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SUMMARY

Genome editing of human pluripotent stem cells
(hPSCs) provides powerful opportunities for in vitro
disease modeling, drug discovery, and personalized
stem cell-based therapeutics. Currently, only small
edits can be engineered with high frequency, while
larger modifications suffer from low efficiency and a
resultant need for selection markers. Here, we
describe marker-free genome editing in hPSCs using
Cas9 ribonucleoproteins (RNPs) in combination with
AAV6-mediated DNA repair template delivery. We
report highly efficient and bi-allelic integration fre-
quencies across multiple loci and hPSC lines,
achieving mono-allelic editing frequencies of up to
94% at the HBB locus. Using this method, we show
robust bi-allelic correction of homozygous sickle
cell mutations in a patient-derived induced PSC
(iPSC) line. Thus, this strategy shows significant util-
ity for generating hPSCs with large gene integrations
and/or single-nucleotide changes at high frequency
and without the need for introducing selection genes,
enhancing the applicability of hPSC editing for
research and translational uses.

INTRODUCTION

With the maturation of zinc-finger nuclease (ZFN) and transcrip-
tion activator-like effector nuclease (TALEN) technology, as well
as the advent of CRISPR, we now have an unprecedented ability
to create DNA double-strand breaks (DSBs) at virtually any loca-
tion in the genome. Following initiation of a site-specific DSB, we
can then provide a DNA donor template, which the cell can use
via endogenous damage repair pathways to introduce modifica-

tions ranging from single-base-pair substitutions to large inser-
tions through homology-directed repair (HDR). Although the
application of this genome editing technology in human pluripo-
tent stem cells (hPSCs) holds great promise for in vitro disease
modeling as well as personalized cell-based therapies, current
genome editing protocols for hPSCs remain limited due to low
editing frequencies. This makes it difficult to identify mono-allelic
edited clones for expansion, much less those that have under-
gone bi-allelic editing events.

To overcome these limitations, previous studies have used
fluorescent-tagged donors for the identification and selection
of edited cells (Byrne and Church, 2015; Arias-Fuenzalida
et al., 2017). Although this method was able to successfully
monitor recombination frequencies, it not only introduced a se-
lection marker in the genome that could possibly interfere with
regional transcriptional regulation but also would be incompat-
ible with clinical translation. To avoid the possible influence of
a selection marker, piggyBac or Cre/loxP systems have been
used to excise this marker. However, the Cre/loxP leaves a large
loxP sequence behind after editing, while the piggyBac system
requires a nearby TTAA site to avoid introduction of additional
sequences (Li et al., 2013). While prior methods such as sin-
gle-stranded oligodeoxynucleotides (ssODNs) for donor tem-
plate delivery and iCRISPR have been able to achieve high-
frequency editing without use of selection markers, these
technologies only apply to small base pair edits and are severely
limited when it comes to the introduction of large insertions
(Yang et al., 2013; Wang et al., 2017). These methods are useful
in modeling diseases caused by single or several base pair mu-
tations, but inapplicable to research applications that require tar-
geted integration of large gene cassettes. For example, diseases
such as Huntington’s and myotonic dystrophy are caused by ge-
netic changes spanning a large region of the genome; thus, there
is an unmet need for an efficient and safe method for introducing
changes larger than a few nucleotides. Furthermore, the intro-
duction of large gene fragments (>1 kb) is also required for basic
science applications, such as the integration of a reporter gene
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as a marker for differentiation, which is important for biological
understanding and clinical application of hPSCs.

Recently, a technology called targeted integration with linear-
ized double-strand DNA (TILD)-CRISPR was described to
introduce large insertions (Yao et al., 2018). Microinjection of
genome editing components is one strategy capable of deliv-
ering large amounts of donor into the nucleus, a key factor in
generating high frequencies of homologous-recombination-
mediated genome editing (Hendel et al., 2014). Since microinjec-
tion is impractical for editing large populations of hPSCs, an
alternative method was required to achieve high donor concen-
trations in populations of cells in the nucleus. We previously
demonstrated the donor could be effectively delivered to primary
human CD34* hematopoietic stem and progenitor cells (HSPCs)
using electroporation-aided transduction of AAV6 (Charlesworth
et al., 2018), resulting in high frequencies of HDR in HSPCs and
primary human T cells (Dever et al., 2016; Bak and Porteus, 2017;
Eyquem et al., 2017; Bak et al., 2018). In these experiments, we
used electroporation to deliver Cas9 protein complexed to a
chemically modified guide RNA (a ribonucleoprotein [RNP] com-
plex), which has been shown to be well tolerated by the target
cell (Hendel et al., 2015; Cromer et al., 2018). We hypothesized
that a similar strategy might also effectively generate high fre-
quencies of HDR in hPSCs.

In this study, we demonstrate that Cas9 protein complexed
with chemically modified single guide RNA (sgRNA) followed
by transduction of recombinant AAV6 (rAAV6) vector for donor
delivery can be used to introduce large transgenes in hPSCs at
high frequencies without marker selection.

