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Abstract

Bacterial Artificial chromosome (BAC) recombineering is a powerful genetic manipulation tool for the efficient development of recom-
binant genetic resources. Long homology arms of more than 150 kb composed of BAC constructs not only substantially enhance genetic
recombination events, but also provide a variety of single nucleotide polymorphisms (SNPs) that are useful markers for accurately dock-
ing BAC constructs at target sites. Even if the BAC construct is homologous to the sequences of the target region, different variations
may be distributed between various SNPs within the region and those within the BAC construct. Once the BAC construct carrying these
variations was precisely replaced in the target region, the SNP profiles within the target genomic locus were directly replaced with those
in the BAC. This alteration in SNP profiles ensured that the BAC construct accurately targeted the designated site. In this study, we in-
troduced restriction fragment length polymorphism or single-strand conformation polymorphism analyses to validate and evaluate BAC
recombination based on changes in SNP patterns. These methods provide a simple and economical solution to validation steps that can
be cumbersome with large homologous sequences, facilitating access to the production of therapeutic resources or disease models based
on BAC-mediated homologous recombination.

Keywords: single nucleotide polymorphism; bacterial artificial chromosome; homologous recombination; single-stranded conforma-
tional polymorphism; restriction fragment length polymorphism; human pluripotent stem cell

1. Introduction search team has developed various genetically modified hu-
man pluripotent stem cell models for gene therapy and dis-
ease interpretation since the initial application of the BAC
vector, which retains lengthy sequences without cleavage,

in human embryonic stem cells (hESCs) [20].

Human pluripotent stem cells (hPSCs) possess several
properties such as self-renewal, proliferation, and pluripo-
tent differentiation abilities [1-4]. Owing to these proper-
ties, hPSCs have substantially contributed to the develop-
ment of drug screening, disease modeling, and regenerative
medicine [5-7]. Moreover, through the application of ge-
netic engineering techniques, hPSCs can provide a much
more advanced and expanded platform for these research
areas [8—11]. The efficient application of genetic engineer-
ing techniques comes from the inherent ability of hPSCs to
form individual clones, known as clonogenicity [6]. By ex-
ploiting these properties, genetically modified hPSCs can
be efficiently obtained by introducing genetic modification
tools at the single-cell stage and growing them into homo-
geneous clones through a subsequent modification process.

BAC vectors typically contain extensive insertions of
150 kb or more and have been used in genome sequencing
efforts, such as the Human Genome Project [21-24]. Fur-
thermore, the elongated sequence characteristics of BAC
vectors open up avenues for their use in developing disease
models through genetic recombination [25-28]. When gen-
erating genetically modified mice as disease models, only
part of the BAC DNA sequence, not the entire sequence,
is sufficient to induce genetic recombination [29-31]. This
suggests that mouse embryonic stem cells (mESCs) can ef-
ficiently undergo genetic recombination using only a few

To date, a variety of genetic modification tools have
been employed in hPSCs, including widely recognized pro-
grammable nucleases, such as Zinc finger nuclease (ZFN),
Transcription activator-like effector nucleases (TALEN),
and clustered regularly interspaced short palindromic re-
peats (CRISPR) [12-14]. In addition, Bacterial artifi-
cial chromosome (BAC) vectors, which act as nonpro-
grammable nuclease modes, have emerged as prominent
tools for gene therapy and modification [15—-19]. Our re-

kilobases (kb) of the BAC DNA sequence. Based on our
experience with the genetic manipulation of mESCs, we at-
tempted the genetic manipulation of hESCs. Regarding the
length of the donor DNA sequence required to develop ge-
netically modified mESCs, such as conventional knockout
or knock-in, we initially employed short donor sequences of
approximately 10 kb to attempt genetic modifications based
on hESCs. In mESCS, a short BAC DNA sequence of a few
kilobases was sufficient to efficiently cause genetic modi-
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fication at the target site; however, in hESCs, constructing
a BAC DNA sequence of that length was not practical, as
it would hardly be targeted [20]. Considering that BAC
DNA-based genetic recombination depends on the length
of these sequences, we engineered genetically modified
hESCs by transfecting them with BACs of varying lengths,
ranging from 30 kb to extensive sequences exceeding 150
kb, to increase the frequency of homologous recombina-
tion. Rare homologous recombination was observed with
BAC DNA featuring a 30 kb homology sequence, while an
80 kb homology sequence prompted homologous recombi-
nation with a mere 3% efficiency [20]. Notably, homol-
ogous sequences exceeding 150 kb substantially augment
homologous recombination events, achieving efficiencies
exceeding 20% at the target gene locus [20,32-34]. In con-
clusion, although the suitable sequence length for efficient
genetic recombination in mESCs is only a few kilobases,
hESCs require a sequence length of at least 150 kb to pro-
mote efficient recombination, indicating the importance of
BAC sequence length in hESCs.

