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Genome-editing technologies are currently being translated to
the clinic. However, cellular effects of the editing machinery
have yet to be fully elucidated. Here, we performed global
microarray-based gene expression measurements on human
CD34+ hematopoietic stem and progenitor cells that under-
went editing. We probed effects of the entire editing process
as well as each component individually, including electropora-
tion, Cas9 (mRNA or protein) with chemically modified
sgRNA, and AAV6 transduction. We identified differentially
expressed genes relative to control treatments, which displayed
enrichment for particular biological processes. All editing
machinery components elicited immune, stress, and apoptotic
responses. Cas9 mRNA invoked the greatest amount of tran-
scriptional change, eliciting a distinct viral response and global
transcriptional downregulation, particularly of metabolic and
cell cycle processes. Electroporation also induced significant
transcriptional change, with notable downregulation of meta-
bolic processes. Surprisingly, AAV6 evoked no detectable viral
response. We also found Cas9/sgRNA ribonucleoprotein treat-
ment to be well tolerated, in spite of eliciting a DNA damage
signature. Overall, this data establishes a benchmark for
cellular tolerance of CRISPR/Cas9-AAV6-based genome edit-
ing, ensuring that the clinical protocol is as safe and efficient
as possible.

INTRODUCTION
Due to improvements in the specificity and efficiency of genome edit-
ing, this technology is now being translated to the clinic. These
advancements have occurred across a number of genome-editing
systems, including those that employ zinc-finger nucleases (ZFNs),
TAL-effector nucleases (TALENs), megaTALs, and CRISPR/Cas9.
All of these systems are able to initiate a double-strand break (DSB)
in the DNA at a specific location in the genome. Following creation
of a DSB, the cell uses one of two pathways for repair, non-homolo-
gous end joining (NHEJ), or homology-directed repair (HDR).1

NHEJ is an error-prone pathway most useful for introducing loss-
of-function mutations. However, editing for gene-correction pur-
Molecular Therapy Vol. 26 No 10 October
poses exploits the HDR pathway in order to introduce specific
changes to the genome with single-nucleotide resolution. This can
be done by delivering a gene-targeting donor template for DNA dam-
age repair, incorporating the custom edit(s) with homology arms
spanning the cut site. In doing so, the HDR pathway uses these single-
or double-stranded donor templates to introduce custom, scarless
edits into the genome by processes known as single-stranded template
repair (SSTR) or homologous recombination (HR), respectively.

Here, we employ the CRISPR/Cas9 system, where targeting specificity
is imparted to the Cas9 protein when it forms a complex with a single-
guide RNA (sgRNA) sequence.2–5 It is possible to deliver Cas9:sgRNA
using lipofection, although this method has been shown to cause sig-
nificant cytotoxicity compared to electroporation, which is a process
used to increase membrane permeability by applying an electrical
field to cells.6 Not only are there multiple methods for delivering
Cas9:sgRNA, but the form in which it is delivered may also vary. It
may be introduced transiently as Cas9 protein pre-complexed with
sgRNA (known as ribonucleoprotein [RNP]), as Cas9 mRNA sepa-
rately with sgRNA,7 or from a DNA expression plasmid. Compara-
tively, Cas9 and sgRNA in the form of a DNA plasmid has been
shown to exhibit the greatest cellular toxicity.7 On the other hand,
electroporation of Cas9:sgRNA in the form of RNP has been shown
to not only elicit the least cytotoxicity, but the greatest enzymatic
activity as well.8

There also exists a variety ofmethods for donor template delivery, such
as integrase-deficient lentiviral systems,9 single-stranded oligodeoxy-
nucleotides (ssODNs),10 and adeno-associated viruses (AAVs).11,12
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Molecular Therapy
Due to safety considerations and technical limitations of alternative
systems, we chose to use AAV, a classic gene-targeting vector that
utilizes HR to introduce single-nucleotide edits or large insertions,
that has proven to be an effective and clinically compatible delivery
vehicle in a wide variety of cell types, particularly in CD34+ hemato-
poietic stem and progenitor cells (HSPCs).8,11,13–16

Genome editing that combines these two technologies, Cas9-medi-
ated DSB formation with AAV donor template delivery, has been
successfully employed for translational as well as basic science pur-
poses.8 However, the editing process itself has been reported to cause
cytotoxicity in vitro17 as well as an immunological reaction when
applied by in vivo electroporation in mice.18 This is thought to be
due, in part, to DNA damage caused by Cas9-induced DSBs, partic-
ularly when off-target cutting occurs at multiple locations throughout
the genome.19 It is unclear whether the same cytotoxicity is seen
when sgRNAs with low levels of off-target activity are employed.
Further efforts to reduce cytotoxicity have also explored the effect
of incorporating chemical modifications on both the Cas9 mRNA20

as well as the sgRNA,7,21,22 which has proven to be an effective means
to reduce immune detection, improve stability, and reduce cytotox-
icity during this process. In addition, electroporation,23 delivery of
exogenous mRNA,8 and AAV transduction24 have been shown to
also elicit cytotoxicity in a variety of cell lines and primary patient-
derived cells. It is currently unclear which elements of the protocol
are most responsible for this toxicity, much less which specific genes
and pathways may be involved in this response. Identifying these spe-
cific genes and pathways could enable us to further optimize genome-
editing protocols.