RESULTS

Initiation of a DSB and delivery of high concentrations of donor
are critical to achieving high frequencies of homologous-recom-
bination-mediated genome editing (Hendel et al., 2014). There-
fore, we believe that the low frequencies of HDR previously
reported in hPSCs are due to inefficiencies in one or both
events. Prior work demonstrated that AAV6 is able to effec-
tively edit HSPCs in combination with electroporation of
Cas9/sgRNA RNP (Dever et al., 2016). The biology of hPSCs
is different than human HSPCs in terms of their proliferation
parameters, gene expression profiles, and epigenetic states;
nonetheless, we hypothesized that a similar strategy might
also generate high frequencies of HDR in hPSCs. To test this
hypothesis, we first measured the ability of a panel of AAV se-
rotypes to transduce hPSCs following electroporation. We
found that among all AAV serotypes, AAV6 is most effective
on H9 embryonic stem cells (ESCs), transducing 73% of cells
(Figure S1A). Therefore, we used AAV6 to deliver the donor
cassette as well as electroporation of Cas9 RNP in H9 ESCs
at the HBB locus to integrate a 2.2-kb cassette (GFP driven
by a ubiquitin C [UbC] promoter), yielding ~45% of cells that
stably express GFP compared to <1% when AAV6 was used
alone (Figures 1A and 1B). When we substituted the delivery
of RNP by lipofectamine rather than electroporation, however,
the HDR efficiency dropped significantly and we were unable
to achieve targeted integration frequencies >3% even at an
AAV6 MOI of 100,000 (Figure S1B). As further confirmation,
we quantified the ability of electroporation to deliver payloads
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to hPSCs by electroporating a GFP expression plasmid,
yielding >96% GFP+ hPSCs (Figure S1C).

We then explored the timing of AAV6 transduction with respect
to electroporation. We found that transducing hPSCs within
5 min following electroporation yielded substantially higher
integration frequencies (>80%) compared to transducing AAV6
24 h prior to electroporation (~15%) (Figure S1D). These
findings—that electroporation immediately prior to AAV trans-
duction most effectively mediates HDR—are in agreement with
those described previously in human HSPCs (Charlesworth
et al., 2018).

To determine the time course by which episomal expression of
the transgene is lost in hPSCs after transduction with AAV6, we
monitored GFP expression from day 2 onward in “RNP+AAV6”-
treated populations and “AAV6 only” populations. By day 4, we
detected <1% of GFP+ cells in the AAV6-only group, whereas
GFP expression remained stable in the RNP+AAV6 group (Fig-
ure 1B), indicating that episomal expression from nonintegrated
vectors had been lost by this time point and that GFP was driven
solely by integrated vectors. We then demonstrated the impor-
tance of AAV6 in generating high frequencies of HDR by
comparing AAV6 versus plasmid versus TILD as a method of
donor delivery. We found that delivery by AAV6 generated signif-
icantly higher targeted integration frequencies than the other two
methods (AAV6, 53.7%; plasmid, 0.13%; and TILD, 0.03%) (Fig-
ure 1C; TILD data not shown). We also compared donor delivery
using AAV6 versus ssODN in their ability to modify the HTT locus
at exon 1 by inserting a short CAG repeat. Using ssODN as the
donor, none of the clones picked had the desired allele modifica-
tion, while in two separate experiments using our AAV6/Cas9
protocol, 45% and 37 % of cells had the desired HDR allele modi-
fication (data not shown).

We next determined the robustness of the method by deter-
mining the targeted integration frequency across induced plurip-
otent stem cell (iPSC) lines. When targeting the HBB locus with a
UbC-GFP AAV6 donor vector in five different iPSC lines, we
measured an average targeted integration frequency of 51%
(Figure 1D). To determine if we could improve these editing fre-
quencies, we explored different parameters within the protocol.
Because delivery of Cas9 and subsequent formation of insertion-
deletions (INDELS) is often a rate-limiting step to achieving high-
frequency editing (Hendel et al., 2014, 2015), we hypothesized
that increasing the amount of Cas9 delivered by electroporation
could improve editing rates. Across a wide range of concentra-
tions of Cas9 RNP complexed with sgRNA (0-150pg/mL), we
found that increased amounts of Cas9 increased editing fre-
quencies at both the HBB and MYD88 loci in a dose-dependent
manner (Figure 1E). We also tested different electroporation pro-
grams and found that CA137 protocol of the Lonza 4-D system
more than doubled the editing frequency at the HBB locus
compared to the previously used CB150 (84% versus 41%,
respectively; Figure 1F).

Combining the fully optimized conditions (150 ng/mL Cas9
with CA137 electroporation program), we were able to achieve
91% targeted integration at HBB and 59% at MYD88 in ESCs
when analyzed 4 days post-editing (Figures 1G and 2A). To
analyze whether cells possessed mono- or bi-allelic integrations,
we performed single-cell cloning of populations targeted at
either MYD88 and HBB—a process that took 2-3 weeks
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Figure 1. Optimization of the AAV6/Cas9 System in hPSCs

(A) Schematic of genome editing at HBB (left) and MYD88 (right) loci using CRISPR/Cas9 RNP and AAV6.

(B) Time course of targeting frequencies of ESCs at the HBB locus using AAV6 and Cas9 RNP (n = 5) as determined by flow cytometry. Data are shown as
mean + SEM.

(C) Targeting frequencies of ESCs at HBB (using CB-150 electroporation protocol) comparing AAV6 (n = 5) to plasmid-based donor delivery (n = 3). The per-
centage of GFP+ cells was quantified 8 days post-electroporation by flow cytometry. p < 0.0005 based on unpaired t test. Data are shown as mean + SEM.
(D) Targeting frequencies at the HBB locus in five different iPSC lines using electroporation protocol CA-137. The percentage of GFP+ cells was quantified 8 days
post-electroporation by flow cytometry (n = 2). ANOVA detected no significant differences among cell lines. Data are shown as mean + SEM.

(E) Targeting frequencies at the HBB and MYD88 loci across a range of Cas9/sgRNA concentrations at a molar ratio of 1/3, respectively (n = 2 for MYD88; n = 3 for
HBB samples). The percentage of GFP+ cells was quantified 8 days post-electroporation by flow cytometry. Data are shown as mean + SEM.