Although the utilization of long-sequence BAC vec-
tors provides the distinct advantage of efficiently inducing
homologous recombination, information on the experimen-
tal process for screening recombinant clones remain scarce.
Although the entire process of BAC recombination has been
previously described in detail, the superficial methodolog-
ical description of the screening steps poses a hurdle in the
development of gene therapy or genetically modified clones
using BAC recombination [20]. This review aimed to intro-
duce methods to efficiently verify and evaluate recombinant
clones modified with long-sequence BAC vectors. Specifi-
cally, these methods encompass restriction fragment length
polymorphism (RFLP) and single-stranded conformational
polymorphism (SSCP) analyses based on single nucleotide
polymorphisms (SNPs) [35-39]. Therefore, we present a
specific methodology on not only the importance of utiliz-
ing SNPs in BAC recombination through SNPs distributed
in the BAC sequence, but also how two analytical meth-
ods can be applied to screening based on these. Through
these analytical approaches, we endeavored to offer an eco-
nomical and streamlined solution to the potentially intricate
steps of BAC recombination, facilitating rapid, accurate,
and cost-effective screening while minimizing time and la-
bor requirements [40].

2. Single Nucleotide Polymorphisms for
Genotyping

SNPs are variations in DNA sequences across popula-
tions [41,42]. Thus, the SNPs confer genomic diversity by
exhibiting varied patterns among individuals, thereby phe-
notypically revealing individual differences [43,44]. Al-
though most SNPs rarely affect health or development, cer-
tain variations may serve as risk factors for specific diseases
or affect drug sensitivity and toxic reactions [45—47]. SNPs
are typically distributed throughout the genome at an aver-

age frequency of approximately one occurrence per 300—
2000 nucleotides, resulting in an estimated 84.7 million
SNPs in the human genome pool [43,44,48]. The presence
of various SNPs is also reflected in BAC libraries derived
from the human genome. Typically, BAC DNA with ap-
proximately 150 kb or more of homologous sequences ap-
plied to genetic recombination may harbor dozens to hun-
dreds of different SNPs across its entire length [49,50].
In the genotyping step, SNPs present within the BAC can
serve as useful analytical markers to ensure the accurate in-
tegration of exogenous BAC into the target locus via genetic
recombination. Heterozygous SNPs can provide valuable
information for genotyping analyses. The status of SNPs,
heterozygosity, or homozygosity shows different patterns
at the corresponding locus depending on each cell type
[51,52]; thus, it is essential to ascertain in advance whether
heterozygous SNPs exist within the target DNA sequence of
the cell before employing BAC. Specifically, heterozygous
SNPs in the target region should be interspersed within the
range covered by the BAC sequence. To determine BAC
recombination, variants constituting a heterozygous SNP in
the target region were examined to identify the variant that
was replaced with the BAC sequence. Successful substi-
tution of the target sequence with the corresponding BAC
resulted in the conversion of the heterozygous SNP within
the target region. Specifically, replacing an allele contain-
ing a variant different from that included in the BAC leads
to a loss of heterozygosity and, ultimately, a gain of ho-
mozygosity for the SNP in the target region. Conversely,
if the BAC targets another allele, the heterozygous SNP in
the target region remains unchanged. In these cases, accu-
rate BAC integration into the target locus cannot be con-
firmed. This indicates that there are limitations in deter-
mining whether genetic recombination exists based solely
on a single heterozygous SNP. Thus, further investigation
into the heterozygous status of SNPs adjacent to the tar-
get region is required for a definitive determination. If the
heterozygous SNPs acquire homozygosity, it confirms the
successful incorporation of the BAC into the target site.
Therefore, genotyping based on SNPs relies on detecting
changes in SNP patterns resulting from the integration of
BAC into the target region. Genetic recombination can
only be reliably confirmed if at least two informative SNPs
within the target region are distributed across each other
with the corresponding variants in the BAC sequence, indi-
cating whether one of the two SNPs has achieved homozy-
gosity.