To understand the immediate transcriptional response evoked by the
entire editing procedure, total RNA isolated from human primary
CD34+ cells that underwent genome editing was applied to DNA mi-
croarrays in order to measure global gene expression. The cells were
also treated with separate components of the editing machinery—
electroporation, Cas9 (as mRNA or protein) complexed with sgRNA
and AAV—to parse out the individual contribution of each to the
transcriptional response. Toward this end, we chose to employ this
experimental design in a clinically relevant genome-editing model
that has been used to successfully edit the b-globin (HBB) gene, which
harbors the missense mutation responsible for sickle cell disease
(SCD), in HSPCs.8 Therefore, all of our transcriptional analysis was
performed on CD34+ HSPCs that were treated with all or some of
the editing machinery used to edit a single-nucleotide polymorphism
(SNP) within the HBB gene.

Through these experiments, we identified that (1) Cas9 mRNA in-
vokes a strong anti-viral response that results in global transcriptional
repression; (2) AAV6 transduction elicits no detectable viral response
in CD34+ HSPCs; (3) Cas9 RNP induces a DNA damage response
even in the case of sgRNAs with low off-target activity.

These results yield important insights into the global transcriptional
response to genome-editing machinery in human cells. These results
2432 Molecular Therapy Vol. 26 No 10 October 2018
may also prove useful in further refinement of the genome-editing
protocol in clinically relevant cell types.

RESULTS
Experimental Design to Probe the Transcriptional Response to

Genome-Editing Machinery

We chose to probe the global transcriptional response to the genome-
editing process using the established and clinically relevant model of
SCD. SCD is caused by one SNP (A to T), which results in a glutamic
acid to valine missense mutation at codon 6 (Glu6Val) of the HBB
gene.25,26 Because of the difficulty in obtaining HSPCs from SCD pa-
tients, we instead demonstrated our ability to edit this locus by intro-
ducing the SCD-causing SNP into HSPCs isolated from wild-type
(WT) patients.8 Therefore, in this study we treated CD34+ WT
HSPCs with all or some of the components of the editing machinery
used to introduce the Glu6Val SCD-causing mutation.

Because donor variation is well-documented for aspects of the editing
process,27 we performed these treatments on HSPCs isolated from
four individual donors. This allowed our downstream analysis to
parse out effects of the editing machinery that are common across
multiple donors. Using multiple CD34+ HSPC donors also allowed
us to gauge which has a greater bearing on global transcription—
the editing machinery or the donor of origin.

The kinetics of Cas9-induced DSB initiation has only recently been
reported and depicts a highly time-dependent process.28 Therefore,
in order to be confident that we were capturing the immediate tran-
scriptional response to genome editing, we chose to measure global
transcription post-treatment at early (6 hr) and late (24 hr) time
points.

Accordingly, we performed the following treatment groups across
four donors and two time points with two technical replicates per
sample: mock electroporation (hereafter hereafter abbreviated as
“elec”), electroporation of Cas9 mRNA and sgRNA (“mRNA”), elec-
troporation of Cas9 mRNA and sgRNA followed by AAV6 trans-
duction (“mRNA + AAV”), electroporation of Cas9 protein com-
plexed with sgRNA (“RNP”), and electroporation of Cas9 protein
and sgRNA followed by AAV6 transduction (“RNP + AAV”). We
also performed the following treatment groups only at the 24 hr
time point: no electroporation negative control (“not elect.”) and
AAV6 transduction alone (“AAV”). When employed, electropora-
tion was performed using a Lonza Nucleofector 2b. Due to
improved tolerance and activity, sgRNAs with 20-O-methyl-30-phos-
phorothioate modification at the three terminal positions at both
50 and 30 ends were used where applicable.7 The Cas9 mRNA that
was used in this study was produced commercially with 5-methyl-
cytidine and pseudouridine modifications, which have been shown
to reduce innate antiviral responses.20 For this study, S. pyogenes
Cas9 protein was commercially produced and purified. AAV6 was
produced in HEK293 cells and purified using the iodixanol density
gradient ultracentrifugation method as previously reported.29 AAV6
was titered using qPCR with probes corresponding to the inverse



Figure 1. Unsupervised Clustering Reveals Cas9

mRNA-Induced Expression Signature

(A) Indel rates and HR rates per treatment group are

plotted as determined by TIDER analysis and TOPO

cloning, respectively. Each column represents four HSPC

CD34+ donors. All columns are means and error bars

depict SEM. (B) At 6 hr and 24 hr post-treatment, two

principal components (PC1 and PC2) accounting for

majority of variation are plotted for each treatment for each

donor, grouped by treatment. (C) At 24 hr post-treatment,

two principal components (PC1 and PC2) accounting for

majority of variation are plotted for each treatment for each

donor, grouped by donor. Signals from all probes on the

microarray were used as input for unsupervised clustering

by PCA. Each data point represents the average PC1 and

PC2 values of two technical replicates for an individual

CD34+ donor for each treatment.
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terminal repeat region30 and applied to cells at a MOI of 5E4 vector
genomes per cell.

For treatment groups expected to have significant formation of in-
sertions and deletions (indels; resulting from erroneous NHEJ repair
of DSBs) and HR (resulting from recombination of DSBs with
AAV6 donor template), we measured each using TIDER soft-
ware31,32 and analysis of Sanger sequencing reads from individual
TOPO-cloned PCR fragments, respectively (Figure 1A). As previ-
ously reported, we observed greater rates of indel formation
when Cas9 was delivered in the form of protein complexed with
sgRNA (RNP) than Cas9 in the form of mRNA.8 This likely also
accounts for the greater frequencies of HR that were observed
when delivering Cas9 in the form of RNP. As expected, HR was
only detected when Cas9 was delivered along with a DNA repair
template via AAV.

