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Figure S1. Gene targeting in the marmoset NANOS3 gene locus. (A) Graphical schematics of the
wild-type (WT) marmoset NANOS3 allele (NANOS3™'; top), knock-in NANOS3 one
(NANOS3*"; middle) and puromycin cassette-excised one (NANOS3X!4Pur: hottom). Black boxes
and arrows indicate endogenous exons of the NANOS3 gene and primer binding sites (externally
from the homology regions) for genotyping PCR. White triangles indicate self-cleaving porcine
teschovirus-1 2A sequence (P2A). ITR, excisable Piggybac transposase inverted terminal
sequence; Puro ATK, puromycin resistance gene fused to the N-terminus truncated thymidine
kinase-1. (B) Genotyping PCR analysis of puromycin-resistant cmES cell clones following
transfection of the NANOS3-Venus targeting vector and Cas9/gRNA vector. Ho, homozygous KI.
All analyzed (eleven) clones harbored homozygous NANOS3! alleles, although the clone #6
(Ho*) harbored aberrant (truncated) recombinant alleles homozygously. 1 Kb Plus DNA Ladder
(Thermo Fisher Scientific) was used as a DNA marker (shown as “M”). (C) Genotyping PCR

analysis of a puromycin cassette-excised knock-in cmES cell clone (originally from the #7 clone



in Figure S1B) with a WT control. Detailed procedures of cassette excision were described
previously [1]. (D) DNA sequencing analysis of the recombinant alleles of the homozygous
knock-in clone #7 (shown in Figure S1B). We confirmed P2A4-Venus was precisely integrated to
the direct downstream of the endogenous NANOS3 coding sequence.
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Figure S2. Normalized genes expression of HR-related genes in human and marmoset PSCs. The

expression levels were treated with log10.
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Figure S3. Normalized genes expression of NHEJ-related genes in human and marmoset PSCs.

The expression levels were treated with log10.
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Figure S4. Western blotting analysis of RADS51 protein in human and marmoset PSCs. (A) Raw
data of digital electrophoresis simultaneously detecting RAD51 (37 kDa) and a-tubulin (50 kDa)

proteins. (B) Average RADS51 expression (normalized by a-tubulin) in respective PSC lines.
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Figure SS. Gene targeting in human PROX1 locus. (A) Graphical schematic of PROX1-Venus
KI. Gray arrows indicate primer biding sites for genotyping. (B) Representative results of
PROX1-Venus KI using Cas9/sgRNA with or without the overexpression vectors of RAD51C/D
and BRCA1/2. (C) Summary of KI experiment results using the PROX1-Venus targeting vector
with or without the HR factor-overexpressing vectors. (D) DNA sequencing analysis of the

PROX-Venus KI allele in the vicinity of the last codon.



Figure S6
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Figure S6. Genotyping PCR analysis of WT (left lane) and G418/6-TG-resistant iPSCs (right
lane) in the HPRT locus. PCR was performed using two specific primers
(CTGGCTGGGTCCTAGTTTATGCT and ATGCATAGCCAGTGCTTGAGAAG). Primer

binding sites are also shown in Supplementary Sequence.
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Figure S7. DNA sequencing analysis of the PCR-amplified HPRT™® allele in G418 and 6-



TG resistant iPSCs (shown in Figure S7). (A) Sequencing of the vicinity of the junction of the
5” homology arm and external region. (B) Sequencing of the vicinity of the direct upstream of the
piggyBac 5’LTR (the PGK-Neo cassette shown in Figure 3A is flanked by piggyBac LTRs). (C)
Sequencing of the vicinity of the termination codon of the Neomycin-resistance gene. (D)
Sequencing of the vicinity of the direct downstream of the piggyBac 3’LTR. Full sequencing

alignment data are available in Supplementary Sequence.

Figure S8
Sham (no-DNA transfected) +BRCA2
(:'J' «019+0.11% 6.31+0.45% 0.45+0.01% 37.38+0.45%
E
(£E> 80.99+0.18% 12.52£0.16% 49.521+0.21% 12.66 = 1.09%

AmCyan-hGem (S/G2/M)

Figure S8. Cell cycle analysis using FACS and Fucci2.1-transfected etK A iPSCs. The iPSCs were
transfected with the BRCA2 overexpression vector (+BRCA2) or without (sham; only TE buffer

was used for transfection).

