
3. ssDNA Synthesis Process Development

5. Insertion of Donor Sequences into iPS Cells

Figure.  An example of flow cytometry fluoresce mapping 
used in data analysis of cytotoxicity assays shows the 
difference between the higher percentage of killed K562 
cells and the living NAMALWA cells.  On the w axis is which is 
the stain used to identify the target cells, on the y axis is also 
7AAD positive. 
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4. Assessing ssDNA Quality and Yield

DNA Donor % GC Content in UCOE Length of UCOE Total DNA Length

1 75% 456 bp 1790 bp

2 75% 761 bp 3420 bp

3 75% 761 bp 2095 bp

Sample Sequence Elements Length 

(kb)

Reaction Size ssDNA 

Yield (µg)

% Yield

dsDNA Mass (µg) Reaction Volume (µl)

A 5’ AAVS1h90-SFC-GFP-wpre-SpA-AAVS1h90 3’ 1.6 92 460 16.7 36.3%

B 5’ AAVS1h90-SFC-IDO1-SpA-AAVS1h90 3’ 1.8 100 500 18.1 36.2%

C 5’ AAVS1h90-SFC-ROR1-CAR-SpA-AAVS1h90 3’ 2.0 457 4,570 24.8 10.9%

D 5’ AAVS1h90-SFC-ROR1-CAR-GFP-SpA-AAVS1h90 3’ 2.8 357 3,570 33.2 18.6%

E 5’ AAVS1h90-EF1α-IL7-IL15-hGHpA-AAVS1h90 3’ 2.9 100 500 13.9 27.8%

Sample

Ladder A B C D E

ds ds ss ds ss ds ss ds ss ds ss

Percentage, by mass, of residual dsDNA in ssDNA sample

0.3% 0.2% 0.3% 0.2% 0.3%

Sample A B C D E

ssDNA Size (kb) 1.6 1.8 2.0 2.8 2.9

Insertion Efficiency 13.9% 12.9% 11.0% 2.7% 1.6%
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Figure 2. Digestion of dsDNA containing either one or five 5’

phosphorothioate (PS) linkages with lambda or T7 exonuclease. 2.7kb GFP-

encoding dsDNA with either 1-PS (lane 1) or 5-PS (lane 2) were each treated with

either T7 exonuclease (lanes 3 and 4) or lambda exonuclease (lanes 5 and 6). Gel

electrophoresis was performed using a 2% agarose gel. For a given dsDNA >

~1kb, its corresponding ssDNA will run higher (on a 2% agarose gel).

Table 1. DNA with regions containing GC-rich universal chromatin opening

elements (UCOEs). Three DNA samples (1, 2, and 3), each containing a UCOE

sequence with 75% GC content, are described below.

Figure 4. Lambda exonuclease digestion of dsDNA with GC-rich regions (left),

and subsequent T7 exonuclease treatment (right). Left: Untreated (lanes 1, 3,

and 5) and lambda exonuclease-treated (lanes 2, 4, and 6) DNA on a 2% agarose

gel. Right: Lambda exonuclease-digested DNA samples were subsequently treated

with T7 exonuclease and run on a 2% agarose gel (lanes 7, 8, and 9).

Figure 3. Treatment with T7

exonuclease following lambda

exonuclease digestion

removes residual double-

stranded product. Lambda

exonuclease-digested DNA

samples (Figure 2, lanes 5 and

6) were subsequently treated

with T7 exonuclease. The

resulting products were run on a

2% agarose gel.

Table 2. Donor ssDNA sequences and yield. Five ssDNA samples (A, B, C, D, and E) were selected for analysis. Sequences consisted of the

following: 90bp of 5’ and 3’ AAVS1 homology, promoter (SFC or EF1α), coding sequence, and polyadenylation site. After purification, all

samples were >1µg/µL with no further concentration required. Yield reflects the mass of ssDNA obtained after a single elution.

Figure 6. Method of calculating percentage, by mass, of residual dsDNA in ssDNA

samples. Here, we show a 3.1kb ssDNA sample (lane 1) loaded on a 2% agarose gel at

a high mass such that residual dsDNA (lower band) is detectable. The same ssDNA

sample was co-loaded with a double-stranded DNA standard of known mass (lane 2).

The intensity ratio of the residual dsDNA and the double-stranded standard enabled

calculation of the former, which could then be expressed as a percentage of the total

ssDNA sample mass.

Figure 5. Side-by-side

comparison of precursor

dsDNA and purified ssDNA,

and quantification of

residual dsDNA

contamination. 2% agarose

gels were loaded with double-

stranded (“ds”) DNA (left

lanes) and the corresponding

enzymatically-synthesized

single-stranded (“ss”) DNA

(right lanes). Percent dsDNA

contamination, by mass, was

calculated using the method

outlined in Figure 6.

Figure 7. Insertion efficiencies of ssDNA donors in iPSCs. iPSCs were co-electroporated with ssDNA donors and

AAVS1-targeting UltraSlice gene editing mRNA. PCR was used to evaluate insertion efficiency, which was calculated using

the intensity ratios of inserted (upper) to uninserted (lower) bands. 1kb ladders (left lanes) and PCR products (right lanes)

are shown for each sample.

Figure 8. Insertion efficiency is higher for shorter (<2kb) than for longer

(>2.5kb) donor ssDNA. The five ssDNA donors evaluated were grouped

according to size (1.5 – 2kb, left, n=3; and >2.5kb, right, n=2). Bars

represent standard error, and p=0.003.

Figure 9. Gene expression in iPS cells

electroporated with a 2.5kb EF1α-GFP ssDNA

donor. iPS cells were imaged 6 days post

electroporation with a GFP-encoding ssDNA donor

and AAVS1-targeting UltraSlice gene editing mRNA.

Insertion efficiency was 2.1%. Brightfield (left) and

GFP (right) images are shown.

1. Introduction

Gene-editing proteins can be used to create single- and double-strand breaks at specific genomic sites for knocking out a

gene or, when combined with an exogenous DNA donor, knock-in of a defined sequence. However, current methods of

synthesizing single-stranded donor DNA – which exhibits lower toxicity and is less prone to random genomic integration than

double-stranded DNA (dsDNA) – for gene knock-in suffer from low yields, contamination with residual dsDNA, length

limitations, and high cost. Here, we present an enzymatic approach for producing long (>2.8kb) and concentrated (>1µg/µL)

single-stranded DNA (ssDNA) suitable for generation of knock-in lines of human induced pluripotent stem (hiPS) cells.

• Sequential treatment of double-stranded DNA with lambda and T7 exonucleases yields highly 

concentrated single-stranded product with minimal residual double-stranded contamination.

• A single 5’ phosphorothioate linkage is sufficient for blocking digestion of the desired strand.

• Single-stranded DNA synthesized using this method can be inserted into iPS cells via mRNA 

gene editing-mediated knock-in.

• Gene-edited iPS cells display expression of the donor single-stranded DNA.

• Overall, the platform we present may prove useful in the development of gene-editing 

therapeutics.

This work is protected by one or more pending patent applications.
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2. Single Stranded DNA Synthesis Workflow

Figure 1. Overview of single-stranded DNA synthesis from plasmid DNA. Double-stranded DNA was PCR amplified from plasmid templates using a modified
forward primer that incorporated either one or five consecutive 5’ phosphorothioate (PS) linkages on one strand and a 5’ phosphate group on the other strand.
Resulting PCR products were treated with exonucleases to eliminate the phosphorylated strand, generating single-stranded DNA encoding the sequence of interest.
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