Unsupervised Clustering Identifies Treatment-Specific Effects

on the Transcriptome

Once microarray measurements were performed on all samples, we
determined whether treatment or donor-of-origin more heavily influ-
enced gene-expression profiles. Toward this end, we performed unsu-
pervised clustering of the microarray signals via principal component
analysis (PCA) on all samples at both 6-hr and 24-hr time points (Fig-
ure S1A). Following this unbiased clustering, samples were grouped
by treatment group (Figures 1B and S1B) as well as by mobilized pe-
ripheral blood donor (Figure 1C). In doing so, we observed that sam-
ples formed more distinct clusters when grouped by treatment rather
than by donor, indicating that exposure to specific components of the
editing machinery more heavily affects global transcription than the
expression patterns inherent to each individual donor.When grouped
by treatment, the mRNA and mRNA + AAV samples appeared to
form a distinct separate cluster relative to all other samples. This
was further confirmed by unsupervised hierarchical clustering, which
indicated that the greatest single difference between all treatments
was whether or not they were electroporated with Cas9 mRNA
(Figure S2).

In order to complement this analysis, we sought to quantify Euclidean
distance as a measure of similarity. We did so by deriving a cluster
score for all samples, including technical replicates, which repre-
sented degree of variation across principal components (average of
individual standard deviations across each of the top three principal
components for a specific grouping) (Figures S3 and S4). A lower
cluster score indicates greater similarity within a particular grouping.
This allowed us to more conclusively determine not only that tech-
nical replicates more closely resembled each other than any other
sample, but also that treatment had a greater bearing on transcription
than the patient that the cells were derived from.

Transcriptional Response to Editing Is Greatest at 24 hr

In order to determine the gene-level transcriptional response to edit-
ing machinery, we calculated the expression difference between each
treatment and appropriate control for all probes measured on the
arrays. Because these experiments were performed on samples from
four individual donors, we were able to derive p values (expressed
as �log10(p value), or “MLogP”) for the log2 expression ratio of
each probe between treatment and control samples. We then plotted
these values in the form of volcano plots for each treatment at each
time point (Figures 2 and S5). Accounting for multiple comparisons,
the Bonferroni-adjusted significance threshold was determined to be
MLogPR 7 (Table S1). This clearly indicated that the transcriptional
response to all of the editing machinery components was more pro-
nounced at 24 hr than at 6 hr. The greatest transcriptional response
was elicited when cells were treated with Cas9 mRNA, with a total
of 10,666 and 12,201 differentially expressed probes at 24 hr in
mRNA and mRNA + AAV samples, respectively (Figure S6). The
magnitude of this response is likely the cause of the segregation of
Cas9 mRNA samples from all other treatments when we performed
hierarchical clustering. Interestingly, we observed a skewing toward
Molecular Therapy Vol. 26 No 10 October 2018 2433
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Figure 2. Volcano Plots Depict Differential Expression Signatures of All

Treatments

(A) MLogP value is plotted against log2 of the ratio of the probe expression differ-

ence between specific treatment and mock electroporation treatment at 6 hr and

24 hr. (B) At 24 hr post-treatment, electroporation and AAV-only samples were

compared to non-electroporated control sample. The horizontal line indicates

Bonferroni-corrected significance threshold of MLogP R 7. The total numbers of

significantly down- and upregulated probes is shown in the top left and top right of

each plot, respectively.
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downregulation compared to the control treatment in Cas9 mRNA-
treated samples, suggesting dramatic global transcriptional repres-
sion. On the other hand, RNP and RNP + AAV samples appeared
to have the least influence on global transcription, with a total of
163 and 429 differentially expressed probes at 24 hr in RNP and
RNP + AAV samples, respectively (Figure S6).

Enrichment of Viral, DNA Repair, Mitotic, and Apoptotic GO

Processes

We determined whether the sets of differentially expressed probes
(corresponding to specific genes) for each treatment were enriched
for specific gene ontology (GO) processes. Therefore, we used signif-
icantly up- and downregulated genes for each treatment as separate
2434 Molecular Therapy Vol. 26 No 10 October 2018
inputs for GO enrichment analysis.33 Using this approach, we identi-
fied significantly enriched up- and downregulated GO processes in
all samples at a false discovery rate (FDR) significance threshold of
q % 0.01. We performed this analysis at both 6 hr and 24 hr (Fig-
ure S6). As mentioned earlier, we found that not only was the tran-
scriptional response greatest at 24 hr, but the number of enriched
GO processes was greatest at this time point as well. Therefore,
much of the downstream analysis was performed only on treatments
at 24 hr.

As expected, we observed that samples with greater numbers of differ-
entially expressed probes yielded greater numbers of enriched GO
processes (Figure S6). Accordingly, the Cas9 mRNA-treated samples
possessed the greatest number of enriched GO processes and the Cas9
RNP-treated samples the fewest. Because of their vast number and re-
petitive nature (Figure S7), we devised a visual representation that
grouped enriched GO processes into the most common pathways
for all treatments at 24 hr (Figures 3, S8, and S9). We also identified
the 10 genes most heavily contributing to the enrichment of these
pathways (Figure 4), which appear to depict the same treatment-spe-
cific trends.

We found that all components of the editing machinery elicited both
immune and stress responses. Though the stress response was similar
across all treatments, immune-related processes displayed much
greater treatment-specific variation. Cas9 RNP caused a relatively
modest immune response in comparison to the dramatic response
observed when cells were exposed to either electroporation or Cas9
mRNA. Surprisingly, though AAV6 evoked amoderate immune reac-
tion, we found no significant viral or interferon responses in this treat-
ment group. On the other hand, viral defense and interferon processes
were heavily enriched when cells were treated with Cas9 mRNA. In
fact, for both mRNA and mRNA + AAV samples, the three most
significantly enriched GO processes were “response to virus” (GO,
0009615; FDR q value = 4.0E-31 and 2.1E-28, respectively), “defense
response to virus” (GO, 0051607; FDR q value = 5.9E-29 and 1.7E-26,
respectively), and “type I interferon signaling pathway” (GO, 0060337;
FDR q value = 9.8E-28 and 6.7E-24, respectively) (Table S2).

