaa

FwdVar-trG3

ggatcctaatacgactcactataGACTTCTCCA

CAGGAGTCgttttagagctagaa

FwdVar-G5 ggatcctaatacgactcactatagCATGGTGCA
CCTGACTCCTGgttttagagctagaa

FwdVar-G7 ggatcctaatacgactcactataGTGTGCCGTT
ACTGCCCTGgttttagagctagaa

FwdVar-G10 ggatcctaatacgactcactatagCTTGCCCCA

CAGGGCAGTAAgttttagagctagaa

FwdVar-trG10

ggatcctaatacgactcactatagTGCCCCACA

GGGCAGTAAgttttagagctagaa

FwdVar-G11

ggatcctaatacgactcactatagCGTTACTGC

CCTGTGGGGCAgttttagagctagaa

FwdVar-trG11

ggatcctaatacgactcactataGTTACTGCCC

TGTGGGGCAgttttagagctagaa

FwdVar-G17 ggatcctaatacgactcactatagCGTGGATGA
AGTTGGTGGTGgttttagagctagaa

FwdVar-G18 ggatcctaatacgactcactatagTGAAGTTGG
TGGTGAGGCCCgttttagagctagaa

T7ReVLong AAAAAAGCACCGACTCGGTGCCACTTTTTCAAG

TTGATAACGGACTAGCCTTATTTTAACTTGCTA

TTTCTAGCTCTAAAAC

T7FwdAmp

GGATCCTAATACGACTCACTATAG




T7RevAmp AAAAAAGCACCGACTCGG
Primers and probes for | ddPCR forward | CATAAAAGTCAGGGCAGAG
ddPCR analysis
ddPCR reverse | GTCTCCTTAAACCTGTCTTG
WT->SCD HDR FAM-CTCCTgtaGAGAAGTCTGC-Quencher
probe
WT->SCD HEX-TGACTCCTgagGAGAAGT-Quencher
unedited probe
SCD->WT HDR FAM-CTCCTgaaGAGAAGTCTGC-Quencher
probe
SCD->WT HEX-CCTgtgGAGAAGTCTGC-Quencher
unedited probe
ddDNA donor templates | T1: 195 bp TACATTTGCTTCTGACACAACTGTGTTCACTAG
for editing WT to SCD template (Fig CAACCTCAAACAGACACCATGGTGCATCTGACT

(Val7[gta] codon is

lowercase)

s1)

CCTgtaGAGAAGTCTGCGGTTACTGCCCTGTGG
GGCAAAGTGAACGTGGATGAAGTTGGTGGTGAA
GCCCTCGGCAGGTTGGTATCAAGGTTACAAGAC

AGGTTTAAGGAGACCAATAGAAACTGGGCA

T2 (T88-107):
195 bp
template (Fig.
S1)

TACATTTGCTTCTGACACAACTGTGTTCACTAG
CAACCTCAAACAGACACCATGGTGCACCTGACT

CCTgtaGAGAAGTCTGCGGTTA

CTGCCCTGTGGGGCAAGGTGAACGTGGATGAAG
TTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAA
GGTTACAAGACAGGTTTAAGGAGACCAATAGAA

ACTGGGCA

T2p: 195 bp
template (Fig.
Sl) U A\ kV

indicates

T*"ANC*"ATTTGCTTCTGACACAACTGTGTTCAC
TAGCAACCTCAAACAGACACCATGGTGCACCTG
ACTCCTgtaGAGAAGTCTGCGGTTACTGCCCTG

TGGGGCAAGGTGAACGTGGATGAAGTTGGTGGT




phosphorothioa

te protection

GAGGCCCTGGGCAGGTTGGTATCAAGGTTACAA

GACAGGTTTAAGGAGACCAATAGAAACTGG"G"

C*A

T84-67

TTTGCTTCTGACACAACTGTGTTCACTAGCAAC
CTCAAACAGACACCATGGTGCACCTGACTCCTg
taGAGAAGTCTGCGGTTACTGCCCTGTGGGGCA
AGGTGAACGTGGATGAAGTTGGTGGTGAGGCCC

TGGGCAGGTTGGTATCAAG

T84-37

TTTGCTTCTGACACAACTGTGTTCACTAGCAAC
CTCAAACAGACACCATGGTGCACCTGACTCCTg
taGAGAAGTCTGCGGTTACTGCCCTGTGGGGCA

AGGTGAACGTGGATGAAGTTGG

T84-27

TTTGCTTCTGACACAACTGTGTTCACTAGCAAC
CTCAAACAGACACCATGGTGCACCTGACTCCTg
taGAGAAGTCTGCGGTTACTGCCCTGTGGGGCA

AGGTGAACGTGG

T84-17

TTTGCTTCTGACACAACTGTGTTCACTAGCAAC
CTCAAACAGACACCATGGTGCACCTGACTCCTg
taGAGAAGTCTGCGGTTACTGCCCTGTGGGGCA

AG

T111-57

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgtaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA
ACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCA

GGT

T111-47

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgtaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA

ACGTGGATGAAGTTGGTGGTGAGGCC

T111-37

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT




TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgtaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA

ACGTGGATGAAGTTGG

T111-27

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgtaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA

ACGTGG

T111-17

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgtaGAGA

AGTCTGCGGTTACTGCCCTGTGGGGCAAG

ssDNA donor templates
for editing WT to SCD
(Glu7[gaa] codon is

lowercase)

T88-107S
(similar to T2,
edits WT-to-
SCD)

TACATTTGCTTCTGACACAACTGTGTTCACTAG
CAACCTCAAACAGACACCATGGTGCACCTGACT
CCTgaaGAGAAGTCTGCGGTTACTGCCCTGTGG
GGCAAGGTGAACGTGGATGAAGTTGGTGGTGAG
GCCCTGGGCAGGTTGGTATCAAGGTTACAAGAC

AGGTTTAAGGAGACCAATAGAAACTGGGCA

T111-57S

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgaaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA
ACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCA

GGT

T111-37S

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCACCTGACTCCTgaaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA

ACGTGGATGAAGTTGG

T111-27S

TCAGGGCAGAGCCATCTATTGCTTACATTTGCT

TCTGACACAACTGTGTTCACTAGCAACCTCAAA




CAGACACCATGGTGCACCTGACTCCTgaaGAGA
AGTCTGCGGTTACTGCCCTGTGGGGCAAGGTGA

ACGTGG




Table S2. Indel mutations at cancer-associated genes in K562 cells and HSPCs
edited with the trG10 RNP, as compared to unedited cells. Cancer-associated
genes were captured from genomic DNA using the [llumina TruSight Cancer panel

and mutations were detected using the open source Mutect2 algorithm (see

methods).
I. K562 Cells
. . % Reads! % Reads!
Chr Location Gene Type Reference Mutation (edited)  (unedited)
22 29130813 (,:HEKZ Deletion GAA G 9.56 5.96
(intron)
7 148543731 EZH2 (intron) Insertion C cT 0.67 0.02
AACAATGAACAAT
7 148543732 EZH2 (intron) Insertion A TTCTCCTTTCCTCTC  0.67 0.21
CTTCATTTTT
AGGTGTCCCCGGG
GAGCAGCGTGCTT
10 43601785 RET (intron) Insertion A GTGTACCGCCTCAC  0.74 0.18
CAGCTCCCCTGATG
CAGGTACCACG
. CTGTCTCTTATACA
10 72357821 PRF1 Insertion o CATCTCCGAG 0.55 0.11
TGAGTGAGGAAAA
. CCCACTCAAGACAT
10 104353831 SUFU (Intron) Insertion T AcTTecaGaTaTg 076 0.33
GATCGATCTC
17 25541278 Intergenic Insertion A AGTGT 2.2 2.32
17 29557005 NF1 (Intron) Insertion C CATTTCAG 1.22 0
Il. HSPCs

No indel mutations detected.

IPercent of reads is percent of unique sequencing reads, based on read/insert length.



Table S3. Estimates of cellular editing in mice engrafted with edited HSPCs.
The estimates were derived from measurement of allelic editing in bone marrow by
NGS, 16 weeks after injection. Estimates were calculated using the Hardy-Weinberg

equation: (p +q +r)2=1 (46).

Week 16 bone marrow (NGS) Week 16 cellular prevalence
estimate
Mouse %HDR % indel % unedited | %HDR+ 9% indel+ 9% unedited
(p) (a) (r) (p) (a.) (r)

1 0.91 57.20 41.88 1.81 81.68 66.23
2 6.20 51.07 42.73 12.02 76.06 67.20
3 1.60 45.04 53.36 3.17 69.80 78.24
4 1.46 43.05 55.49 2.90 67.57 80.19
5 1.40 42.08 56.52 2.78 66.45 81.09
6 1.68 43.91 54.41 3.33 68.54 79.22
7 2.88 41.31 55.81 5.68 65.55 80.47

Mean 2.30 46.24 51.46 4.53 70.81 76.09

SD 1.82 5.81 6.34 3.51 5.90 6.48




