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Figure S1. Three strategies to prepare long ssDNA donors in the lab. (A) ivTRT represents in vitro 
transcription and reverse transcription [1-3]. The template dsDNA is first transcribed into RNA by 
T7 RNA polymerase, and then reverse transcription is performed to yield RNA/DNA hybrids. By 
degrading the RNA strand by RNase treatment, long ssDNA donors can be prepared. For pure 
ssDNAs to be obtained, gel separation and extraction steps are needed. (B) The nicking endonucle-
ase method is based on the double nicking of plasmid DNA [4,5]. The objective fragment is first 
cloned into a plasmid vector using nicking endonuclease sites, and then the plasmid is digested by 
the enzymes. The nicked plasmid is denatured and subjected to agarose gel electrophoresis. The 
band corresponding to long ssDNA is excised and extracted. For 2 μg of long ssDNA to be obtained, 
100 μg of plasmid needs to be digested. (C) In the phospho-PCR method [6-8], the substrate dsDNAs 
for exonuclease reactions are amplified by a pair of normal primer and 5’-phosphorylated primer. 
First, Lambda exonuclease selectively digests the phosphorylated chains of the duplex to yield ssD-
NAs. Subsequently added Exonuclease III helps the completion of ssDNA production. The resulting 
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ssDNA can be easily purified by using spin-column without laborious gel separation steps. For 2 μg 
of long ssDNA to be obtained, only 10 μg of dsDNA needs to be digested. Abbreviations: GOI, 
gene cassette of interest; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA. 

 
Figure S2. Long ssDNA donors prepared by the phospho-PCR method could be used for electroporation-mediated Cre 
recombinase knock-in. (A) Dcx-T2A-iCre knock-in allele (same as Figure 2A) and the genotyping primers are depicted. 
Dcx_Fw and Dcx_Rv were designed outside from the donor DNA’s homology arms to exclude the detection of unintended 
random integrations. (B) PCR screening for blastocysts derived from the electroporation using long ssDNA donor. Aster-
isks indicate the sequence-verified knock-in embryos with correct T2A-iCre insertion (No.20, 23, 34, and 37). (C) Boundary 
sequences between the Dcx gene and T2A-iCre cassette analyzed by using the genome DNA from No.20 embryo in (B) are 
aligned. 

Table S1. CRISPR RNAs used in this study. 

Locus Name Supplier Sequence (5' to 3') 

All the loci 

tracrRNA FASMAC 
AAACAGCAUAGCAAGUUAAAAU-

AAGGCUAGUCCGUUAUCAACUUGAAAAAGUG-
GCACCGAGUCGGUGCU 

tracrRNA IDT1 

AGCAUAGCAAGUUAAAAU-
AAGGCUAGUCCGUUAUCAACUUGAAAAAGUG-
GCACCGAGUCGGUGCUUU (with modifications to 

block endonucleases'/exonucleases' attacks) 

Dcx Dcx-crRNA FASMAC 
UUAGCCUAUCAUCUUUCACAguuuuaga-

gcuaugcuguuuug 

Dcx Dcx-crRNA IDT1 
AltR12/UUAGCCUAUCAUCUUUCACAguuuuaga-

gcuaugcu/AltR22 

Tubb3 Tubb3-crRNA FASMAC 
AGCUGCGAGCAACUUCACUUguuuuaga-

gcuaugcuguuuug 

Tbr2 Tbr2-crRNA FASMAC 
AAAGGUUAAAAUAAUGCUCUguuuuaga-

gcuaugcuguuuug 

Oxtr Oxtr-crRNA FASMAC 
CCAUCCUCGGCAUGAGCCAUguuuuaga-

gcuaugcuguuuug 



Cells 2021, 10, 1076 3 of 5 
 

 

