
Original Article
Efficient Delivery and Nuclear Uptake Is Not
Sufficient to Detect Gene Editing in CD34+ Cells
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CD34+ cells are prime targets for therapeutic strategies for
gene editing, because modified progenitor cells have the capac-
ity to differentiate through an erythropoietic lineage. Although
experimental advances have been reported, the associated
experimental protocols have largely been less than clear or
robust. As such, we evaluated the relationships among cellular
delivery; nuclear uptake, often viewed as the benchmark metric
of successful gene editing; and single base repair. We took a
combinatorial approach using single-stranded oligonucleotide
and a CRISPR/Cas9 ribonucleoprotein to convert wild-type
HBB into the sickle cell genotype by evaluating conditions
for two common delivery strategies of gene editing tools into
CD34+ cells. Confocal microscopy data show that the
CRISPR/Cas9 ribonucleoprotein tends to accumulate at the
outer membrane of the CD34+ cell nucleus when the Neon
Transfection System is employed, while the ribonucleoproteins
do pass into the cell nucleus when nucleofection is used.
Despite the high efficiency of cellular transformation, and the
traditional view of success in efficient nuclear uptake, neither
delivery methodology enabled gene editing activity. Our results
indicate that more stringent criteria must be established to
facilitate the clinical translation and scientific robustness of
gene editing for sickle cell disease.
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INTRODUCTION
Sickle cell disease (SCD) arises primarily from a genetic mutation
occurring in the third position of the sixth codon of the human
b-globin gene. This universal mutation has been the focus of work
by investigators interested in developing gene therapy approaches
to this inherited disease. Clearly, other changes in the genomes of in-
dividual patients can modulate both penetrance and responsiveness
to traditional therapy. However, it is generally recognized that
reversing this mutation within the context of the chromosome would
bring substantial improvement in the health and quality of life of the
SC patient. With the advancement of genetic engineering and genome
editing technologies, it is possible to envision a genetic remedy for the
sickle cell mutation. In our laboratory, we are focused on single-
stranded oligonucleotides (ssODNs) as effector molecules to direct
the correction of single base mutations. Although successful applica-
tion of single-agent gene editing has been demonstrated in proof-of-
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principle experiments,1 the frequency with which the mutation is
repaired or reversed falls below clinically relevant levels.

In an effort to increase the frequency of gene repair through nucleo-
tide exchange, the combinatorial approach uniting ssODNs and
CRISPR/Cas9 has begun to emerge as a feasible therapeutic approach.
Dever et al.2 reported efficient CRISPR/Cas9 gene editing at the
b-globin locus in hematopoietic stem cells using a Cas9 ribonucleo-
protein (RNP) and an adeno-associated viral vector to deliver the
donor DNA sequence. Earlier studies had demonstrated efficient tar-
geting through the combination of zinc-finger nucleases and ssODNs
or similarly structured donor DNA delivered by lentiviral vectors. Xu
et al.3 showed that CRISPR/Cas9 gene editing can be used to correct a
consensus T mutation important in the development of thalassemia
by using a mechanism in which a donor fragment containing HBB
intron 2 is inserted via homologous recombination at the proper
site and at a relevant frequency. These two studies use a combination
of transposition, physical delivery through Neon transformation
or nucleofection, and viral delivery, in some cases, to introduce the
proper gene editing tools into progenitor cells. A robust and
consensus delivery strategy that can guide investigators interested
in studying the mechanism of CRISPR/Cas9 uptake and its subse-
quent action is lacking. To address this issue, Hendriks et al.4

proposed using lipid-based transfection for the delivery of CRISPR/
Cas9 for gene correction, but delivery of gene editing tools in primary
cell cultures remains problematic. Some studies outline mechanisms
and formats for delivering gene editing tools, but none of them pro-
vide a primary quantitative analysis of efficiency of delivery.5–7 The
experimental readout is simply an indirect measure of gene editing
activity that, in some cases, could be unrelated to the efficiency of
vehicle transfection. The protocols and mode of vehicle delivery
used for gene editing are often described with minimal detail that
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Model System for Gene Editing of the Mutant EGFP Gene

(A) Appropriate segments of the wild-type and mutated EGFP gene with the targeted codon, located in the center of the sequence, are displayed in green and red. The

nucleotide targeted for exchange is bolded and underlined. The highlighted bases in blue represent the 2C CRISPR protospacer sequence, and the orange bases highlight

(legend continued on next page)
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often does not provide experimental evidence of uptake efficiency that
would enable other workers to reproduce or improve upon the effec-
tive protocol.

Considering the enormous potential of CRISPR-directed gene editing
for inherited diseases in general, and SCD in particular, we have
begun a quantitative, systematic analysis of the transfection efficiency
of CRISPR/Cas9 and ssODN into CD34+ cells.8,9 In parallel, we
attempt to couple these data to the outcome of gene editing activity
at the b-globin locus. We have taken a decidedly reductionist
approach, centering our efforts on two types of transfection proced-
ures designed to deliver the CRISPR/Cas9 payload into CD34+ cells:
Neon transformation and nucleofection. The overall objective of our
work is to use purely physical delivery to introduce both ssODNs and
CRISPR/Cas9 RNP into CD34+ cells. We evaluate the relationship
between transfection efficiency and gene editing activity based less
on conjecture and more on experimental and visual data. To this
end, we first analyzed delivery efficiency of RNPs into the cells, fol-
lowed by an analysis of the viability and status of CD34+ cells during
the experimental time frame. We were able to establish robust and
reproducible delivery of the RNPs into CD34+ cells. However, we
were unable to detect any genomic alteration, including the formation
of insertions or deletions (indels), a standard outcome of CRISPR/
Cas9 activity using either form of transfection methodology, regard-
less of whether the vehicle was transported into the nucleus. Our data
suggest that more stringent methodological and quantitative optimi-
zation of transfection conditions should be undertaken to establish
wide-ranging capabilities of introducing genetic change at the
b-globin locus.