The samples with the greatest immune response that did not involve
viral- or interferon-related processes were those exposed to electropo-
ration, AAV6, and Cas9 mRNA. Interestingly, these were also the
samples that possessed themost striking downregulation of metabolic
processes (Figures 3 and S9A). Of downregulated processes, the three
most significant for both mRNA and mRNA + AAV samples were
“cellular metabolic process” (GO, 0044237; FDR q value = 9.4E-73
and 1.9E-101, respectively), “metabolic process” (GO, 0008152;
FDR q value = 2.5E-67 and 5.2E-90, respectively), and “organic sub-
stance metabolic process” (GO, 0071704; FDR q value = 5.4E-53 and
2.7E-72, respectively) (Table S2). For samples exposed to either elec-
troporation or AAV6, the 10 most significantly downregulated GO
processes were metabolic. Though this broad metabolic downregula-
tion occurred in all but Cas9 RNP-treated samples, global transcrip-
tional repression appeared to be unique to Cas9 mRNA treatments



Figure 3. Cas9 mRNA and Electroporation Treatments Elicit Greatest Cellular Response

(A) At 24 hr post-treatment, percentage of enriched GO processes (FDR q value % 0.01) normalized by total number in each category across all treatments are plotted for

electroporated and AAV treatments compared to non-electroporated control. (B) At 24 hr post-treatment, normalized percentage of enriched GO processes compared to

electroporated control. GO processes differentially up- or downregulated are shown in blue and orange, respectively. All differentially expressed genes as well as enrichedGO

processes are provided in Tables S1 and S2, respectively.
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(Figures 3, S8, and S9). Such global transcriptional and translational
repression has been reported as a result of the type I interferon
response.34,35

Our genome-editing protocol used Cas9 to successfully initiate DSB
breaks, as indicated by significant indel formation (Figure 1A). As a
consequence, it is not surprising that we observed a DNA damage
response (DDR) signature that was most apparent in Cas9 RNP sam-
ples. Within differentially upregulated genes, Cas9 RNP-treated sam-
ples at 24 hr possessed the greatest number of DDR-related GO pro-
cesses (Figures 3 and S8). We did not observe enrichment of DDR
pathways at the earlier 6-hr time point (data not shown). Compared
to Cas9 RNP, Cas9 in the form of mRNA resulted in a lower indel fre-
quency. Thus, there seems to be a direct relationship between indel
frequency and the DDR response. Further qPCR analysis indicated
that the DDR is only apparent when a genome-targeting sgRNA is
complexed with Cas9, suggesting that it is the active formation of a
DSB that initiates the transcriptional DDR signature (Figure S10).

In terms of the ultimate effects of the editing process on cell survival,
we observed both repression of cell cycle and induction of apoptosis
within our treatments. The dramatic downregulation of cell cycle-
related GO processes was observed only in Cas9 mRNA-treated sam-
ples, which appears to have occurred concurrently with the global
metabolic and transcriptional repression unique to these samples.
Although the same cell cycle inhibition did not appear in the other
treatments (those exposed to electroporation, AAV6, and Cas9
RNP), we instead detected an upregulation of apoptotic processes.
This effect could be due to the combined or individual effect of
DNA damage, stress, and/or immune responses that were also
observed in these treatment groups.

Transcriptional Response to Editing Machinery at Gene-Level

Resolution

We next sought to identify the specific genes most heavily contrib-
uting to the various responses that we observed. In doing so, we iden-
tified all genes contributing to enrichment of GO processes for each
category from Figure 3. For each of these categories, we then plotted
the 10 genes that displayed the most highly significant fold change
(median MLogP) across all donors for all treatments compared to
appropriate control sample (Figure 4).

One of the most striking results was the dramatic upregulation of
interferon-related genes when Cas9 mRNA was delivered to cells.
In Cas9 mRNA-treated samples, we observed significant upregulation
of the interferon regulatory factor gene family (IRF1, IRF7, and IRF9)
DDX58 (also known as RIG-I) that is known to induce the interferon
response,36 as well as interferons themselves (IFI6, IFI16, IFNB1)
(Table S1). This is not surprising, since exogenous mRNAs have
been shown to cause an interferon response in CD34+ HSPCs,37

with particular upregulation of DDX58 and IRF7. Consistent with
these findings, we also observed significant downstream effects of
this response within genes that are reported to be induced by inter-
ferons, such as the 20-50-oligoadenylate synthetase gene family
Molecular Therapy Vol. 26 No 10 October 2018 2435
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Figure 4. Gene-Level Resolution of the Most Heavily Enriched GO Processes

At 24 hr post-treatment, the genes contributing to GO enrichment were compiled and the top 10 most significantly differentially expressed genes in each GO category are

shown (based onmedianMLogP values per GO category across all treatments). All differentially expressed genes as well as enriched GOprocesses are provided in Tables S1

and S2, respectively.
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(OAS1, OAS2, OAS3, and OASL),38 the interferon-inducible gene
family (IFI44L, IFIH1, IFIT1, IFIT2, IFIT5, IFITM1, and IFITM3),
as well as other interferon-inducible genes such as MX1 and
RSAD2, all of which displayed significant upregulation when cells
were exposed to Cas9 mRNA.