Nr4a2 Nr4a2-crRNA FASMAC 
CUUGGGAGAAGGUCUUAGAAguuuuaga-

gcuaugcuguuuug 

Cdh11 Cdh11-crRNA FASMAC 
GUCAUCAUCAAAAGUGUCUUguuuuaga-

gcuaugcuguuuug 

Pcdhb19 Pcdhb19-crRNA FASMAC 
CAAUAGUUUUGGGUUAUUUAguuuuaga-

gcuaugcuguuuug 

Pax6 Pax6-crRNA IDT1 
AltR12/UCGAUUACAGUAAAGAGAGAguuuuaga-

gcuaugcu/AltR22 
1 IDT: integrated DNA technologies; 2AltR1, AltR2: modifications to block exonucleases' attacks. 

Table S2. PCR primers used in this study. 

Figure Knock-In Allele Primer Name Sequence (5' to 3') 

Figure 2A, 2C 
Figure S2A, S2B 

(genotyping) 
Dcx-T2A-iCre 

Dcx_Fw GGCCACTAGTATTCCCAGGAAC 
iCre_Rv GTCCCTGAACATGTCCATCAGGTTC 

T2A-_Fw GAAGTCTGCTAACATGCGGTGAC 
Dcx_Rv CAGCCTTCCAGAGAAGGAAGAC 

Figure 2B 
(phospho-PCR) 

Dcx-T2A-iCre 
5P-Dcx_Fw2 

5'Phos/ TCACACAAATAA-
GAACATGCCAG 

Dcx_Rv2 TAGTTTCTGAACAAATTGAGTGGG 

Figure 4A, 4C 
(genotyping) 

Pax6-mCitrine 

Pax6_Fw CGTAGAATCTACCTATGCGGATGGTG 
mCitrine_C_Rv AACTCCAGCAGGACCATGTGATC 
mCitrine_N_Fw TAAACGGCCACAAGTTCAGCGTGTC 

Pax6_Rv GCAAAGGTCCTTGGTTCTAGTCCATTC 

Supplementary Information 

1. Designing dsDNA Templates for the Phospho-PCR Methods 
According to the previous report, 55–105 base long arms homologous to the genome 

sequence flanking the targeted site of integration are enough for long ssDNA donors to 
effectively produce knock-in mice. In the present study, 102–413 base homology arms 
were also shown to be sufficient (Table 2). To determine the length of homology arms, we 
need to specifically consider availabilities of adequate primers for the high-fidelity PCR 
enzyme, PrimeSTAR Max DNA Polymerase (Takara Bio), instead of sticking with the ho-
mology arms' "length". To obtain clear single dsDNA substrates for the exonuclease reac-
tions by PCR, we recommend designing primers that are 24–27 bases long with relatively 
higher melting temperature (Tm) (60–62 °C). The manufacturer's instructions could be in-
formative (https://www.takarabio.com/documents/User%20Man-
ual/R045A/R045A_e.v1510Da.pdf) (accessed on 30 April 2021). 

Next, the initial dsDNA templates for the phospho-PCR can be designed by arrang-
ing the homology arms determined above at both sides of gene cassette of interests (GOI). 
In ordering the artificial synthesis of the designed dsDNA, we recommend choosing the 
sequence-verified cloned gene because the cheaper gene blocks without cloning services 
sometimes contain the incorrect bases. Similarly, in constructing the dsDNA templates by 
yourself employing In-Fusion cloning, all the bases are needed to be checked by full se-
quencing. 

2. Optimization of PCR Conditions to Amplify Pure Single Product as Exonuclease Substrates 
There are two choices for primer combinations: 5'-phospholylated forward primer 

(5P-F) and normal reverse primer (R) to yield antisense ssDNA or normal forward primer 
(F) and 5'-phospholylated reverse primer (5P-R) to yield sense ssDNA. In many cases, 
little difference between the two has been noticed in terms of PCR product yields, long 
ssDNA yields, and knock-in efficiencies obtained. In case of any problems with one pri-
mer combination, it is possible to switch it to another. 
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As shown in Figure S1-C, 10 μg of dsDNA should be digested to obtain 2 μg of long 
ssDNA. We usually obtain 10 μg of dsDNA can be amplified from 200 μL of PCR mixture. 
Before scaling up the reaction mixture to 200 μL, we recommend performing the PCR op-
timization by using 10 μL mixture for each condition described below. 