RESULTS
Efficient Delivery of RNP Particles into HCT116 Cells and

Accompanying Gene Editing Activity

Our laboratory has been using HCT116 cells to study the mechanism
and regulation of targeted gene editing in mammalian cells.10–17 As
part of this investigation, we have been particularly interested in
the relationship between efficient delivery of gene editing tools into
the cell and into the nucleus, because it correlates with gene editing
activity. We established a test system in which a single copy of the
the protospacer adjacent motif (PAM) site. The oligonucleotide used in these experime
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mutated EGFP gene was integrated into HCT116 cells and expanded
clonally to create the uniform cell line HCT116-19.15 The mutation is
a single base change in a tyrosine codon, converting a TAC codon to a
TAG stop codon, which upon reversion will enable the production of
wild-type EGFP and subsequent visualization of a green fluorescence
in cells bearing the corrected gene.18 This reaction has been shown to
be catalyzed by ssODNs of a length ranging from 45 to 180 bases in a
process known as single-agent gene editing. Using this strategy, we
previously determined that approximately 0.5% to 1% of the targeted
cell population exhibit the converted phenotype. Addition of pro-
grammable nucleases, such as transcription activator-like effector nu-
cleases (TALENs) and CRISPR/Cas9 to the reaction mixture, leads to
a substantial increase in correction frequency. In particular, combina-
torial targeting with ssODNs and a properly designed CRISPR/Cas9
RNP produces correction frequencies between 6% and 12% routinely.
At times, we have seen this frequency elevate to almost 15%, and the
reaction depends on the cleavage site generated by Cas9 being located
within 50 bases upstream or downstream of the point mutation.19,20

Yet we do not know whether the activity we observe takes place as a
function of the efficient RNP uptake into the target cells. As we began
to transition into CD34+ cells, we felt it prudent to investigate and
evaluate this potential relationship in a validated and well-established
model system that has been used by many laboratories to understand
the process of gene editing.

Figure 1A displays the standard targeting model system, with the
G residue at the third position of the TAG stop codon highlighted
in red; the 180-mer ssODN is also presented. For this particular
experiment, we analyzed the transformation of the RNP into
HCT116-19 cells using a trans-activating RNA (tracrRNA) labeled
with ATTO647 at the 50 end, which is detected with a 633-nm laser.
As part of the assembled and active RNP, we measured the uptake of
the RNP into the cells after 24 hr using various dosages, ranging from
0.1 to 0.75 mM. As seen in Figure 1B, when the RNP is introduced into
HCT116-19 cells, a sigmoidal pattern of uptake is observed, with a
rather large increase seen between 0.2 and 0.5 mM, respectively. The
RNP was delivered with a 180-mer ssODN to direct point mutation
repair of the mutated EGFP gene, and we coordinately measured
the frequency of gene editing activity by analyzing the restoration
nts is 180 bases in length, bearing phosphorothioate-modified linkages at the three
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Figure 2. CD34 Surface Marker Expression over a 9-Week Period

PE-labeled anti-CD34 antibody was used to target the CD34+-cultured cells from

day 7 through day 63 after the initial cell culture was set up. Cells were analyzed

using the BD FACSAria II flow cytometer. The error bars represent SEM.
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of productive and visible EGFP production. As can be seen in this
figure, while extensive levels of transformation are achieved with as
little as 0.1 mM RNP particle using a standard electroporation proto-
col, significant levels of correction do not appear until 0.5 mM RNP is
transfected into the cells. In addition, the data demonstrate that an in-
crease in the dosage of the RNP particle increases the degree of inten-
sity of the labeled molecule in the cells. Altogether, these data suggest
that gene editing activity is facilitated when a significant number of
RNP particles have entered an individual cell and that high levels of
transfection frequency in the absence of highly intense individual cells
bearing the RNP is not a sufficient or predictable measure of the
outcome of a gene editing reaction.

Figure 1C shows that the transfection results of non-primary cells,
HCT116-19 colon cancer cells that harbor the mutated EGFP
gene, targeted using CRISPR/Cas9 RNP and ssODNs. The progres-
sion of the cell depth is revealed as the slice number of the z stack-
ing increases. RNPs were distributed throughout the HCT116-19
cells, including the nucleus, with noticeable gene correction of
EGFP visible in one of the cells in the view. The EGFP-corrected
cell exhibits green, while the labeled RNPs are distributed
throughout the DAPI-stained nucleus, appearing pinkish as the slice
number increases and then disappearing again as the sections reach
the cell bottom.

This model system is valuable because it allows us to test the activity
of CRISPR/Cas9 RNP particles designed to work at loci unrelated to
EGFP. In particular, we can use the HCT116 cells with a validated de-
livery system to measure the activity of a b-globin CRISPR/Cas9 RNP
designed for use in CD34+ cells. Figure 1D shows the sequence of the
HBB gene and the G5 CRISPR seed sequence7 designed to cut at the
designated site; the 72-mer ssODN, to direct single base exchange, is
also depicted. The RNPs were electroporated into HCT116-19 cells,
along with the ssODN at equimolar concentrations. After 72 hr,
DNA was extracted from the target cells, the genomic DNA was
amplified at the appropriate locus, and the sample was subjected to
Sanger sequencing. The results were analyzed using a program known
as Tracking of Indels by Decomposition (TIDE)21 and are displayed
in the lower panel of Figure 1D. These results support the notion
that the RNP particle is designed properly so as to be active at the hu-
man b-globin locus and is suitable for use in CD34+ cells. In addition,
we have previously shown robust gene editing activity at the HBB lo-
cus in K562 cells, using the G5-targeting CRISPR/Cas9.22 When
RNPs were developed to target a separate site in the erythroblast
Hel92.7 cell line, indel formation was recorded at 77% of the clonal
populations that were isolated (data not shown). However, this indel
pattern was heavily weighted toward heterozygous knockouts, with
only 14% of the analyzed clones exhibiting indel formation in all
copies of the gene.