Not only was the interferon response unique to Cas9 mRNA treat-
ments, but we also observed dramatic transcriptional repression,
particularly of cell cycle-related GOs. Along these lines, we observed
significant downregulation of cell cycle regulator HMMR (also,
known as RHAMM). We also observed significant downregulation
of 13 cyclins (CCNA1, CCNA2, CCNB1, CCNB2, CCND2, CCND3,
CCNE1, CCNE2, CCNG1, CCNI, CCNK, CCNL2, and CCNY), 13
cell-division cycle genes (CDC7, CDC16, CDC20, CDC23, CDC25B,
CDC25C, CDC26, CDC27, CDC34, CDC37, CDC42, CDC45, and
CDC123), 10 cyclin-dependent kinases (CDK1, CDK2, CDK3,
CDK4, CDK5, CDK6, CDK9, CDK10, CDK13, and CDK19), and five
cyclin-dependent kinase inhibitors (CDKN1B, CDKN1C, CDKN2C,
CDKN2D, and CDKN3).
2436 Molecular Therapy Vol. 26 No 10 October 2018
Though Cas9 mRNA drove the most dramatic transcriptional
response, we observed upregulation of immune genes more uniformly
across treatments. For instance, JUN, which plays a prominent role in
innate and adaptive immunity, was upregulated across all treatment
groups aside from those exposed to Cas9 RNP. We also observed
common upregulation of apoptotic genes, such as BBC3 (also known
as PUMA), which is known to be upregulated in response to apoptotic
stimuli.39

Apoptotic Inhibition during Genome Editing

Not only do components of the genome-editing machinery display
differential effects on cell cycle and apoptotic regulation, but these
may explain previously reported differences in cell viability and/or
survival following the editing process (Extended Data Figures 1B
and 5B from Dever et al.8). In order to replicate these findings,
we performed an identical experiment and also found that delivery
of Cas9 in the form of mRNA decreased viability as well as colony-
forming ability by approximately 15% compared to Cas9 in the
form of RNP (Figures S11A and S11B). These results demonstrate
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not only that Cas9 mRNA elicits the greatest transcriptional
response—characterized by a unique pattern of global transcrip-
tional repression and cell cycle downregulation—but that it also
causes the most dramatic effect on cell survival. Because of this
loss of viability, even when incorporating well-tolerated chemical
modifications into the mRNA and sgRNA, we began to consider
whether inhibition of these responses would increase the viability
of cells undergoing editing.

The pathway for apoptotic inhibition appears to be both less
complicated and better understood than the complex processes of
immune and stress responses. In addition, many small molecules
have been reported to successfully inhibit apoptosis during cellular
stress.40 Therefore, we chose to focus our efforts on reducing
the apoptotic response during the editing process. Toward this
end, we first screened the effect of the following small-molecule
apoptotic inhibitors on cell survival in K562 cells when adminis-
tered following mock electroporation: BX795,41 GSK2606414,42

salubrinal,43 and Z-VAD-FMK.44 Across a wide range of concentra-
tions, Z-VAD-FMK (1–100 mM) appeared to have the least potential
for toxicity and displayed the greatest positive effect on cell viability
and cell count as assessed by trypan blue staining at 96 hr post-
electroporation (data not shown). We then tested the effect of
Z-VAD-FMK addition (1–100 mM) during electroporation of Cas9
mRNA or RNP plus sgRNA in CD34+ HSPCs. Using a more thor-
ough analysis—assessing viability with Annexin V and PI, rather
than trypan blue staining—we found no significant improvement
in cell viability. However, this could be due to the high viability
that we observed throughout the editing process, leaving little
room for improvement (Figure S11A). In order to determine
whether the addition of Z-VAD-FMK at time of editing could
improve long-term survivability, we also performed a colony-form-
ing assay using single-cell sorting into methylcellulose. This indi-
cated that addition of Z-VAD-FMK (3–30 mM) could improve
colony-forming ability, though this improvement did not achieve
statistical significance (Figure S11B).

To further investigate the effect of apoptotic inhibition, we identified
the upregulated genes from the microarrays that most heavily
contributed to the apoptotic signature that we observed during
RNP + AAV treatment. We then used this information to establish
a qPCR assay that could rapidly gauge the level of apoptotic response
to a given treatment. This allowed us to probe expression of a diverse
set of genes acting in immune and DNA-damage-response pathways
that have been linked to apoptosis, including BAX, CD70, MDM2,
RPS27L, and WDR33. We performed this assay on the samples
from Figure S11B in order not only to confirm that this apoptotic
response was invoked by the editing process, but also to determine
whether the addition of Z-VAD-FMK would be able to reduce this
response at the transcriptional level. In doing so, we observed that
the expression of all five genes was reduced when 10 mM of
Z-VAD-FMK was added to the electroporation mixture in the full
editing protocol (electroporation of RNP followed by AAV6
transduction) (Figure S11C). There also appeared to be a dose
response, as the apoptotic signature returned as higher concentra-
tions of Z-VAD-FMK were administered.

DISCUSSION
Artificial manipulation of cells and their environment often have
negative effects on cell viability and survival. Cytotoxicity has been
previously reported during genome editing in CD34+ HSPCs depend-
ing on the type of manipulation.8,45 However, prior to this study, it
was unclear which components of the editing process and which un-
derlying genes and pathways were most responsible for this delete-
rious response. By measuring genome-wide expression profiles, we
identified transcriptional responses that were unique to various com-
ponents of the editing protocol. And perhaps as expected, we also
found that some pathways—particularly immune, stress, and
apoptotic processes—were upregulated to varying degrees by all edit-
ing machinery components.