To manipulate the 7P53 gene in hESCs using BAC
DNA, SNP-based genotyping analysis has been employed
to identify or assess genetically modified hESCs generated
using various BAC constructs [20]. Considering the appli-
cation of this analytical method, we sought to determine the
optimal length of the BAC sequence required to achieve ef-
ficient genetic recombination. Therefore, we constructed
BAC:s of varying lengths: approximately 30, 83, and 167
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Table 1. Heterozygous SNPs provided for assessing BAC-mediated genetic recombination.

Cell types Genes SNPs Bases  Restriction endonucleases  References
rs1625895 A/G Hpall
HUESS TP53 [20]
rs1042522 C/G BstUI
rs1042522 C/G BstUI
HUES9 TP53 [20]
rs35850753 C/T Spel
H1 DROSHA 1rs3805525 A/G HpyCH4IV [57]
. 12944939 G/A Acil
hiPSC (From fibroblast; CCD1112Sk) TP53 [34]
rs1042522 C/G BstUI
hiPSC (From LCL; ND14317) LRRK2 rs34637584 G/A BceeAl [32]
hiPSC (From fibroblast; ND40996) SNCA 15104893877 C/IT Tsp451 [33]

BAC, bacterial artificial chromosome; SNP, single nucleotide polymorphism; hiPSC, human induced pluripotent stem cell.

kb. Our investigation revealed that BACs with a homology
sequence of 167 kb or longer were efficiently integrated into
the TP53 target locus in approximately 20% of the clones
[20]. This confirmation was made possible by SNP geno-
typing, which allowed us to assess the accuracy and effi-
cacy of genetic recombination mediated by the BAC struc-
ture. In addition, the long homologous sequence of BAC
allowed more candidate SNPs to be distributed in the se-
quence, thereby facilitating genotyping analysis based on
them. Among the various SNPs investigated in the 7P53
gene, 151042522 is notably recognized as the most preva-
lent heterozygous SNP and consists of two variants encod-
ing either proline or arginine at codon 72 [53-56]. The
BAC construct contained a single cytosine, representing the
rs1042522-C variant (Fig. 1A). HUES8 and HUES9, the
two types of hESCs to which BAC technology was applied,
harbored the rs1042522-G/C substitution as a common het-
erozygous SNP (Table 1, Ref. [20,32-34,57] and Fig. 1A).

During BAC recombination, hESCs lost inherited het-
erozygosity due to BAC carrying rs1042522 and gained
homozygosity by specifically targeting the allele carrying
rs1042522-G (Fig. 1B). This successful replacement indi-
cated the accurate integration of the BAC with rs1042522-
C into the allele with the rs1042522-G variant. However,
the authenticity of BAC recombination could not be defini-
tively confirmed if the BAC with rs1042522-C was inte-
grated into the other allele carrying rs1042522-C, maintain-
ing the acquired heterozygosity (Fig. 1C).