CD34+ Marker Stability in Cultured Cells

The progenitor cells used in this study are characterized primarily by
CD34+ surface marker expression and are isolated from primary
bone marrow samples. We wanted to determine the length of time
that these populations of CD34+ cells maintain some degree of pro-
genitor status after being placed in culture. CD34+marker expression
is highest during the first week of the initiation of cell culture and de-
creases over time (Figure 2). By day 7, we observe that more than 50%
of the cells retain their progenitor characteristics. These data provide
some guidance for the establishment of a legitimate experimental
workflow and time frame for the optimal addition of gene editing
tools.

Optimization of the RNP and ssODN Delivery into CD34+ Cells

After we had verified the activities of all components in the gene edit-
ing toolbox, we turned to an examination of the relationship between
cellular uptake and reagent delivery to the gene editing activity at
the b-globin locus. The targeting system using a CRISPR/Cas9
nuclease and an ssODN, to direct single base exchange, is displayed
in Figure 3A. Two Cas9 CRISPR RNA (crRNA) seed sequences,
one positioning the cutting activity 1 base downstream of the targeted
nucleotide and a second sequence directing cleavage 17 bases down-
stream of the nucleotide, are illustrated and aligned with the ssODN.
The specific break sites on the target gene are indicated by the yellow
arrows, and these two seed sequences are designated G5 and G10,7

respectively. CRISPR/Cas9 is introduced into the cells in the form
of a RNP complex. CD34+ cells were transfected with various RNP
doses (0.1, 0.2, and 0.5 mM), and uptake was measured via fluores-
cence-activated cell sorting (FACS) 48 hr later by following the
labeled (ATTO550) tracrRNA. Results show a steadily increasing
transfection efficiency correlating with increasing levels of intracel-
lular RNP (Figures 3B and 3C).

Although transformation of CRISPR/Cas9 RNPs into progenitor cells
has some value for geneticists interested in gene disruption, the con-
ditions for RNP uptake must be evaluated and optimized in the pres-
ence of ssODNs, because these molecules are an integral part of reac-
tions designed to repair a point mutation. Because the conditions for
transfection established in Figures 3B and 3C led to productive levels
of RNP particles in CD34+ cells, we used the same conditions and
compared CD34+ cells transfected with RNP alone to cells transfected
Molecular Therapy: Nucleic Acids Vol. 11 June 2018 119
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Figure 3. Transfection of CD34+ Cells with Increasing Levels RNP Using a Standard Neon Transfection Protocol

CD34+ cells transfected with different concentrations of RNP and analyzed on the LSR flow cytometer 48 hr post-transfection. (A) Sequences for the HBB gene and the

G5 CRISPR and G10 CRISPR seed sequences were used in these studies. (B) Representative dot plots and histograms for cells transfected with increased concentrations of

RNP. Gates on the dot plots are set according to the untransfected cells set to 0.2% positive, and the percent positive cells are of the total cell population. (C) Graph

represents the percent uptake of the total cells transfected with 0.2 to 1 mM RNP.
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with RNP plus the specific 72-mer ssODN (HBB). We transfected
CD34+ cells with 0.2 mM RNP, used as our standard RNP concentra-
tion, but with two concentrations of the specific ssODN and a non-
specific ssODN used previously to target a mutant EGFP gene in
HCT116-19 cells. Overall, the results showed the same trend seen
in previous experiments: the addition of ssODN at two levels
decreased labeled RNP uptake (Figure 4).

The results reported in Figure 4 indicated that the addition of ssODN
affects the transfection efficiency of the labeled RNP particle. The next
step was to validate the uptake efficiency of ssODN in the CD34+
cells. We reverse the reaction conditions so that the ssODN is labeled
instead of the RNP particle. CD34+ cells were then analyzed for suc-
cessful transformation of a Cy5.5-labeled ssODN, at two levels, using
conditions based on information provided by the manufacturer (In-
tegrated DNA Technologies, Coralville, IA). The results are presented
in Table S1. The transfection of the ssODN held constant under most
120 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
of the conditions, with only a modest increase in ssODN uptake
observed when the level of the ssODN was doubled. These data sug-
gest that ssODNs are efficiently transfected into CD34+ cells under
conditions that also provide detectable and robust levels of RNP
uptake.

A significant reaction parameter that is often overlooked in experi-
mental protocols aimed at understanding the transformation of pri-
mary cells is the time at which uptake is analyzed. Once we had
confirmed coordinated RNP and ssODN uptake from 24 to 48 hr,
we carried out an experiment in which the same conditions used in
the data presented in Table S1 were tested by varying the time at
which the experiment was ended. The results of these experiments
are presented in Figure 5A and reveal significant RNP uptake at early
times during the reaction period, coupled to a decrease in RNP uptake
as reaction time is increased from 16 to 72 hr. These results represent
the optimized conditions, and because a significant amount of



Figure 4. Transfected CD34+ Cells Analyzed 24 hr

Post-transfection with the Addition of ssODNs

CD34+ cells were transfected with 0.2 mM RNP and

analyzed 24 hr post-transfection for percent RNP uptake.

The results show the addition of HBB 72-mer Oligo and

EGFP Oligo both decrease the RNP uptake, but to

different degrees. The concentration of the oligo did not

seem to change the percent uptake. The dot plots show

representative flow cytometry graphs from one set of

transfections, and the table shows the range of numbers

observed in the experiments. All transfections were per-

formed using the standard Neon transfection protocol.
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Figure 5. Analysis of CD34+-Transfected Cells with RNP

(A) Cells were transfected with 0.2 mM RNP alone and analyzed at the designated

time points post-transfection. Percent uptake represents the positive cells out of the

total cell population. These transfections were performed using the Neon system.