Starting the primers' concentrations at 0.2 μM and the annealing temperature at 60°C 
are recommended by using the adequate primer sequences described in Supplementary 
Information 1. For the template concentration to be rigorously optimized, dilution series 
of [500 pg/μL, 5 pg/μL, and 2.5 pg/μL] for the final concentrations of [25 pg/μL, 0.25 pg/μL, 
and 0.125 pg/μL] are usually prepared. In many cases, final concentrations of 25 pg/μL or 
0.25 pg/μL were noticed to be suitable to amplify pure single products. In cases that there 
are still observed non-specific amplifications, the annealing temperature should be raised 
to 62 °C or 63 °C. 

In scaling up the PCR mixture to 200 μL after determining the best condition, aliquot-
ing 200 μL into eight tubes (25 μL each) is recommended to obtain enough PCR products 
by ensuring the temperature control. This extra effort is also important in preparing con-
centrated long ssDNA for electroporation by scaling up the PCR mixture. 

For the electroporation-mediated knock-in mouse generation, the volume of initial 
PCR mixture could be scaled up more than five times, and the following exonuclease re-
actions could be performed in five tubes in parallel. To concentrate the long ssDNAs, they 
were collected into one tube and precipitated by using isopropanol. After the pellet is 
washed with 75% ethanol, it can be dissolved in a small amount of OptiMEM I (approxi-
mately 5 μL) by heating the tube at 55 °C. Gentle yet more than 100 times' pipetting might 
be needed to completely dissolve the pellet. To check the concentration and the integrity, 
we can dilute a tiny amount of the concentrated ssDNA for the NanoDrop (Thermo Fisher 
Scientific, Waltham, MA, U.S.A.) measurement and the agarose gel electrophoresis. 

3. Manual ssDNA Production by Utilizing Lambda Exonuclease and Exonuclease III 
The starting substrates can be amplified by the phospho-PCR as described in Supple-

mentary Information 2. For microinjection, 10 μg of dsDNA substrates from 200 μL of PCR 
mixture is usually prepared to obtain 2 μg of long ssDNA. The PCR products were puri-
fied by using NucleoSpin column (Takara Bio). A small portion of the mixture was used 
to measure the concentration on NanoDrop, and the amounts of products were calculated. 
First, 10 units of Lambda exonuclease (New England BioLab M0262) were added to 10 μg 
of dsDNA substrates to digest 5'-phospholyrated chains of dsDNAs. After 30 min incuba-
tion at 37 °C, the reaction mixture was heated at 75 °C, 10 min, to inactivate the enzyme. 
Next, 90 units of Exonuclease III (Takara Bio 2170A) were added to the reaction mixture 
to complete the ssDNA production. The incubation time should be rigorously adjusted 
depending on the starting dsDNA's length. As a standard, the reaction mixture is usually 
incubated for 1 min per 300 bases at 37 °C. After inactivating the enzyme at 65 °C, 5 min, 
we checked a small portion of the reaction mixture on the agarose gel electrophoresis to 
confirm the ssDNA purity. Then, the remaining mixture was purified by NucleoSpin col-
umn (Takara Bio) to obtain ssDNAs. For microinjections, ssDNAs were eluted by 12 μL of 
0.1× TE buffer (described in the Materials and Methods section). To increase the ssDNA 
recovery, we pre-heated 0.1× TE buffer (70 °C) before use, and the column was incubated 
for 5 min before the spin down. The ssDNA concentration was determined by analyzing 
1 μL of the eluted solution on NanoDrop. The concentration could be 150–200 ng/μL. We 
preserved 5 μL aliquots at –80 °C until use. 
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