Therefore, it is necessary to further explore the het-
erozygosity of SNPs distributed in other regions. For-
tunately, HUES8 cells exhibited rs1625895-A/G sub-
stitutions as heterozygous SNPs adjacent to rs1042522
(Fig. 2A). This additional SNP serves as a valuable marker
for assessing whether homozygosity has been achieved
through BAC recombination, providing further insight into
the genetic modifications facilitated by the BAC construct
(Fig. 2A). Similarly, genotyping solely for rs1042522 re-
stricted the reliable determination of the outcome of BAC
recombination in HUESY cells, as these cells may also re-
tain heterozygosity for rs1042522-C/G even after recombi-
nation (Fig. 2B). Therefore, an additional investigation in-
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volving rs35850753-C/T genotyping is imperative to draw
definitive conclusions regarding the integration of BAC
containing rs35850753-C into the allele with rs35850753-
T, leading to the acquisition of homozygosity, such as the
rs35850753-C/C genotype (Fig. 2C). In another type of
pluripotent stem cell, 7P53 manipulation has been extended
to induced pluripotent stem cells (iPSCs) derived from hu-
man fibroblasts [34]. Similar to the two types of hESCs
introduced earlier, these cells were also heterozygous for
the commonly encountered SNP rs1052522-C/G. Addition-
ally, to assess BAC recombination more confidently, the
heterozygosity for rs12944939-G/A, located in intron 1,
was further explored (Fig. 2C). As expected, if genotyping
based on two SNPs distributed across each other suggests
acquired homozygosity for either allele, it means that BAC
is definitely integrated into one of the two alleles (Fig. 2C).
In summary, heterozygous SNP in genotyping analysis of-
fer valuable genetic information to discern the acquisition
of homozygous SNP following BAC-mediated genetic ma-
nipulation. In particular, additional SNP analysis ensures
recombination results that may be missed when analyzing
only one SNP. Therefore, the inclusion of at least two het-
erozygous SNP markers ensures the accuracy and produc-
tivity of genotyping.

Furthermore, BAC technology has been employed in
the genetic treatment of LRRK?2 or SNCA genes, which are
representative autosomal dominant genes associated with
Parkinson’s disease [32,33]. Notably, mutations in these
genes, such as LRRK2 G2019S and SNCA AS53T, exhibit
high penetrance during Parkinson’s disease (PD) pathogen-
esis [58—61]. Unlike autosomal recessive mutations, patho-
logical mutations in these genes must be eliminated from
the genome. The method used to assess mutation removal
was identical to that used for SNP-based genotyping. The
LRRK?2 G2019S substitution, identified as rs34637584-G/A
in PD patient-derived cells, represents a heterozygous mu-
tation, and among the two genotypes, the pathological allele
containing rs34637584-A is subject to correction (Fig. 3A).
Using a BAC with a 195 kb homology sequence, the PD-
causing mutation was effectively treated by replacing the
pathological allele with the normal rs34637584-G allele
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BAC C
HR
allele 1 | ol
allele 2 | G
rs1042522
(CIG)
allele 1
allele 1 ‘ C (BAC targeting) C
allele 2
(BAC targeting) ‘ C allele 2 G
rs1042522 rs1042522
(CIC) (CIG)

Fig. 1. Targeting 7P53 gene locus with a BAC vector. (A) Occurrence of a BAC-mediated homologous recombination event in either
of the two alleles for the T7P53 gene locus. (B) BAC targeting into allele 2 for rs1042522-G of rs1042522-C/G. (C) BAC targeting into
allele 1 for rs1042522-C of rs1042522-C/G. rs1042522-C/G indicates a heterozygous SNP located in 7P53 gene locus. See also Table 1.
BAC, bacterial artificial chromosome; HR, homologous recombination; SNP, single nucleotide polymorphism.

within the BAC sequence [32]. Confirmation of homozy-
gous acquisition, such as rs34637584-G/G, was sufficient
to validate successful genetic recombination mediated by
BAC (Fig. 3A). Previously, we mentioned the value of two
or more heterozygous SNPs, but the BAC only requires the
replacement of the pathological allele and does not require
targeting of normal alleles. Therefore, additional SNP ex-
ploration was unnecessary. Similarly, BAC technology has
been applied to address mutations in SNCA, another piv-
otal gene implicated in PD. Specifically, we targeted the
rs104893877-T mutation in SNCA, which affects the onset
of PD (Fig. 3B). By employing a BAC with a 168 kb homol-
ogous sequence containing the normal rs104893877-C al-
lele, the pathological allele containing rs104893877-T was
replaced. Similar to the genotyping for the LRRK2 G2019S
gene therapy approach, SNCA gene therapy required con-
firmation of the removal of the PD-related pathogenic vari-
ant rs104893877-T from the inherited heterozygous SNP
rs104893877-C/T. As a result, the acquisition of a homozy-
gous SNP, such as rs104893877-C/C, indicated successful
genetic recombination by the BAC (Fig. 3B). Collectively,
the value of SNP genotypes has been evaluated to distin-
guish variations in BAC and their replacements distributed
in target sites during the process of identifying genetic mod-
ification models or genetic mutation treatments by BAC re-
combination. Furthermore, this can be manifested by intro-
ducing SNP-based experimental methods in detail, as fol-
lows:

3. Restriction Fragment Length
Polymorphism Analysis

During genetic manipulation based on hPSCs, it is
important to identify genetic recombination clones among
candidate clones in a timely manner to avoid the arduous

task of maintaining uncertain clones [36]. Hence, a rapid
and accurate evaluation method is imperative for screening
recombinant genetic clones. To comply with this require-
ment, we proposed the use of RFLP analysis as an evalu-
ation method for BAC recombination. RFLP analysis can
detect subtle differences in DNA sequences by distinguish-
ing the length of fragments digested by restriction endonu-
cleases that specifically recognize genetic variations har-
bored in products amplified by polymerase chain reaction
(PCR) [62—67]. When SNPs in the target region were re-
placed by SNPs in the BAC sequence via BAC recombina-
tion, the SNP pattern in the target region changed. A change
in the SNP pattern may result in the creation or disappear-
ance of a site that can be specifically recognized by a restric-
tion endonuclease. A restriction endonuclease that specifi-
cally recognizes one variation of heterozygous SNP cannot
recognize the other, which may result in two fragments: di-
gested and undigested. However, acquiring homozygous
SNPs through BAC recombination generates only one type
of mutation that can be recognized by restriction endonucle-
ases, resulting in only one digested or undigested fragment.
Enzymatic reactions of short products of PCR based on ge-
nomic DNA prepared from candidate clones not only sim-
plify the screening process but also contribute to substantial
labor savings, allowing rapid and accurate evaluation of ge-
netic recombination events.

In the BAC recombination for the 7P53 gene, RFLP
analysis was performed based on SNPs, especially dur-
ing the evaluation stage for discovering 7P53 genetically
engineered clones. As previously mentioned, rs1042522-
C/G, located within the exon region of the 7P53 gene,
is a heterozygous SNP and is notable for RFLP analy-
sis, because the two variations can be distinguished by a
specific restriction endonuclease (Fig. 4A). Therefore, of
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allele 1 C G
allele 2 G A
rs1042522 rs1625895
(CIG) (AIG)
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allele 2 G A
rs1042522 rs1625895
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C
BAC G C
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allele 1 A C
allele 2 G G
rs12944939 rs1042522
(G/A) (CIG)
llele 1
(BAcatageteing) G C
allele 2 G G
rs12944939 rs1042522
(GIG) (C/G)

B
BAC C C
o OHR
allele 1 C T
allele 2 G C
rs1042522 rs35850753
(CIG) (CIT)
(BAcaglglﬁng) C C
allele 2 G C
rs1042522 rs35850753
(CIG) (CIC)

Fig. 2. Acquiring homozygosity of other heterozygous SNPs other than heterozygous rs1042522 on allele 1 targeted by the BAC

vector (continued from Fig. 1C). (A) Acquisition of homozygosity of heterozygous rs1625895 by BAC targeting in HUESS cells.

(B) Acquisition of homozygosity of heterozygous rs35850753 by BAC targeting in HUESY cells. (C) Acquisition of homozygosity of
heterozygous 1512944939 by BAC targeting in hiPSC cells. rs1042522-C/G indicates a heterozygous SNP located in 7P53 gene locus.