(F) Targeting frequencies at the HBB locus in ESCs when using CB-150 and CA-137 electroporation protocols to deliver Cas9 RNP followed by AAV6 trans-
duction. The percentage of GFP+ cells was quantified 8 days post-electroporation by flow cytometry (n = 4). If not stated otherwise, 150 pg/mL Cas9 and the CB-
150 electroporation program were used. p < 0.00001 based on unpaired t test. Data are shown as mean + SEM.

(G) A representative flow cytometry plot from a single replicate after optimizations comparing plasmid versus AAV6+RNP. The percentage of GFP+ cells was

quantified 8 days post-electroporation.

(Figure 2B). PCR analysis using primers annealing outside
each homology arm allowed us to determine that 17 out of 18
clones (94%) for HBB and 13 out of 21 clones (62%) for
MYDB88 possessed at least one integration (Figure 2C). Editing
occurred with such frequency that we obtained a high percent-
age of bi-allelic integration events for HBB (74% of clones
screened) (Figures 2C and 2D). For MYD88, we obtained 52%
mono-allelic clones and 10% bi-allelic clones (Figures 2D
and 2D).

We then tested the AAV6/Cas9 system across five additional
loci and found the system to be highly robust, with >40% of cells
positive for the respective fluorescent markers across all loci tar-
geted as assessed by flow cytometry (Figures S2A-S2C). This
was further confirmed by droplet digital PCR (ddPCR), which
measured targeted integration frequencies at >20% of alleles
across all loci tested (Figure S2D), which corresponds to the
~40% of cells that were shown to have at least one editing event
via flow cytometry.
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Figure 2. Analysis of AAV6-Edited Clones at HBB and MYDS88 Loci

(A) Targeted integration at the HBB and MYD88 loci using optimized conditions (150 ug/mL Cas9 and the CA-137 electroporation program). The percentage of

GFP+ cells was quantified 8 days post-electroporation by flow cytometry.

(B) Schematic depicting the genome editing process using Cas9 RNP and AAV6-mediated donor delivery followed by flow cytometry analysis 4 days post-

targeting, allowing genotyping of clones within 2 weeks.

(C) Schematic depicting primer locations for clonal genotyping of the HBB and MYD88 loci (top left), and a schematic representation of an agarose gel with all
three possible genotypes (bottom left). Agarose gel images show genotypes of analyzed clones targeted at the HBB and MYD88 loci (top and bottom right,

respectively).

(D) Distribution of bi-allelic, mono-allelic, and WT clones from HBB- and MYD88-targeted populations.

(E) Off-target analysis for MYD88- and HBB-edited samples with WT and HiFi Cas9. Off-target rates were measured by the percentage of INDELS using TIDE
analysis. No activity was observed at the second predicted off-target site for HBB or MYD88.

(F) Targeting frequencies at HBB and MYD88 with WT and HiFi Cas9 as measured by the percentage of GFP+ cells by flow cytometry. Bars indicate mean + SEM.
(G) On- and off-target analysis of cells edited at HBB using WT Cas9 (18 clones) and HiFi Cas9 (14 clones).

A major advantage of our combined AAV6/Cas9 approach is
that it facilitates integration of a large cassette into a specific
site in the genome. To confirm the specificity of integration
only at the target locus, we performed ddPCR on three edited
clones with bi-allelic integrations in HBB to analyze copy num-
ber. We found that all edited clones had exactly four copies of
the human UbC promoter (two from the bi-allelic editing and
two endogenous copies; Figure S3B). To determine if the inte-
grations were seamless (without scars or residual AAV inverted
terminal repeats (ITRs) at the edge of the homology arm junc-
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tions) at the desired locus, we sequenced the junctions and
found that they were indeed precise.

To further confirm that our editing strategy does not induce
widespread genomic changes, we performed karyotype analysis
on a MYD88 and HBB bi-allelic edited clone and observed no
gross chromosomal abnormalities (Figure S3D). In further confir-
mation of these results, we performed SNP array analysis
capable of detecting genomic insertions or deletions and found
no changes between our unedited population and MYD88 and
HBB bi-allelic edited clones.



To further confirm that our editing strategy does not induce
aberrant genomic changes or enrich for specific mutations, we
performed Sanger sequencing of the TP53 gene for HBB and
MYD88 clones and found a synonymous mutation located at po-
sition Chr17:7674237. However, the unedited cell line also con-
tained the identical mutation, indicating that this had occurred
prior to editing. We then checked our edited and unedited SCD
iPSC lines and found no TP53 mutations, indicating that muta-
tions in the TP53 gene are not required in order to edit iPSCs
at high frequencies. These findings are contrary to recent studies
that suggest CRISPR-mediated editing itself could induce and
enrich for TP53 mutations in a population of edited cells or that
mutations in TP53 are necessary to achieve high frequencies
of targeted integration in hPSCs when using the AAV6/Cas9 sys-
tem described here (Haapaniemi et al., 2018; |hry et al., 2018).

Furthermore, in order for our strategy to be effective, we tested
whether the editing process reduced pluripotency of our stem
cell population. To do so, we compared two edited clones
each for HBB and MYD88 using the hPSC Scorecard panel to
assess expression levels of markers for pluripotency as well as
the three germ layers (Figure S3C; Fergus et al., 2015). We
also performed antibody staining for OCT4 and NANOG on edi-
ted clones for HBB to confirm expression of canonical pluripo-
tency markers (Figure S3E).