(B) Representative images of CD34+ single-cell-derived colony types. After trans-

fection, CD34+ cells were sorted and grown in plates with MethoCult medium, over

a 14-day culture time, and images were taken of the colonies under a 10� objective

using a bright-field microscope.
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transfection occurred, we proceeded to carry out single- andmultiple-
cell cloning of CD34+ cells.

Both single- and multi-cell sorts were performed and plated in
MethoCult to obtain clones (see Methods and Materials). Cells
were sorted as described in Methods and Materials and allowed to
grow for 14–16 days in culture. CD34+ cells differentiated into four
main types of colonies from both single-cell sorts in the 96-well plate
and mixed single-cell culture in the 6-well plates. Representative im-
ages were taken, and the colony types were characterized based on the
phenotypic differences (Figure 5B). The colonies obtained from the
targeting experiment showed the differentiation of the CD34+ cells
into colony-forming unit-erythroid (CFU-E); burst-forming unit-
erythroid (BFU-E); colony-forming unit-granulocyte, macrophage
(CFU-GM); and colony-forming unit-granulocyte, erythroid, macro-
phage, megakaryocyte (CFU-GEMM) colonies.

Genetic Analyses of Gene Editing Activity

The data demonstrating efficient cellular uptake using the combina-
tion of the RNP and ssODN prompted us to analyze the outcome
of gene editing at the b-globin locus. As shown previously in Fig-
ure 3A, two seed sequences create a double-stranded break 1 or 17 ba-
ses downstream of the target nucleotide. The ssODN designed to
122 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
direct nucleotide exchange is also depicted below the G5 and G10
seed sequences. We used our optimal transfection conditions, as
defined earlier, and targeted the b-globin gene for single base change
through the action of the RNP and the ssODN. Then, 24 hr after
introduction of the RNP particle into the CD34+ cells, genomic
DNA was isolated and sequenced by Sanger sequencing. Sequences
were analyzed to identify any gene editing activity within the
whole-cell population through the use of TIDE (described earlier).
This program analyzes DNA based on multiple stretches of sequence
alignment. First, the program determines where the CRISPR/Cas9
cleavage site is located by comparing the imported seed sequence to
the sequence of the wild-type control sample chromatogram. Once
this cleavage site is determined, TIDE generates an alignment win-
dow, stretching from a supplied base number (default, 100 bp) to
5 bp upstream of the CRISPR cleavage site. This window is then
used to align the control sample chromatogram with the test sample
chromatogram, the sequence file of the CRISPR/Cas9-treated sam-
ples. Once alignment of the test and control chromatograms is
achieved, TIDE is ready to determine indel size. A decomposition
window is generated, with the left and right boundaries being deter-
mined by the user along simple guidelines: the left boundary must be
located x bp from the cleavage site, where x is the indel size range +
5 bp. As seen in the upper panel of Figure 6A, we were unable to detect
any indel formation or single base change within the population of
CD34+ cells in a reaction containing either the G5 or the G10 crRNA
seed sequences. We also performed numerous experiments with un-
labeled RNP and locked nucleic acid (LNA)-modified RNPs (Figures
S3A and S3B) and still did not see robust indel formation. We wanted
to rule out any effect of the label on the RNP and interference with
genetic activity.

We next carried out the same analyses on populations of cells that had
been grown as a single clone. The clonal expansion was generated by
placing a single CD34+ cell isolated from the population of targeted
cells into a 96-well plate, as described earlier. As seen in the lower
panel of Figure 6A, we again find no evidence of indel formation or
see evidence of the single base change in the 28 clones analyzed. Small
bars at other indel size positions of the TIDE-produced graph (in
black) are artifacts generated by the low level of background present
in the analyzed sequence file; a p value of 0.001, as determined by the
readable length of an individual subsequence, is required to be consid-
ered a significant indel.

Finally, we pushed the limits of using RNP concentrations well above
any reported concentrations to see whether we could push indel for-
mation while maintaining some cell health. To this end, we performed
experiments using 3 mM (300 pmol) RNP, with and without modifi-
cations, as seen in Figures S3A and S3B, but also 5 mM (500 pmol)
RNP with non-significant indel formation (data not shown).

Visualization of RNP Uptake into CD34+ Nuclei and Associated

Gene Editing Activity

The lack of genetic modification directed by the RNP and ssODN was
puzzling, particularly with previously published methods and results



(legend on next page)
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that indicated otherwise. We reasoned that the RNP and the ssODN
may be efficiently introduced into the body of the cell but may not be
penetrating the nuclear membrane with sufficient efficiency to enable
genome modification. Thus, the CD34+ cells were transfected with
the ATTO550-labeled RNP using our standard Neon transformation
protocol, as described in Methods and Materials. The ATTO550-
labeled RNP (with labeled tracrRNA) appeared red, and the DAPI-
stained nuclei appeared blue. The RNP tends to form clusters, and
as shown in Figure 6B, the RNP reached only the outside of the nu-
clear membrane; it was not dispersed within. In addition, we tested
an ATTO550-labeled crRNA in Figure 6C to make the RNP complex
and again saw similar results of RNP clusters outside of the nuclear
membrane. These results support the notion that the RNP did not
enter the nucleus at a level that enabled gene editing activity, and
the results are similar when either RNA molecule harbors the
ATTO550 label in the RNP complex.