Supplementary Discussion

RADS51 and DMC1 are the eukaryotic homologues of bacterial Rec4 and archaeal RadA
[2,3] and are well-known key factors for the HR pathway [4]. The RADS51 protein forms a
nucleoprotein filament on single-stranded DNA (ssDNA) to promote DNA-homology search,
recognition, and strand exchange [5] by exploiting two motifs critical for homology search and
subsequent recombination [6]. The overexpression of RADS51 reportedly contributes to the
enhancement of the HR ratio in multiple cell lines (reviewed in [7]), but there is considerable
variation in the extent of this effect depending on experimental settings and cell lines. [8],
reported that RADS51 overexpression in hPSCs did not result in a significant enhancement of the
HR ratio in CRISPR-Cas9 mediated gene editing, but did cause an increase in biallelic KI. The
latter might have resulted from the putative enhancement of RADS51 overexpression-induced
inter-homolog repair [9], classically known as sister-chromatid exchange [10,11]. Our results on

RADS51 overexpression here were not fully consistent with the data from Takayama et al.



(2017). This disparity might have resulted from the presence of different rate-limiting factors
for HDR/NHEJ choice in different loci, cell types and lines.

From prokaryotes to eukaryotes, additional RecA-like genes have evolved following
multiple duplication events and divergent evolution of the ancestral gene [3,12]. In vertebrate
species, five genes have been identified as RecA/RADS5 1 paralogues, namely, RADS51B,
RADS51C, and RAD5 1D by homology searches [13-15], and XRCC2 and XRCC3 by their ability
to complement susceptibility to ionizing radiation in the Chinese hamster CHO cell line [16,17].
Structural studies revealed that the RecA/RADS5 1 paralogues function mainly through formation
of two distinct complexes (i) the RAD51C-XRCC3 complex, and (ii) the RAD51B-RAD51C-
RAD51D-XRCC2 complex [18,19]. Respective knock-outs of these RecA/RADS5 1 homologues
in cell lines result in defective cell growth and HR, and hypersensitivity to DNA-damaging
agents [20]. Moreover, mice with mutations of the RecA/RAD51 homologues show embryonic
lethality [21,22], indicating their importance for DNA repair, genomic stability, and cellular
viability. On the other hand, the effect of overexpressing these paralogues has not been
thoroughly investigated and nor has their expression patterns in vivo. In this context, our results
showed, for the first time, that overexpressing these paralogues could enhance the efficiency of

targeted gene engineering.

Heterozygous BRCA 1/2 mutations confer a high risk for breast and ovarian cancer in
women [23-28]. Moreover, cell lines and mouse mutants for these genes show various
deficiencies, including hypersensitivity to irradiation, increased tumorigenesis, and HR
deficiency; mouse embryos homozygous for Brcal and Brca2 null mutations (Brcal” and
Brca2”) show developmental arrest during fetal development [29,30]. As tumorigenesis in
patients carrying inherited heterozygous BRCA 1/2 mutations is triggered by deactivation of the

WT allele, BRCA1/2 are generally considered as tumor-suppressor genes.

The BRCAT protein binds to many cellular proteins in vivo. For example, the BRCT
domain in the C-terminus of BRCA1 recognizes a variety of DNA repair proteins [31]. The
BRCALI protein colocalizes with RADS51 in nuclear foci in mitotic cells [32]; this colocalization
is essential for HR upon replication fork stalling and collapse [33]. Additionally, via interaction
with CtBP-interacting protein (CtIP), BRCA1 promotes ssDNA resection that is critical for
NHEJ/HDR choice by competing with the HDR/MMEJ inhibitor protein PS3BP1 [34]. Recent
studies showed that knock-in (HDR) efficiencies with CRISPR-Cas9 were enhanced by direct
or indirect suppression of PS3BP1 activity [35,36]. Thus, the P5S3BP1-related mechanism
provides a possible explanation for the ability of BRCA1 overexpression to enhance the HR

ratio in hiPSCs.



The BRCAZ2 protein interacts directly with RADS51 through the BRC domain [37] and the
C-terminus [38]. BRCA?2 is required for recruitment of RADS51 to DSB sites, and is also
important for its tumor-suppressive function [39]. BRCA2 also has a DNA-binding domain that
binds both ssDNA and dsDNA. These domains are thought to facilitate the formation of RADS1
nucleofilaments in HR. As a secondary role, BRCA2 may protect nascent DNA by MRE11A-
mediated degradation upon replication fork stalling [40]. These various properties clearly stress
the importance of BRCA2 for HR and genomic stability; however, few studies have examined
the effects of overexpression of BRCA2 on HR. [41] reported that BRCA2 overexpression,
especially its cancer-associated variants, enhances spontaneous HR in HeLa cells; whether this
effect occurs in other cell lines has not been thoroughly investigated. In this context, this study
provides the first evidence that BRCA2 overexpression in hPSCs has an HR-stimulating effect;

this property might contribute to the development of stem cell-based technologies and therapies.
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