We performed off-target analysis at the two most probable
sites for both HBB and MYD88 sgRNAs identified by the COS-
MID target prediction tool (Cradick et al., 2013, 2014; Hendel
et al., 2015; Dever et al., 2016; DeWitt et al., 2016; Table S1).
This revealed off-target activity for both sgRNAs with 54%
INDELSs at off-target site 1 for HBB and 63% INDELSs at off-target
site 1 for MYD88 (Figure 2E). Importantly, these off-target
INDELSs occurred at intergenic sites of no known biologic signif-
icance and thus are unlikely to have important functional conse-
quences. Nonetheless, we found that use of a high-fidelity (HiFi)
variant of Cas9 was able to reduce the occurrence of off-target
INDELs (2.6% and 19.7% for HBB and MYD88, respectively)
without sacrificing on-target editing frequencies (Figure 2F;
Vakulskas et al., 2018). We then confirmed these results through
clonal analysis for cells edited with HBB AAV6 and wild type (WT)
or HiFi Cas9 (Figure 2G). In the HiFi Cas9-edited group, none of
the bi-allelic clones contained any off-target modifications or
AAV6 ITR sequences outside the homology arm.

We next tested our system in a disease-relevant iPSC line ho-
mozygous for the GluéVal sickle cell disease (SCD)-causing mu-
tation (Sebastiano et al., 2011). Toward this end, we used a
previously described AAV6 donor vector that corrects the dis-
ease-causing SNP (T— A) and introduces five silent variants to
prevent Cas9 from re-cutting and disrupting the gene (Figure 3A;
Dever et al., 2016). Combining this SCD-correction donor and
Cas9 RNP, we targeted the SCD iPSC line using the optimized
protocol, yielding 63% allele correction by ddPCR (Figure 3B).
As before, we confirmed these results using single-cell cloning
followed by sequencing, which confirmed a high correction
frequency—63% of clones possessed bi-allelic correction, and
17% had mono-allelic correction accompanied by an INDEL
on the other allele (Figure 3C). In addition, we observed a small
percentage of clones (4%) with very short-track homologous
recombination events in which only the first three synonymous
changes proximal to the break were introduced into the genome

but the more distal changes in the donor were not. We have not
observed these events in human somatic cells, and this finding
perhaps highlights a subtle difference in how human pluripotent
cells repair breaks by homologous recombination. The off-target
analysis identified a corrected clone that did not contain INDELs
at the two off-target sites for the HBB sgRNA (Figure S3A), thus
demonstrating that using the AAV6/Cas9 system makes it
feasible to identify clones with on-target HDR edits without off-
target INDELSs.

In order to demonstrate that the editing of the SCD-causing
mutation in the patient-derived iPSC line resulted in functional
expression of the corrected allele, we used a previously reported
gPCR assay that is able to distinguish between the sickle hemo-
globin allele (HbS) and the WT adult hemoglobin allele (HbA) at
the HBB locus (Dever et al., 2016). To do so, we obtained a bi-
allelically edited clone and confirmed the edited sequence.
Because the HBB locus is only activated when cells are differen-
tiated into red blood cells (RBCs), following targeting, we differ-
entiated this iPSC clone into erythrocytes using an established
protocol (Fujita et al., 2016). We then used fluorescence-acti-
vated cell sorting (FACS) to sort out erythrocytes from unedited
and edited populations and isolated mMRNA upon which we per-
formed our gPCR assay. As expected, we found our unedited
SCD cells to have high levels of HbS expression and virtually
no WT HbA (Figure 3D). In contrast, we found that the correction
of the SCD-causing mutation virtually eliminates HbS expression
and leads to high levels of HbA.

DISCUSSION

In summary, our data establish that the Cas9 RNP and AAV6 sys-
tem is able to mediate targeted integration of large donor cas-
settes in ESCs and iPSCs across many loci as well as precisely
correct a disease-causing mutation in a patient-derived iPSC
line, all at high frequencies. The correction of a disease-causing
mutation provides a proof of concept for therapeutic editing stra-
tegies and generating isogenic lines with SNPs—a key research
approach to understanding variants of unknown significance
(VUSs) that are now being described through sequencing efforts.
Moreover, these high editing frequencies enable population-
based studies without the requirement for selection markers or
the need to screen large numbers of clones to find one with
the desired HDR event. While a previous study combined DSB
initiation by zinc-finger nucleases and an AAV1.9 repair donor
in human iPSCs, the maximum editing frequency observed using
this method was less than 2% for a 35-bp deletion (Asuri et al.,
2012). Here, we use Cas9 complexed with a chemically modified
guide RNA (making the guide resistant to exonuclease degrada-
tion) rather than a zinc-finger nuclease in order to initiate DSBs.
We deliver Cas9/sgRNA as RNP, which allows for immediate
cutting to occur once electroporated into the cell (Liang et al.,
2015) and decreases the cellular response to the nuclease
(Cromer et al., 2018). Immediate cutting is critical, since our
data indicate that the donor template is quickly diluted out in
hPSCs because of their high proliferation rate. Furthermore, we
found that the timing of AAV6 donor delivery is crucial to
achieving high editing frequencies and that transduction of
AAV6 immediately following electroporation of Cas9/sgRNA en-
sures the donor template is present at high concentrations at the
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Figure 3. Sickle Cell iPSC Correction with AAV6 Donor

(A) Sequence of the SCD-causing SNP (E6V) with HBB sgRNA target site depicted with dashes and protospacer adjacent motif (PAM) in red. Below is the
sequence after corrective HR, which introduces silent mutations in the sgRNA target site to prevent Cas9 re-cutting.
(B) Targeting frequencies of SCD-iPSCs targeted with corrective donor as determined by ddPCR.

(C) Distribution of bi-allelic, mono-allelic, and WT edits in SCD-iPSCs.