Of all components of the editing machinery, Cas9 mRNA elicited the
most dramatic transcriptional effect (Figures 3, S8, S9, and S12).
Compared to all other treatments, which had a relatively even split be-
tween up- and downregulated genes (Figure 2), the vast majority of
differentially expressed probes in Cas9 mRNA-treated samples were
downregulated. Among these probes, we found a particular enrich-
ment of genes involved in metabolism and cell cycle regulation (Fig-
ures 3, S8, and S9). There was also an abundance of other seemingly
unrelated processes that were coordinately downregulated (Fig-
ure S9B), suggestive of global transcriptional repression. These pat-
terns occurred regardless of whether or not Cas9 mRNA delivery
was followed by AAV6 transduction. Among the relatively few upre-
gulated genes within Cas9 mRNA treatments, we observed the
greatest enrichment of viral GO processes compared to all other treat-
ments. This enrichment for viral processes, as well as the apparent
global transcriptional repression, could be accounted for by the in-
duction of the interferon response that was unique to Cas9 mRNA-
treated samples. Toward this end, the interferon response has been
previously observed when exogenous RNA is delivered to cells,37

and this response has been shown to reduce global translation, likely
in an effort to reduce production of viral proteins.46,47 Our data sug-
gests that this repressive response may be primarily mediated at the
transcriptional level following exposure to non-specific, exogenous
RNA, which is mistaken by the cell to be a virus (Figure S13). This
reduction in global transcription (and likely translation) could
account for the reduced rates of indel formation when Cas9 was
delivered in the form of mRNA compared to protein pre-complexed
with gRNA (Figures 1A and S12). For this reason, various
modifications to the mRNA polymer have been tested and proven
to minimize the innate immune response. We incorporated two of
these, synthesizing the mRNA using 5-methylcytidine and pseudour-
idine, which have both been shown to dramatically reduce the
interferon response relative to unmodified mRNAs.20 Though these
modified mRNAs are expected to be an improvement over their
unmodified counterparts, which show reduced stability and transla-
tion, Cas9 in the form of RNP is much better tolerated by the cell
in comparison. This, combined with the fact that Cas9 protein
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complexed with sgRNA typically achieves higher indel rates and HR
efficiency (Figure 1A),8 demonstrates that Cas9 RNP is a safer and
more effective alternative compared to Cas9 mRNA when delivered
ex vivo by electroporation.

Likely as a result of the increased activity of Cas9 RNP, we observed
the clearest DDR in this treatment (Figures 3, S8, and S14A). Cas9 is
well-known to elicit a DDR, which is primarily thought to be a
byproduct of off-target activity.19 However, the sgRNA that we
used has been shown to have limited off-target activity, with low levels
of cutting observed at a single region outside the intendedHBB locus.8

This indicates that a single active cut site in the genome, one at which
the majority of cutting and repair has occurred within the first 2 hr,28

is enough to trigger a DDR that is detectable at the transcriptional
level 24 hr later. This could be due to recurrent cutting that occurs
at the cut site or simply a lag time involved in the transcriptional re-
action to DNA damage. Because one of the best-established down-
stream effects of elevated DNA damage signaling is programmed
cell death,48 it is not surprising that Cas9 RNP-treated cells also
showed an enrichment for apoptotic processes. However, the degree
of additional apoptosis when Cas9 RNP is included in the electropo-
ration solution (electroporation of Cas9 RNP compared to mock elec-
troporation control) was consistently less than the apoptotic effect
that results from mock electroporation and AAV transduction alone
(as determined by comparison to non-electroporated controls). This
indicates that electroporation and AAV transduction each contribute
more heavily to the apoptosis observed following the full editing pro-
tocol than does the introduction of Cas9 RNP.

Prior to this study, we had hypothesized that a DDR could be initiated
by AAV-mediated introduction of a single-stranded DNA (ssDNA)
repair template. However, we found no detectable DDR at the tran-
scriptional level in cells treated with AAV alone (Figure 3A). We
had also expected AAV transduction to elicit an immune response,
since systemic, humoral immune responses have been reported
with recombinant AAV.49,50 This has been shown to occur even
though these recombinant vectors, in which all viral genes have
been removed, display low immunogenicity compared to WT.49

Nevertheless, we found that the most heavily enriched processes
were in immune pathways (Figures 3, S8, and S14B). However,
none of these immune processes were associated with viral or inter-
feron responses. This was perhaps the greatest surprise—even though
we identified a dramatic viral response with Cas9 mRNA treatment,
exposure to bona fide virus in the form of recombinant AAV6 elicited
no detectable viral response.

It should be noted that the results reported in this study were derived
from a genome-editing protocol that yielded relatively low rates of HR
(Figure 1A). However, these low rates do not appear to be due to inef-
ficient delivery of genome-editing reagents (Figure S15). Rather, it has
been reported that the HR rates can be dramatically boosted by simply
altering the cell culture density of CD34+ HSPCs in order to promote
cell cycling, which is thought to be necessary for efficient HR.51

Therefore, it would be of great interest to perform additional tran-
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scriptional analysis on HSPCs that have been targeted using the
HR-optimized protocol.