See also Table 1.

the two genetic variations of this SNP, only rs1042522-
G and not rs1042522-C could be recognized using BstUI,
a type of restriction endonuclease that cleaves this vari-
ant. Therefore, employing BstUI-RFLP analysis, the pres-
ence of heterozygosity at the rs1042522 SNP in these cell
types was clearly indicated by the distinction between di-
gested and undigested fragments (Fig. 4A). A BAC con-
taining rs1042522-C, which is not recognized by BstUI,
can target either an allele harboring rs1042522-G or an al-
lele harboring rs1042522-C. When BAC targeted an allele
with a variant differing from that of rs1042522-C, the in-
herited heterozygous SNP is replaced with a homozygous
SNP (Fig. 4B). BstUI did not recognize the homozygous
SNP rs1042522-C/C, resulting in the retention of an undi-
gested fragment (Fig. 4B). This indicated successful BAC
targeting at the desired site, facilitating clone acquisition.
However, if BAC targets the other allele with rs1042522-
C, the heterozygosity of the rs1042522-G/C SNP remains
and determination of BAC recombination using the BstUI-
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RFLP analysis method is inconclusive (Fig. 4C). Therefore,
additional heterozygous SNPs were required. The intronic
region 4 of the TP53 gene contains the heterozygous SNP
rs3585073-C/T, which can be discerned using the Spel re-
striction endonuclease (Fig. 4A). RFLP analysis using Spel
clearly distinguished between digested and undigested frag-
ments in HUESO cells, indicating that this SNP is heterozy-
gous [20]. Upon analyzing the status of these added SNPs,
RFLP analysis using Spel for clones in which BAC recom-
bination could not be confirmed by BstUI revealed only
undigested fragments (Fig. 4C). These results indicated that
rs3585073-C in the BAC sequence was integrated into the
allele with rs3585073-T. Therefore, the inherited heterozy-
gous SNP was lost, and the homozygous SNP rs3585073-
C/C was acquired. BstUI cannot conclusively ascertain
BAC recombination; however, successful BAC engineer-
ing was ultimately confirmed using additional Spel. These
findings emphasize the need for supplementary SNP anal-
yses of recombinant clones, which may be overlooked in
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BAC G BAC c
e HR HR
LRRK2 ‘ SNCA
(mutation) A (mutation) T
LRRK2 SNCA
(normal) ‘ G (normal) ‘ C
rs34637584 rs104893877
(GIA) (CrT)
LRRK2 SNCA ‘
(correction) G ! (correction) C
LRRK2 SNCA
(normal) ‘ G (normal) ‘ C
rs34637584 rs104893877
(G/IG) (C/C)

Fig. 3. Targeting Parkinson’s disease (PD)-related pathogenic allele with a BAC vector. (A) BAC targeting into pathogenic allele
for rs34637584-A located in LRRK?2 gene locus. (B) BAC targeting into pathogenic allele for rs104893877-T located in SNCA gene
locus. 1s34637584-G/A or rs104893877 represents a heterozygous SNP in the LRRK?2 or SNCA gene, respectively. See also Table 1. HR,

homologous recombination.

BAC | C C
e e HR
allele 1 C T
allele 2 G C
rs1042522 rs35850753
(CIG) (CIT)
llele 1 | aIIeIe 2
(undigegtgd) - (undigested)
llele 2 aII_eIe 1
BstUI-RFLP Spel-RFLP
allele 1
allele 1 C T (BAC targeting) ‘ C C
allele 2
(BAC targeting) C C allele 2 ‘ G C
rs1042522 rs35850753 rs1042522 rs35850753
(CIC) (CIT) (CIG) (CIC)
allele 1/2 _ ‘allele 1 _ _ allele 1/2
(undigested) (undigested) (undigested)
allele 2 ~allele 2 ]. allele 1
(digested) (digested) (digested)
BstUI-RFLP BstUI-RFLP Spel-RFLP

Fig. 4. RFLP analysis of alleles for rs1042522 or rs35850753 following BAC targeting in HUESY cells. (A) Two restriction en-
donucleases, BstU1 or Spel, are provided for RFLP analysis for rs1042522 or rs35850753, respectively, subsequent to BAC targeting at
the TP53 gene locus. (B) BAC targeting to allele 2 of rs1042522-C/G to rs1042522-G and acquisition of homozygosity confirmed by
BstUI restriction endonuclease. (C) BAC targeting into allele 1 for rs35850753-T of rs35850753-C/T and acquisition of homozygosity
confirmed by Spel restriction endonuclease. 1s1042522-C/G or rs35850753 represents a heterozygous SNP located in the 7P53 locus.
See also Table 1. RFLP, restriction fragment length polymorphism.
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BAC C
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Fig. 5. RFLP analysis of PD-related pathogenic alleles for rs34637584 or rs104893877 following BAC targeting. (A) BAC targeting
for rs34637584-A, a pathogenic allele of the LRRK?2 gene, and acquisition of homozygosity confirmed by BeeAl restriction endonuclease.