(D) Schematic depicting the workflow used to edit SCD-derived iPSC, isolate HSPCs, differentiate into RBCs, isolate RBCs, and analyze mRNA levels of HbA and

HbS alleles in edited and unedited RBC populations by qPCR.

time of cutting. Therefore, achieving maximum editing efficiency
in hPSCs requires optimization of both donor vector delivery as
well as nuclease-mediated DSB initiation.

In addition to previous attempts to combine AAV delivery with
nuclease-mediated DSB formation mentioned above, prior
studies have attempted to improve low homologous recombina-
tion (HR)-based genome editing frequencies in hPSCs using
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small-molecule HR enhancers, modulation of non-homologous
end joining (NHEJ) and HR balance by gene transduction, and
cold shock (Yu et al., 2015; Paulsen et al., 2017; Guo et al.,
2018). However, all of these methods used ssODNs to deliver
the donor template. While combining Cas9/sgRNA-mediated
DSB formation with ssODN-mediated donor delivery is able
to achieve high editing frequencies, the effectiveness of this



approach is inversely correlated to the size of the edit that is be-
ing introduced (Yang et al., 2013). Furthermore, because cDNA
knockin is a common treatment strategy for correction of dis-
eases with loss-of-function mutations scattered throughout a
particular gene (Hubbard et al., 2016; Schiroli et al., 2017;
Pavel-Dinu et al., 2019), our ability to introduce insertions of
over 2 kb into patient-derived hPSCs has great clinical applica-
bility. Our approach could also be applied to generate genetically
engineered human pluripotent cells for a variety of research pur-
poses, such as creating stable transgenic or reporter lines. In
conclusion, we present a selection-free, one-step editing proto-
col that addresses limitations of insert size and editing efficiency
that have hindered the development of pluripotent stem cell
technologies as disease models and gene-correction therapies.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-human Nanog (D73G4) XP Rabbit mAb
Cy5 AffiniPure Donkey Anti-Rabbit IgG (H+L)
Anti-Human Oct4 Goat mAb

Cy3 AffiniPure Donkey Anti-Goat IgG (H+L)
DAPI

Anti-human CD34 APC (Clone: 4H11)
Anti-human CD43 PE (Clone: 10G7)
Anti-human CD45 BV421 (Clone: HI30)

Cell Signaling Technology

Jackson Immuno Research Labs

Abcam

Jackson Immuno Research Labs

Thermo Fisher Scientific
eBioscience

BioLegend

BD Biosciences

RRID: AB_10559205

RRID: AB_2340607

RRID: AB_776898

RRID: AB_2307351

RRID: AB_2629482

Cati#: 17-0349-42; RRID: AB_2016672
Cat#: 343204; RRID: AB_2255209
Cati#: 563879; RRID: AB_2744402

Anti-human CD71 PE-Cy7 (Clone: CY1G4) BiolLegend Cat#: 334112; RRID: AB_2563119
Anti-human CD235a FITC (Clone: HI246) BiolLegend Cat#: 349104, RRID: AB_10613463
Experimental Models: Cell Lines

Human ES H9 WiCell N/A

H9 HBB KO (H9-HBB-UBC-GFP) This paper N/A

H9 MYD88 KO (H9-HBB-UBC-GFP) This paper N/A

H9 HBA1 KO (H9-HBA1-UBC-GFP) This paper N/A

TkDA3-4 iPSC line established from human dermal fibroblasts Takayama et al., 2010 N/A

iAM9-M2 iPSC line established from human T cells Ando et al., 2015 N/A

iLC13-F1 iPSC line established from human T cells Ando et al., 2015 N/A

1759 iPSC line established from human T cells This paper N/A

iSB7-M3 iPSC line established from human T cells Ando et al., 2015 N/A

TkDA3-4 HBB KO (TkDA3-4-HBB-UBC-GFP) This paper N/A

iAM9 HBB KO (iAM9-HBB-UBC-GFP) This paper N/A

iLC13 HBB KO (iLC13-HBB-UBC-GFP) This paper N/A

1759 HBB KO (1759-HBB-UBC-GFP) This paper N/A

iSB7 HBB KO (iSB7-HBB-UBC-GFP) This paper N/A

SCD iPSC line established from human dermal fibroblasts Sebastiano Laboratory N/A
SCD-corrected iPSC line This paper N/A
Chemicals, Peptides, and Recombinant Proteins

Y-27632 (Rock Inhibitor) Tocris Cat# 1254
SsoAdvanced Universal Probes Supermix Bio-Rad Cat# 1725280
ddPCR Supermix for Probes (No dUTP) Bio-Rad Cat# 1863023
iScript Reverse Transcriptase Bio-Rad Cat# 1708840

Phusion Green High-Fidelity DNA Polymerase
QuickExtract DNA Extraction Solution
mTeSR1 maintenance medium for iPSCs
ACCUTASE cell detachment solution
Matrigel basement membrane matrix
Y-27632 (Rock Inhibitor)

Recombinant Human SCF

Recombinant Human TPO

Recombinant Human IL-3

Recombinant Human EPO

Human Holo-Transferrin

Thermo Fisher Scientific
Lucigen

Stem Cell Technologies
Stem Cell Technologies
Corning

Tocris

Peprotech

Peprotech

Peprotech

Peprotech

R&D Systems

Cat# F534L

Cat# QE09050

Cat# 85850

Cat# 07920

Cat# 354234

Cat#: 1254

Cat#: 300-07

Cat#: 300-18

Cat#: 200-03

Cat#: 100-64

Cat#: 2914-HT-100MG
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MEM alpha GIBCO Cat#: 11900-024
FBS HyClone n/a