To our knowledge, this is the first time that the transcriptional reac-
tion to components of genome-editing machinery has been reported
in non-immune primary cells. Our model system, editing of the SCD-
associated locus in patient-derived HSPCs, is currently being taken to
clinical trials. Gaining an understanding of the cellular response to the
editing process, at the resolution of particular genes and pathways, al-
lowed us to establish the comparative tolerance of the editing machin-
ery and to indicate how this process could be refined. Although it may
not be possible to eliminate all of the negative effects of the editing
process, electroporation of Cas9 in the form of RNP followed by
AAV6-mediated delivery of the template for HR represents an
extraordinarily well-tolerated approach. This is in comparison to
Cas9 delivered as a chemically modified mRNA, which is known to
be much better tolerated than unmodified mRNA as well as DNA
plasmid-based delivery. These data now provide a baseline by which
to evaluate the transcriptional response of cells targeted with mRNA
or sgRNA with alternative chemical modifications. Moreover, given
the broad use of ssODNs in genome editing, it would be of interest
to perform a similar analysis of the transcriptional response to
ssODN-mediated targeting in clinically relevant human cells.

In summary, these data establish a benchmark for cellular tolerance of
the most modern genome-editing process and to which further re-
finements may be compared. In doing so, we will ensure that genome
editing is as safe and efficient as it can possibly be and therefore maxi-
mize its translation to the clinic.

MATERIALS AND METHODS
AAV Production and Purification

The Glu6Val (E6V) AAV6 plasmid was cloned into pAAV-MCS
plasmid (Agilent Technologies) containing AAV2 inverted terminal
repeats (ITRs). The single-stranded donor contained 2.2 kb of homol-
ogous sequence both upstream and downstream of Glu6Val.8 AAV
was produced as described previously.52 Each 15-cm2 dish of 293FT
cells (Life Technologies) was transfected using polyethylenimine
(PEI) (linear, MW 25K) along with 6 mg ITR-containing plasmid
and 22 mg pDGM6 (gift from D. Russell), which contains AAV6
cap, AAV2 rep, and adenoviral helper genes. 72 hr post-transfection,
cells were harvested and lysed by freeze-thaw cycles and purified us-
ing an iodixanol density gradient by ultracentrifugation. AAV6 vec-
tors were then extracted from the 40%–60% iodixanol interface and
exchanged into PBS with 5% sorbitol using an Amicon centrifugal
filter 100K MWCO (Millipore Sigma) following the manufacturer’s
instructions. Vectors were titered after buffer exchange using qPCR
as described previously.30

Cell Culture

CD34+ HSPCs used for gene expression microarrays were obtained as
frozen stock derived frommobilized peripheral blood thawed accord-
ing to manufacturer’s instructions (AllCells). For follow-up experi-
ments, CD34+ HSPCs were obtained fresh from cord blood from
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donors under informed consent via the Binns Program for Cord
Blood Research at Stanford University. CD34+ HSPCs were purified
using the CD34MicroBead Kit UltraPure (Miltenyi Biotec) according
to manufacturer’s protocol. In brief, cells were cultured overnight
then stained using APC anti-human CD34 (BioLegend) and BD
Horizon V450 anti-human CD45 (BD Biosciences). HSPCs were
then obtained by sorting the CD34bright/CD45dim population on a
FACS Aria II cell sorter (BD Biosciences). HSPCs were cultured in
StemSpan SFEM II (StemCell Technologies) supplemented with
UM171 (35 nM), TPO (100 ng/mL), SCF (100 ng/mL), Flit 3 ligand
(100 ng/mL), interleukin-6 (IL-6) (100 ng/mL), Stem Regenin 1
(0.75 mM), 20 mg/mL streptomycin, and 20 U/mL penicillin. K562
cells were cultured in RPMI 1640 (HyClone) supplemented with
10% bovine growth serum, 100mg/mL streptomycin, 100 U/mL peni-
cillin, and 2 mM L-glutamine. All cells were cultured at 37�C with 5%
CO2. K562 cells were cultured at ambient O2 and CD34

+ HSPCs were
cultured at 5% O2. Cells were cultured at densities ranging from 1E5-
1E6 cells/mL.

CD34+ HSPC Electroporation and Transduction

The R-02 sgRNA used to target the HBB locus was synthesized with
chemically modified nucleotides containing 20-O-methyl-30-phos-
phorothioate at the three terminal positions at both 50 and 30 ends
(HPLC purified; Agilent Technologies). The genomic sgRNA target
sequence is 50-C TTGCCCCACAGGGCAGTAACGG-30 (PAM in
bold).53,54 Cas9 mRNA was synthesized with 5-methylcytidine and
pseudouridine (TriLink BioTechnologies). To form RNP, Cas9
protein (Life Technologies) was complexed with sgRNA at a molar
ratio of 2:5 at 25�C for 10 min immediately prior to electroporation.
CD34+ HSPCs were electroporated 1–2 days after thawing. For each
treatment analyzed with gene expression microarrays, 1E6 cells were
resuspended in buffer 1 M55 and electroporated using the Lonza
Nucleofector 2b (program U-014). For follow-up experiments,
CD34+ HSPCs were electroporated using the Lonza 4D-Nucleofector
(program DZ-100). As appropriate, the following conditions were
used: 150 mg/mL Cas9 mRNA with 100 mg/mL sgRNA, 300 mg/mL
Cas9 protein complexed with sgRNA. Following electroporation,
appropriate treatments were transduced with AAV6 at an MOI of
5E4 and incubated at 37�C until harvest at 6-hr, 24-hr, and 7-day
time points.