The apparent disconnection between transfection efficiency and gene
editing activity prompted us to use a different type of genetic transfer
system. One of the most popular is nucleofection, primarily applied
through a Lonza transfection system. For these experiments, we em-
ployed conditions suggested by the manufacturer that presumably
had been optimized for the delivery of gene editing tools into
CD34+ cells. We carried out the same type of experiment and analysis
that had been previously described for uptake of the labeled RNP and
ssODN depicted in Figure 3. The amount of labeled RNP was
measured after 16, 24, 48, or 72 hr, and the results are depicted in Fig-
ure 7A. In comparison to the cellular uptake promoted by the Neon
electroporation system, nucleofection appears to deliver a higher per-
centage of labeled RNP into the cells at each time point. Similar to the
results produced from Neon transformation, however, the amount of
RNP remaining in the cell appears to diminish as a function of time.
Figures 7B and 7C exhibit the results of confocal microscopy using
z stack analysis, demonstrating that in most cells (a specific example
is depicted herein), the labeled RNP particle appears to have traversed
into the nucleus, as evidenced by the blending of blue and red
to generate a pink opaque color within the nucleus. This result stands
in contrast to the results obtained with Neon transformation
measured similarly by z stack analysis (Figures 6B and 6C).

Because a larger percentage of the CD34+ cells was found to contain
the labeled RNP, and confocal microscopy revealed a high degree of
Figure 6. Transfection of CD34+ Cells Using the Two RNP Complexes with 1 m

(A) Cells were transfected with RNP, using the optimized Neon transfection parameters,

transfected cells was collected 24 hr post-transfection and analyzed as whole-cell pop

G10 site, but the G5 site gave more indel formation, so single-cell clonal analysis was per

with MethoCult. After 20 days in culture, colony types were obtained and collected for c

28 clones were analyzed. The cells analyzed from this experiment were transfected with

ATTO550-labeled tracrRNA to make the RNP complex, 16 hr post-transfection. The t

uptake conditions. This is a representative image showing a field of cells, top view (left

images represents a single CD34+ cell post-transfection. The images are shown in num

The images show a lack of true nuclear localization of the RNP complex in the cell. Th

(C) Representative z stack images of CD34+ cells transfected with ATTO550-labeled c
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nuclear delivery, we undertook genetic analysis of the transfected
population via indel formation and TIDE analyses. The experimental
protocol was identical to the protocol used to generate the data pre-
sented in Figure 6. We again detect no significant indel formation
and no point mutation change directed by the co-transfected ssODN
(HBB) (Figure 7D). To maximize the possibilities of detecting indel
formation, the results depicted in the two panels of Figure 7D were
generated using 3 mM G5 or the G10 seed sequence.7

DISCUSSION
The acclaimed genetic engineering tool, CRISPR/Cas9, will realize its
full potential when robust and reproducible methods for delivering
the package into primary cells are fully developed. It is widely
accepted that improving the transport efficiency into the cell, and
moreover into the nucleus, is the benchmark of success for generating
a genetically altered genome. The data reported in this paper suggest
otherwise. A short literature review produces an overwhelming num-
ber of strategies for delivering gene editing tools into primary cells,
none of which appear to have significantly overlapping or comple-
mentary steps. For example, although it seems that gene editing in
CD34+ cells using the RNP appears to be straightforward and well
established, numerous discrepancies exist, thereby confounding and
limiting the robustness of this approach. Two common methodolo-
gies, Neon transformation and nucleofection, are employed by a
variety of laboratories, but within each group, different instrument
settings, different concentrations of CRISPR/Cas9, and different sour-
ces of CD34+ cells are used (Table 1). In addition, the methodology
of preparing the CD34+ cells for transformation varies widely, and
descriptions outlining these treatments are often vague, making
attempts at reproducing the work challenging at best (Table 1).

In this work, we begin the reinvestigation (and perhaps reestablish-
ment) of suitable and valid benchmarks that might be foundational
and robust for a translatable and applicable gene editing system for
SCD. We have taken a decidedly reductionist approach by examining
the fundamental relationship between delivery and detectable gene
editing activity. We chose to use bone marrow-derived cells for our
analyses because this source of primary cells is the most practical
and logical for clinical implementation of this technique in patients.
The use of patient-derived bone marrow cells would provide the
best option for impactful gene editing, with the caveat of patient
health concerns that could arise during the process.
g of ssODN

and sorted 24 hr post-transfection based on ATTO647-labeled cells. A portion of the

ulations. No correction was seen in the whole-cell population at either the G5 or the

formed. Single cells were sorted into each well of a 96-well dish that was pre-coated

lonal analysis. No correction was seen at the target site in any of the clones. In total,

the Neon system. (B) Representative z stack images of CD34+ cells transfected with

op panel shows cells that were transfected using the Neon system with optimized

) and side view (right), with a lack of nuclear RNP localization. The bottom series of

erical order from 1 to 10, representing images from the top of the cell to the bottom.

e RNP complex appears to be blocked near the outside of the nuclear membrane.

rRNA to make the RNP complex, 16 hr post-transfection.



Figure 7. Cellular and Genetic Analysis of the Population of CD34+ Cells Transfected with Labeled RNP Using Nucleofection

(A) Cells were transfected with 0.2 mM RNP and analyzed at the designated time points post-transfection. Percent uptake represents the positive cells out of the total cell

population. These transfections were performed using the Nucleofector 2B device. The images show clear nuclear localization of the RNP complex. There is also some RNP

complex that appears to be blocked near the outside of the nuclear membrane. (B) Representative z stack images of CD34+ cells transfected with ATTO550-labeled

tracrRNA to make the RNP complex 16 hr post-transfection. The images are shown in numerical order from 1 to 8, which represent images from the top of the cell to the

bottom. (C) Representative z stack images of CD34+ cells transfected with ATTO550-labeled crRNA to make the RNP complex, 16 hr post-transfection. (D) Cells were

transfected and collected 72 hr post-transfection for whole-population TIDE analysis.
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To establish a baseline relationship between delivery and successful
gene editing, we first used a well-established gene editing system in
which all reaction components have been validated and clearly
defined.18 We report that although significant RNP delivery is
achieved at low concentrations, a significant level of gene editing ac-
tivity is realized only when the highest levels of RNP are electropo-
rated into the cell. We also show that nuclear delivery is easily
achieved in the HCT116-19 cell model systems. These observations
lead to the hypothesis that there is no direct correlation between effi-
cient cellular uptake and genome modification directed by an RNP.