ITS-X GIBCO Cat#: 51500-056
Critical Commercial Assays

CytoSNP-850K BeadChip lllumina

GeneJET genomic DNA purification

TagMan hPSC Scorecard Assay

AAVpro Purification Kit (All Serotypes)

RNeasy Mini Kit

RPLPO Primer/Probe Assay

PureLink Expi Endotoxin-Free Maxi Plasmid Purification Kit

Thermo Fisher Scientific
Thermo Fisher Scientific
Takara Bio

QIAGEN

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# K0721
Cat# A15871
Cat# 6666
Cat# 74104
Cat# 4333761F
Cat# A33073

Other

LightCycler 480 Il machine Roche

QX200 Droplet Digital PCR System Bio-Rad

Oligonucleotides

HBB sgRNA target sequence: 5'-CTTGCCCCACAGGG Synthego CRISPRevolution sgRNA EZ Kit
CAGTAACGG-3' sgRNA was modified

MYD88 sgRNA target sequence: 5'-CGCATGTTGAGA Synthego CRISPRevolution sgRNA EZ Kit
GCAGCCAGGGG-3'. sgRNA was modified

Primers for Off Target Analysis Table S1 N/A

Primers for Integration Analysis Table S2 N/A

Primer/probe assays for ddPCr/qPCR Table S3 N/A

Recombinant DNA

AAV6 backbone plasmid: pAAV-MCS plasmid Agilent Technologies N/A

HBB AAV6: UBC-GFP using AAV6 backbone plasmid Dever et al., 2016 N/A

SCD Correction AAV6 Dever et al., 2016 N/A

MYD88 AAV6: UBC-GFP using AAV6 backbone plasmid

https://benchling.com/s/seq-
3h5cpWXHPCkc1R69UNEt/edit

Software and Algorithms

TIDE Well Tool

Primer3web version 4.1.0

COSMID Off-Target Analysis Tool

PRISM v8 graphing and statistical software
Flowjo-v10

GenomeStudio Software

GraphPad Software
FlowJo LLC
lllumina

https://tide.nki.nl/
http://bioinfo.ut.ee/primer3/
https://crispr.ome.gatech.edu
N/A

N/A

N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthew
Porteus (mporteus@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human ESC and iPSCs

Human ES H9 cells (WiCell) were used for MYD88, HBB, CCR5, CGD, HBA1, RAG1, and WAS editing, and the iPSC lines described in
Figure 1D were the following: line 1 = 1759, line 2 = iLC13-F1, line 3 = iAM9-M2, line 4 = TkDA3-4, line 5 = iSB7-M3. TkDA3-4 iPSCs
and SCD-patient derived iPSCs were established from human dermal fibroblasts (Cell Applications, Inc.) as described previously
(Takayama et al., 2010; Sebastiano et al., 2011). Cell lines 1759, iLC13-F1, iAM9-M2, and iSB7-M3 were established from human
T cells as described previously (Nishimura et al., 2013). Cells were maintained in mTeSR1 (STEMCELL Technologies) on feeder
free Matrigel (Corning)-coated plates. Subculture was performed every 5-6 days by EDTA method and using media supplemented
with 10 uM Y-27632 (Tocris). Normal karyotype was determined in post-edited cells.
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METHOD DETAILS

AAV6/Cas9 Genome Editing

ESCs or iPSCs were treated with 10 um ROCK inhibitor (Y-27632) 24 hours pre-electroporation. Cells at 70%-80% confluence were
harvested with Accutase (Life Technologies). Prior to electroporation, a nucleofection solution was made by first mixing 150 pg/mL of
SpCas9 (Integrated DNA Technologies) and 87.5 ung/mL of sgRNA at 1:3 molar ratio directly, incubating for 10 minutes at room tem-
perature, then diluting with 20 uL of P3 Primary Cell solution (Lonza). For each reaction, 500,000 cells were mixed with the nucleo-
fection solution. Nucleofection was performed using 16-well Nucleocuvette Strip with 4D Nucleofector system (Lonza) using CA137
electroporation code. Immediately after electroporation, cells were transferred into one well of a matrigel-coated 24-well plate con-
taining 500 pl of mMTeSR media with 10 uM Y-27632. AAV6 donor vector was added at 100K MOI (measured by gPCR as described
previously) directly to cells after plating and incubated at 37°C for 24 hours. Media was changed 24 hours post-editing and 10 um
Y-27632 was removed 48 hours after.

The HBB and MYD88 synthetic sgRNAs were purchased from Synthego with chemically-modified nucleotides at the three terminal
positions at both the 5" and 3’ ends. Modified nucleotides contained 2’-O-methyl 3'-phosphorothioate. The genomic sgRNA target
sequences, with PAM in bold, are: HBB: 5-CTTGCCCCACAGGGCAGTAACGG-3' and sgRNA MYD88 5'-CGCATGTTGAGAG
CAGCCAGGGG-3'.

AAV6 Cloning and Production

All AAV integration donors in this paper were cloned into pAAV-MCS plasmid (Agilent Technologies) containing AAV2 ITRs. The HBB-
UbC-GFP donor creates an insertion of 2.2 kb flanking the Cas9 cut site within exon 1 of HBB and contains left and right homology
arms that are 540bp and 420 bp, respectively. The MYD88-UbC-GFP donor creates an insertion of 2.2 kb within exon 1 of MYD88 and
contains left and right homology arms that are 480 bp and 450 bp, respectively, and flank the Cas9 cut site. The SCD corrective donor
contains a total of 2.4 kb sequence homology surrounding the Glu6Val mutation (Dever et al., 2016).