Measuring Indel and HR Frequencies

CD34+ HSPCs were harvested 7 days post-electroporation to deter-
mine indel and HR frequencies. Genomic DNA was harvested with
QuickExtract (Epicenter) and was used for PCR of the HBB cut site
with the following primers: forward, 50-CCAACTCCTAAGCCAGT
GCCAGAAGAG-30; reverse, 50-AGTCAGTGCCTATCAGAAACC
CAAGAG-30. TIDER software was used to estimate indel frequency
using Sanger sequences of the PCR amplicons.32 In order to assess
HR frequencies, the following primers were used to amplify the tar-
geted region: forward (outside homology arm), 50-GGTGACAAT
TTCTGCCAATCAGG-30; reverse (inside homology arm), 50-GAA
TGGTAGCTGGATTGTAGCTGC-30. The amplicon was gel purified
and re-amplified using nested PCR with the following primers: for-
ward, 50-GAAGATATGCTTAGAACCGAGG�30; reverse, 50-CCA
CATGCCCAGTTTCTATTGG-30. This amplicon was gel-purified
and cloned into a TOPO plasmid using the Zero Blunt TOPO PCR
Cloning Kit (Life Technologies) according to manufacturer’s instruc-
tions. TOPO reactions were transformed into competent E. coli and
plated on kanamycin-containing agar plates. 100 single colonies
were subjected to rolling circle amplification by MCLab and
sequenced using the following primer: 50-GAAGATATGCTT
AGAACCGAGG-30.

Microarray-Based Gene Expression Measurements

Two-fifths of the total number of cells were harvested from each treat-
ment for each of four donors at both 6 hr and 24 hr (with exception of
non-electroporated controls and AAV-only samples, which were
collected only at 24 hr) and subjected to RNA extraction. Fluores-
cently Cy3-labeled cRNA was generated from 100 nanograms of total
RNA for each sample per time point using the Agilent One-Color
Low Input Quick Amp Labeling Kit (5190-2305). Labeled cRNA
was fragmented and hybridized in duplicate to gene-expression mi-
croarrays (Agilent SurePrint G3 Human Gene Expression v3 8x60K
Microarray, G4858A-072363) for 17 hr at 65�C. After washing, all mi-
croarrays were scanned in a single run in random order at default set-
tings for an Agilent C Scanner using a single pass over the scan area at
a resolution of 3 mm and a 20-bit scan type. Data was extracted with
Agilent Feature Extraction Software (version 12.0.5.3) using the
default settings for the one-color protocol. All processed green signals
from transcripts measured on the array were used as input for unsu-
pervised clustering by PCA as implemented by the FactoMineR pack-
age in R (http://www.r-project.org). For each scanned feature per
treatment, median log2 ratio of expression levels was calculated as
log2(treatment/appropriate control). This value was then averaged
across all donors and replicates. Using a two-way ANOVA, we deter-
mined the likelihood that the observed fold change among the four
donors for each scanned feature is entirely due to chance (displayed
as�log10(p value) or “MLogP”). MLogP values greater than 7 should
be considered highly significant after Bonferroni correction.

GO Enrichment Analysis

To evaluate enrichment of particular GOs within upregulated or
downregulated gene sets, all genes that met the Bonferonni-corrected
significance threshold (MLogPR 7) were determined for each treat-
ment group at each time point. Those with positive log2R values were
included in the upregulated target gene set and those with negative
values in the downregulated target gene set. These were then used
as input as unranked lists of target genes against the unranked back-
ground set of all genes on the array into the GOrilla GO enrichment
analysis tool (http://cbl-gorilla.cs.technion.ac.il/).33 GOrilla reports
the FDR q value of each GO term following Benjamini-Hochberg
correction for multiple testing, and those GO processes with
FDR % 0.01 were considered to be highly significant.

Apoptotic Inhibitor Screen

For the initial screen, 1E6 K562 cells were resuspended in nucleofec-
tion buffer containing 100 mM KH2PO4, 15 mM NaHCO3, 12 mM
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MgCl2 � 6H2O, 8 mM ATP, 2 mM glucose and then electroporated
using the Lonza 2b Nucleofector (program T-016). 5E4 cells were
placed into individual wells of a 48-well plate at a density of 1E5
cells/mL and treatments of one of the following were added to
each well: BX795 (final concentration of 10 nM–20 mM) (Fisher
Scientific), GSK2606414 (3 nM–10 mM) (Fisher Scientific), salubri-
nal (100 nM–75 mM) (Santa Cruz Biotechnology), and Z-VAD-
FMK (1–100 mM) (Fisher Scientific). 4 days post-electroporation,
cells were analyzed for viability using trypan blue stain using an
automated cell counter. After the initial findings in K562 cells,
CD34+ HSPCs were isolated, cultured, and targeted as above,
and Z-VAD-FMK was added to the electroporation mixture
following electroporation (at a final post-dilution concentration of
1–100 mM) and viability was analyzed 24 hr post-electroporation
using Annexin V/PI staining.

qPCR Assay

We designed a qPCR panel in which we probed expression of
apoptosis-linked genes in order to rapidly gauge the apoptotic re-
sponses to various treatments. RNA was extracted from cells and
converted to cRNA using SuperScript III First-Strand Synthesis
(Invitrogen). qPCRwas then performed on a LightCycler480machine
(Roche) using Fast EvaGreen qPCR Master Mix (Biotium) according
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 39�. Relative
expression levels of individual genes were determined within each
sample by comparison to RPLP0 control probe (assay ID,
Hs99999902_m1; Applied Biosystems).

Methylcellulose Colony-Formation Assay

The colony-forming unit (CFU) assay was performed by FACS sin-
gle-cell sorting of live (Annexin V�/PI�) CD34+ cells into 96-well
plates containing MethoCult Optimum (StemCell Technologies)
2 days post-electroporation. At 15 days post-sorting, total numbers
of colonies were counted and compared to the total number of cells
sorted to yield percentage colony formation.
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