We translated the reaction parameters that enabled activity in
HCT116-19 cells to bone marrow-derived CD34+ cells, replacing the
mutant EGFP gene with the human b-globin gene. We found that
CD34+ cells maintain phenotype for approximately 1–2 weeks, sug-
gesting that experiments must be carried out during this time frame
to achieve targeting of CD34+ cells within this dynamic and evolving
population. Dose-dependent uptake conditions of both RNP and spe-
cifically designed ssODNs that were optimized for Neon transforma-
tion and nucleofection were obtained. Uptake into target cells was
also time dependent, because measurements of delivery efficiency
were altered as a function of the time at which uptake is analyzed.
This analytical parameter is important, because primary publications
reporting successful gene editing in CD34+ cells routinely report that
the best time to analyze uptake lies between 24 and 48 hr. Our targeted
population is capable of developing into a variety of colonies grownand
MethoCult media over a 14-day time frame, including colonies that
exhibit BFU-E, CFU-GM, and CFU-GEMM phenotypes. Because
these colonies appear readily in culture, the mechanism of delivery
does not depress cell viability or cell destiny.
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Table 1. Delivery Options for CD34+ Gene Editing

CD34+ Cell Source Culture Conditions
No. Cells
Transfected

Kit for
Transfection Mode of Transfection CRISPR/Cas9

Reference
No.

Mobilized peripheral
blood

NA (X-VIV015 media +
cytokine supplements)

500,000
P3 Primary Cell
4D-Nucleofector
kit

Lonza 4D-Nucleofector
(program EO-100)

10 mg sgRNA, 15 mg Cas9
mRNA. and 1 mg plasmid

28

Mobilized peripheral
BM and CB

1–2 days cells in culture before
transfection (StemSpan SFEM
II
media + listed cytokines)

5 million–
80 million

Human T Cell
Nucleofector kit

Nucleofector 2b device
(program U-014)

Cas9 protein/sgRNA or Cas9
mRNA/sgRNA + AAV6
donor
vector

2

Mobilized peripheral
blood

24 hr cultured cells before
transfection (StemSpan
SFEM +
CC110 cocktail)

100,000–
200,000

Lorita P3 solution
Lonza 4D-Nucleofector
(program 00100 or ER1
OO)

72–200 pmol Cas9 RNP +
100 mM ssDNA

26

Peripheral blood
of SC patients

cells expanded 7 days before
transfection (StemSpan
SFEM II + CC100 cytokine
cocktail)

5,000–
10,000

Human CD34 Cell
Nucleofector kit

Nucleofector 2b device
(program U-008)

1st electroporation, l0mg Cas9
mRNA; 2nd electroporation,
sgRNA and HDR template

29

Peripheral blood
and CB

2 days in culture before
transfection (StemSpan +
cytokines)

150,000–
250,000

Neon Transfection
System (10 mL kit)

Neon Transfection System
(1,600 V, 10 ms, 3 pulses)

200 ng-1 mg sgRNAs + 1 mg
Cas9 protein

6

CB and BM of
SCD patients

2 days in culture before
transfection (X-VIV015 +
cytokines)

200,000 BTXpress buffer

BTX ECM 830 Square
Wave
Electroporator (250 V,
5 ms)

ZFN mRNA +
oligonucleotide

30

Mobilized peripheral
blood

NA (not easily found)
1 million–5
million

NA
Nucleofector 2b device
(program U-008)

2 � 10 mg DNA plasmid
encoding gRNA, Cas9, and
GFP

31

The options available for the delivery of gene editing tools into CD34+ cells. BM, bone marrow; CB, cord blood; HDR, homology-directed repair; NA, not applicable; ssDNA, single-
stranded DNA; SC, sickle cell; ZFN, zinc-finger nuclease.

Molecular Therapy: Nucleic Acids
As presented in Figures 6 and 7, we find no relationship between cell
delivery and gene editing activity. It is possible to explain the negative
results generated from cells that have undergone Neon transforma-
tion, because z stack confocal microscopy images indicate that the
labeled RNP did not enter the nucleus. Rather, the RNP appears to
assume a punctate conformation localized at the surface of the nu-
clear membrane. However, the results are more perplexing when
we analyze genetic data from samples in which the RNP was intro-
duced by nucleofection. Here, despite abundant nuclear uptake, no
gene editing activity was detected.

Furthermore, we tested two HBB single guide RNAs (sgRNAs)
(G5 and G10) as sgRNAs complexed with Cas9 protein. The sgRNAs
were generated synthetically and transfected under similar concentra-
tions (1 mM RNP). We noted a minor increase in indel formation.
This seems to be themost robust step for gene editing in bonemarrow
CD34+ cells, and we have found that other labs are having success
with gene editing using these synthetically made sgRNAs in both
cord blood and mobilized CD34+ cells. In addition, we tested the
efficiency of in vitro-transcribed sgRNA and found a similar minor
increase in indel formation in bone marrow-derived CD34+ cells.