For AAV production, vector plasmids were grown in E.coli and harvested using Invitrogen’s Endotoxin-Free Maxi Plasmid Purifi-
cation Kit (Cat# A33073). Following DNA purification, each of five 15cm? dishes of 293FT cells (Life Technologies) were transfected
using 120uL 1 mg/mL PEI (MW 25K)(Polysciences) along with 6 ng ITR-containing plasmid and 22 ng pDGM6 (which carried AAV6
cap, AAV2 rep, and adenoviral helper genes)(gift from D. Russell). 72h post-transfection, cells were harvested and purified using a
Takara AAVpro Purification Kit (Cat. 6666) using the manufacturer’s protocol. Vector titer was determined by using gPCR to measure
vector genome concentration as described previously (Aurnhammer et al., 2012).

Flow cytometry
For measuring targeted editing frequency, cells were harvested into single cell suspension with Accutase. FITC channel was used to
determine percent GFP+ cells. Data was acquired using an Accuri C6 plus flow cytometer (BD Biosciences).

Genotyping and sequence analysis
HBB and MYD88 ESC clones were amplified with the following primers to determine integration (Table S2):
MYD88-FW 5-GACAAGCTCTCTAACTGGAGAATGA-3’
MYD88-REV 5'-CCTAAGAATGGTACCAAGGTAGGTC-3’
HBB-FW 5'-TAGATGTCCCCAGTTAACCTCCTAT-3’
HBB-REV 5 -TTATTAGGCAGAATCCAGATGCTCA-3'.

Sickle cell clones edited with the anti-sickling donor (Figure 3A) were amplified with the following primers to check
for integration

HBB-SCD-FW: 5-GAAGATATGCTTAGAACCGAGG-3’

HBB-SCD-REV: 5'-CCACATGCCCAGTTTCTATTGG-3'.

PCR was done with Phusion Green HSII Master Mix (Thermo Fisher). Sanger sequencing was performed on gel-extracted PCR
amplicons by MCLab (South San Francisco, CA, USA). Genomic DNA sample was prepared by QuickExtract DNA Extraction Solution
(Epicenter) following the manufacturer’s instructions.

ddPCR analysis

In order to determine HR frequency, genomic DNA was harvested from ESCs and iPSCs post-targeting using QuickExtract
(Epicenter). Targeted gDNA was then digested with BamHI-HF following the manufacturer’s instructions (New England Biolabs).
1-3 pL of gDNA sample was then used in 25 uL ddPCR Supermix for Probes (no dUTP)(Bio-Rad), following the manufacturer’s in-
structions with integration-specific and reference primer and probes at a primer:probe ratio of 3.6:1. Amplification was performed
using in-out PCR (one primer binding to transgene insert in the genomic locus and the other immediately outside the homology
arm). Droplet samples were prepared using 20 pL of the PCR mix, 70 uL droplet generation oil, and 40 uL of the droplet
sample. PCR cycling conditions were as follows: 98°C (10 minutes); 94°C (30 s), 60°C (30 s), 72 °C (2 minutes)(40 cycles); 98 °C
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(10 minutes). Finally, droplets were analyzed according to the manufacturer’s instructions using the QX200 Droplet Digital PCR Sys-
tem (Bio-Rad).

Off-target analysis

Gene edited ESC/iPSC lines were tested for off-target editing events predicted for each sgRNA by COSMID46 tool (https://crispr.
bme.gatech.edu). COSMID is a website tool that considers guide RNA mismatch, insertions and deletions based on the target
sequence. Based on these predictions, HBB and SCD-iPSC clones were analyzed for off-target effects at chromosome 9 and chro-
mosome 17. MYD88 clones were analyzed for off-target effects at chromosome 6 and chromosome 1 using primers detailed in Table
S1. In order to determine frequency of INDELs at the above regions, we performed PCR using Phusion Green Master Mix according
to manufacturer’s instructions (Thermo Fisher). Template DNA for PCR was harvested from ESCs and iPSCs post-targeting using
QuickExtract (Epicenter). TIDE software was used to estimate INDEL frequencies using Sanger sequences of the PCR amplicons
of edited and unedited populations at the noted off-target loci (Brinkman et al., 2014).

ddPCR-based copy number analysis

Following isolation of gDNA from hPSCs using QuickExtract (Epicenter), ddPCR was used to quantify copy number of the UbC pro-
moter used to drive expression of the selection marker was performed on clones confirmed by PCR to have bi-allelic integrations of
UbC-GFP at the HBB locus. The QX200 Droplet Digital PCR System (Bio-Rad) and ddPCR Supermix for Probe (noUTP)(Bio-Rad)
were used according to manufacturer’s protocol. The primer and probes used are detailed in Table S3.

SCD allele correction analysis by nested ddPCR

SCD-iPSCs edited at HBB were harvested 7 days post-nucleofection and then analyzed for correction frequencies of the Glu6Val
mutation by nested ddPCR. An in-out PCR approach was performed to amplify the HBB locus in order to exclude episomal AAV6
from analysis. The following primers were used to generate an HBB-specific 1.4 kb band: FW(out): 5'-AGGAAGCAGAACTCTG
CACTTCA-3' and REV(in): 5-AGTCAGTGCCTATCAGAAACCCAAGAG-3'. The PCR product was purified and then diluted to
10 pg/ul in nuclease-free water and then ddPCR was carried out with the PCR product generated as the template. The protocol
used a 2-probe set on the sample amplicon, where one probe (HEX) bound the integrated sequence and the other probe (FAM) is
a reference sequence downstream of the Cas9 break site. The following primer/probes were used in the ddPCR reaction: HR probe
(HEX)-5'-TGACTCCTGAGGAAAAATCCGCAGTCA-3/, reference probe (FAM)-5'-ACGTGGATGAAGTTGGTGGTGAGG-3/, nested-
forward 5’-TCACTAGCAACCTCAAACAGAC-3', and nested-reverse 5'-CCTGTCTTGTAACCTTGATACC-3'.

Erythrocyte differentiation of hiPSCs

Differentiation of iPSCs into HSPCs was done as reported previously, with slight modifications (Nishimura et al., 2013). In brief, small
clumps of iPSCs (<100 cells) were transferred onto over-confluent C3H10T1/2 cells and co-cultured in EB medium (Iscove’s modified
Dulbecco’s medium supplemented with 15% FBS and a cocktail of human insulin, human transferrin, sodium selenite (ITS-X), 2 mM
L-glutamine, 0.45 uM monothioglycerol, and 50 ug/ml ascorbic acid) in the presence of 20 ng/ml VEGF, 20 ng/ml SCF, 20 ng/mI TPO,
20 ng/ml IL-3, and 20 ng/ml IL-6. Media was changed every 3 days. After 14 days of cultivation, cells were harvested by treatment
with TrypLE Select (Thermo Fisher Scientific) for 5 min at 37°C, then CD34+ cells were isolated by FACS.

Sorted CD34+ cells were seeded on over-confluent C3H10T1/2 cells at ~2.0 x 10° cell/lcm? density and cultured in Alpha MEM
supplemented with 15% FBS, 50 ng/ml SCF, 10 ng/ml IL-3, 1 U/ml EPO, and 5.5 pg/ml Human Holo-Transferrin for 1 week. Then
5 U/ml EPO and 5.5 pg/ml Human Holo-Transferrin was added to media for the following 2 weeks. Media was changed every
3 days, and cells were transferred onto new feeder layers every 6 days. All floating cells were collected, filtrated through 40 um
cell strainers, and subjected to FACS sorting of CD71+/CD235a+ cells.

Assessment of mRNA levels in erythrocytes

Edited and unedited populations of SCD patient-derived iPSCs were differentiated into red blood cells (RBCs) using an established
protocol (Ochi et al., 2014). Following the differentiation, immunostaining followed by FACS was performed in order to identify and
isolate RBCs (identified as CD43-/CD34-/CD45-/CD235a+/CD71+). RNA was then extracted from differentiated RBCs using the
RNeasy Mini Plus Kit (QIAGEN). cDNA was made from 100 ng RNA using the SuperScript Ill First-Strand Synthesis (Invitrogen).
Levels of HbS and HbA were quantified by qPCR using the following primers and FAM/ZEN/IBFQ-labeled hydrolysis probes
as custom-designed PrimeTime gPCR Assays (IDT): HbS primer (fw): 5-TCACTAGCAACCTC AAACAGAC-3', HbS primer (rv):
5-ATCCACGTTCACCTTGCC-3', HbS probe: 5-TAACGG CAGACTTCTCCACAGGAGTCA-3', HbA primer (fw): 5-TCACTAGCAAC
CTCAAACAGA C-3', HbA primer (rv): 5-ATCCACGTTCACCTTGCC-3', HbA probe: 5-TGACTGCGGATTTT TCCTCAGGAGTCA-3'.
gPCR was then performed on a LightCycler 480 Il machine (Roche) using SsoAdvanced Universal Probes Supermix (Bio-Rad) ac-
cording to manufacturer’s instructions. Cycling times were as follows: (1) 98°C, 2 min initial denaturation; (2) 98°C 5 s denaturation;
(3) 60°C 20 s annealing and extension; (4) return to step 2 39x. Relative expression levels of individual genes were determined within
each sample by comparison to RPLPO control probe (Cat# 4333761F; Thermo-Fisher).

e4 Cell Stem Cell 24, 821-828.e1-e5, May 2, 2019


https://crispr.bme.gatech.edu
https://crispr.bme.gatech.edu

Immunofluorescence staining to determine pluripotency

An edited clone for HBB was stained for NANOG, OCT4, and DAPI. Cells were fixed in 4% paraformaldehyde, permeabilized in 0.2%
Triton X-100 in PBS, blocked with blocking buffer (0.1% Triton-X and 2% FBS in PBS). Anti-NANOG (RRID: AB_10559205) and Anti-
OCT4 (RRID: AB_776898) antibodies were diluted 200-fold with blocking buffer and used to stain an HBB edited clone at 4°C over-
night. Cells were then washed three times and stained with 1:500 diluted Cy5 Donkey Anti-Rabbit IgG (RRID: AB_2340607) and Cy3
Donkey Anti-Goat IgG (RRID: AB_2307351) for 1 hour. Cells were washed again and DAPI (RRID: AB_2629482) staining was used on
the third wash. The fluorescence images were acquired using an EVOS FL cell imaging system.

Karyotype analysis

Karyotype analysis was performed by the Cytogenetics lab at Stanford University. Cells were harvested and chromosomes were
analyzed using the GTW banding method. Twenty metaphase cells were analyzed, all of which were concluded to have a normal
karyotype (46, XY).

High-density SNP array analysis

Genomic DNA of edited clones (200 ng) was prepared by GeneJET genomic DNA purification kit (Thermo-Fisher). SNP analysis was
performed by the Stanford Functional Genomics Facility using the Infinium CytoSNP-850k Assay (lllumina). Samples were scanned
using the iScan system (lllumina). Data was analyzed using GenomeStudio software with cnvPartition algorithm (lllumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean + SEM. The statistical significance of the observed differences was determined using ANOVA. Sta-
tistics were performed using Excel (Microsoft) and Prism (GraphPad software) programs.
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