Many reports touting success of gene editing for SCD and thalassemia
in CD34+ cells use cord blood-derived cells instead of bone marrow-
derived cells.23–26 Reasons for the choice of cord blood cells are the
126 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
differences in telomere dynamics, cell-cycle progression, differential
gene expression profiles, and most importantly, autocrine production
of cytokines.25 Cord blood contains more primitive progenitors that
are multi-potent and have long-term culture-initiating cells. They
possess higher proliferation and expansion potentials and have supe-
rior capacity for self-renewal compared to bone marrow- or periph-
eral blood-derived cells.25 These cellular metabolic characteristics
may be why cord blood-derived cells, while perhaps impracticable
for therapeutic use, are more amenable to gene editing activity.
Although cord blood-derived cells are superior in many aspects, there
are some serious drawbacks. To have successful adult cell transplan-
tation, many CD34+ cells will be required: one unit of cord blood may
minimally benefit a child, but several units of cord blood would be
necessary to provide benefits to an adult.23,25,26 A second major hur-
dle is the significant delay in engraftment seen with cord blood cell
transplantation into adults compared to bone marrow or mobilized
peripheral blood transplants.23,24 Finally, cord blood contains a low
number of naive T cells, which make the immune recovery after um-
bilical cord blood transplantation low, leaving the recipients more
prone to severe infections.23

So why have we been unable to observe genetic conversion in CD34+
cells? A simple reason is that we established strict and conservative
parameters to judge both cellular or nuclear uptake and gene correc-
tion. Considering the difficulty in transferring experimental protocols
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from lab to lab, we feel that a more conservative methodical approach
is warranted. Another reasonmay be that we designed our CD34+ cell
experimental protocol based on the levels of RNP required to produce
significant point mutation repair and indel formation in HCT116
cells (Figure 1). This was done purposely, because our goal is to set
a foundation for the correlation of cellular uptake and gene editing
events; the molar ratio of RNP particles to target gene in CD34+ cells
still exceeds 100,000. If we were to increase the amount of RNP intro-
duced into cells, as others have done,27 we would likely be able to force
gene editing activity and produce results. But this experimental strat-
egy comes at a price, because the viability of the cell population would
be adversely affected and translation into the clinical setting would
become highly problematic. In the long run, gene editing of specific
mutations must occur with a concurrent maintenance of cell viability.
Increasing the amount of genetic tool simply to achieve a specific
outcome is not, in our opinion, a scientifically meritorious approach.
The data reported in this manuscript may begin to establish the basis
for carving out guidelines as to how best to evaluate practicality and
efficiency of gene editing activity in CD34+ cells for clinical applica-
tion, particularly for SCD.

MATERIALS AND METHODS
Cell Culture Conditions

Bone marrow CD34+ cells were purchased from Stem Express
(Folsom, CA). Cells were thawed according to the manufacturer’s
protocol and grown in StemSpan serum-free expansion motif
(SFEM) II (STEMCELL Technologies, Vancouver, BC) supplemented
with StemSpan CD34+ Expansion Supplement (STEMCELL Tech-
nologies, Vancouver, BC). Cells were cultured in suspension, main-
tained at 0.5 � 106–1.0 � 106 cells/mL, and incubated at 37�C and
5%CO2. Cell number was evaluated using Countess FL (Life Technol-
ogies, Carlsbad, CA), and culture medium was changed when cell
viability would drop below 85%. All cells before transfection were
R90% viable and only in culture for 4–5 days. HCT116-19 cells
were cultured as previously described.18

CD34+ Progenitor Determination

CD34+ expression over time was analyzed using a phycoerythrin
(PE)-conjugated mouse anti-human CD34 antibody (BD Biosciences,
catalog No. 50941) and compared to a PE-conjugated mouse anti-hu-
man immunoglobulin G (IgG) control (BD Biosciences). 200,000
CD34+ cells were harvested for each time point of analysis. The
appropriate antibodies were added to the cell suspensions and incu-
bated at 37�C for 30 min. The cells were washed twice with PBS
and analyzed by flow cytometry. Samples were run at the Center
for Translational Cancer Research (CTCR) Flow Cytometry Core
Facility at the Helen F. Graham Cancer Center & Research Institute
(HFGCC&RI), using the BD FACSAria II flow cytometer, or at the
Wistar Flow Cytometry Facility (Philadelphia, PA).

Assembly of Cas9 RNP Complex

The recombinant Cas9 protein, ATTO647-labeled tracrRNA,
ATTO550-labeled tracrRNA, HBB gene targeting custom-made
crRNAs (G5 and G10), ATTO550-labeled crRNA, and EGFP crRNA
were a gift from IDT (Integrated DNA Technologies, Coralville, IA).
The sequences can be found in Table S2. The individual components
were reconstituted to make the RNP complex at various molar ratios
of protein and RNA, 1:1 Cas9 to crRNA and tracrRNA. The RNP
complex was built and used according to the Alt-R CRISPR/Cas9 Sys-
tem transfection protocol provided on IDT’s website.

Optimization of the Delivery of Cas9 RNP Complex and ssODNs

We varied the RNP concentrations from 0.1 to 0.75 mM and ssODNs
from 0.6 to 1.35 mg in 2.0� 105 CD34+ cells, and the Neon Transfec-
tion parameters were optimized with voltage (1,150–1,700 V), dura-
tion (10–40 ms), and pulse (1–3). The Neon Transfection 100 mL kit
with buffer R was used for these experiments. The total volume of cell
solution and transfected materials added did not exceed 110 mL. The
optimal condition for RNP delivery into the CD34+ cells was found to
be 1,600 V, 10 ms, and 3 pulses. The transfected CD34+ cells were
transferred into 6-cell plates containing 2 mL of pre-warmed, com-
plete CD34+ cell culture medium. The cells were grown in the culture
for 16–72 hr, harvested, and subjected to flow cytometry for delivery
efficiency of the ATTO-labeled RNP complex. For optimization ex-
periments on CD34+ cells, a HBB gene targeting custom-designed
72-mer ssODN was synthesized by TriLink.

Clonal Expansion of HBB-Edited CD34+ Cells

Two methods of performing clonal expansion of HBB-edited CD34+
cells were carried out. One method was to mix the bulk amount of
cells that have undergone gene editing with MethoCult Express me-
dium and plate in 6-well plates for colony formation. The other pro-
cedure was to sort the ATTO-labeled, RNP-containing CD34+ cells as
single cells into each well of a 96-well plate for clonal expansion. Each
well of the 96-well plate had 100 mL of MethoCult pre-plated before
FACS. The single cells were allowed to grow for 14–16 days in culture
until colonies were fully developed. The CD34+ cells differentiated
into four main types of colonies. The colony types were classified as
CFU-E, BFU-E, CFU-GM, or CFU-GEMM. The descriptions of
each colony classification can be found in the manufacturer’s manual
(STEMCELL Technologies). Each colony was taken out of theMetho-
Cult medium by diluting with pre-warmed PBS and collecting the
samples in Eppendorf tubes. Each tube was spun down for 10 min
at 100 � g, and the cell pellets were frozen at �20�C for DNA isola-
tion, HBB gene amplification, and sequencing.

Confocal Microscopy

CD34+ cells were transfected with either ATTO550-labeled
tracrRNA- or ATTO550-labeled crRNA-complexed CRISPR/Cas9
RNP using the Neon system or Nucleofector 2B device. Then, 24 hr
after the delivery of the CRISPR/Cas9 RNP, CD34+ cells were har-
vested and spun down at 700 rpm for 5 min. The cells were washed
once with PBS and fixed with BD Cytofix/Cytoperm Fixation and
Permeabilization Solution at 4�C for 20 min. Cells were rinsed with
PBS, centrifuged at 700 rpm for 5 min, resuspended in 15 mL of
PBS, and transferred onto a microscope slide. A drop of ProLong Dia-
mond Antifade Mount with DAPI (Life Technologies) was applied
onto the cells, and a #1.5 coverslip was placed atop to complete the
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preparation of themicroscope sample. A Zeiss LSM880 laser scanning
confocal microscope at the Delaware Biotechnology Institute (DBI)
was used to visualize and acquire the 3D multi-channel data.
A 63� oil objective lens and channel light sources (bright-field-trans-
mitted light and 405- and 561-nm lasers) were used. The ATTO550-
labeled RNP is shown in red, and DAPI-stained nuclei appear blue.
HCT116-19 cells post-electroporation were grown in Nunc Lab-
Tek II Chambered Coverglass plates for 72 hr, rinsed with PBS, and
fixed with BD Cytofix/Cytoperm Fixation and Permeabilization Solu-
tion at 4�C for 20 min. The fixation solution was aspirated, cells were
rinsed with PBS twice, and a drop of ProLong Diamond Antifade
Mount with DAPI (Life Technologies) was applied on the cells. The
treated cell samples were investigated under a Zeiss LSM880 laser
scanning confocal microscope at DBI. A 63� oil objective lens and
four channel light sources (bright-field-transmitted light and 405-,
488-, and 561-nm lasers) were used. To construct the 3D images of
the cells, z stacking and 3D building functions of the confocal micro-
scope system were used. The z stacking slice intervals were set as
280 nm, and the pixel size was selected as 1,024 � 1,024 pixels. An
average of 4 or 8 scanning data per light channel were acquired for
each sample. The image data were processed to construct stationery
images of 3D movies using ImageJ (NIH).

Gene Editing Reactions

The combination of the 72-mer NT ssODNs and Cas9 RNP complex
was used to convert the A-T base change of the HBB gene in CD34+
cells. The Neon transfection delivery method, cell number, and condi-
tions were the same as in the RNP uptake experiments except for the
addition of various amounts of the 72-mer ssODN. 3mMRNPcomplex
concentrations were used per gene editing reaction. In addition, for the
nucleofection experiments, Nucleofector 2b device was used. 200,000
CD34+ cells were harvested, centrifuged at 100 � g, and suspended
in Human CD34+ Cell Nucleofector Solution (Lonza, Basel,
Switzerland) to a final concentration of 2.0 � 105 cells per 100 mL of
buffer. The total volume of cells, RNP complex, and 72-mer ssODN
was transferred to the certified Nucleofector 2B device cuvette. The
sample was electroporated using Nucleofector 2B device U-008. After
electroporation, the cells were resuspended in 500 mL of supplemented
culture medium and carefully transferred into 6-cell plates containing
2mL of pre-warmed, complete CD34+ culturemedium. The cells were
grown in the culture for 72 hr and harvested, and genomic DNA was
isolated for sequencing. The sequencing data were analyzed for sickle
cell mutation conversion and damage assessment using the software
program TIDE (Netherlands Cancer Institute, https://tide.nki.nl/).
HCT116-19 cells were targeted and analyzed as previously described.18

The Bio-Rad Gene Pulser was used18 to deliver the RNP and the
ssODN. EGFP targeting custom-designed 180-mer oligonucleotide
was synthesized by IDT(IntegratedDNATechnologies, Coralville, IA).

DNA Sequencing and Mutagenesis Analysis of the CD34+ and

HCT116-19 Genomic DNA

PCR products were verified by DNA sequencing by Genewiz (Union,
NJ). Individual CD34+ cell clones were analyzed by TIDE to deter-
mine individual sub-sequences within the multi-peaked breakdown
128 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
product after CRISPR/Cas9 activity. The TIDE analyses provide a vi-
sual of the sequence decomposition, the indel patterns of the clone,
and the relative ratios of each clonal indel pattern, serving as an inter-
mediate step in determining each allelic profile. By using the indel
patterns and their relative ratios provided by TIDE, the control trace
sequence and a clonal trace sequence were manually aligned, allowing
visualization of the indel patterns of each allele of a particular clone.
In addition, whole-cell populations of CD34+ cells 72 hr post-trans-
fection were analyzed by TIDE before clonal expansion and selection.

Statistical Analysis

For statistical comparisons among groups, Student’s t test was used
where appropriate.
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