(B) BAC targeting for rs104893877-T as a pathogenic allele of the SNCA gene, and acquisition of homozygosity confirmed by Tsp451

restriction endonuclease. See also Table 1.

BAC C \
e ‘ ~ HR
allele 1 | c allele 1 | ol
allele 2
allele 2 ‘ G (BAC targeting) C
rs1042522 rs1042522
(CIG) (CIC)
denaturation of PCR products denaturation of PCR products
c | ¢
single-stranded single-stranded
DNA DNA
G | ¢
rs1042522 rs1042522
(C/G) (CIC)
single-stranded DNA -» —
(—G)
single-stranded DNA - — —

(G

Fig. 6. Identification of BAC DNA targeting through SSCP analysis. (A) Single-stranded DNA denatured from PCR products
containing heterozygous rs1042522 for the TP53 gene. (B) BAC targeting into allele 2 for rs1042522-G of rs1042522-C/G, and single-
stranded DNA denatured from PCR products containing homozygous rs1042522. (C) Confirmation of heterozygosity of rs1042522
before (A) or after (B) BAC targeting in SSCP gel. rs1042522-C/G indicates a heterozygous SNP located in 7P53 gene. SSCP, single-

strand conformation polymorphism.

SNP analyses. In addition, through RFLP analysis between
different SNPs, it was possible to accurately distinguish the
intra-allelic variation of the variation constituting the two
SNPs and the distribution location of the inter-allelic varia-
tion (Fig. 4B,C).
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Seong et al. [57] introduced BAC DNA targeting
DROSHA into H1 hESCs. In H1 hESC, the rs3805525 SNP
is located within intron 35 of DROSHA. This SNP consists
of a heterozygous rs3805525-A/G, and knock-in was con-
firmed by the loss of heterozygosity due to BAC DNA tar-


https://www.imrpress.com

BAC2nd C A
R = HR
allele 1
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(C/IG) (A/A)
allele 1
(BAC targeting'st) C A
allele 2
(BAC targeting®d) C A
rs1042522 rs1625895
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Fig. 7. Generation of homozygous mutant cell by introduction
of a second BAC vector in the heterozygous mutant cell. Ac-
quiring homozygosity for heterozygous rs1042522, which means
generating homozygous 7P53 mutant HESCS cells through sec-
ondary BAC targeting in the heterozygous 7P53 mutant HUESS
cells. See also Fig. 2A and Table 1.

geting. The restriction endonuclease, HpyCH41V, applied
in this experiment recognized only rs3805525-G and could
distinguish the heterozygosity of the SNP. Thus, the pres-
ence of a BAC DNA target was confirmed using RFLP
genotyping. As a result, BAC DNA contains rs3805525-G
in the informative SNP, indicating that a homologous re-
combination event occurred due to the loss of heterozygos-
ity when BAC DNA was targeted to the rs3805525-A allele
(Table 1).

It is meaningless to target alleles with normal nu-
cleotides in LRRK2 or SNCA gene therapy if BAC does
not target pathogenic mutations. Therefore, the presence
of homozygous rs34637584-G/G or rs104893877-C/C in
each LRRK?2 or SNCA gene exhibiting therapeutic effects
can be easily confirmed through BceAl or Tsp45I restric-
tion endonuclease-based RFLP analysis without exploring
additional heterozygous SNPs (Fig. 5A,B). Thus, the RFLP
analytical method based on specific restriction endonucle-
ases can feasibly distinguish or recognize the mutation site
and rapidly determine whether the patient should undergo
gene therapy. However, commercially available restriction
enzymes have limitations in covering all combinations of
DNA sequences. Thus, the RFLP analytical method, which
relies on specific restriction endonucleases, has been cir-
cumscribed in universal applications. Therefore, alterna-
tive methods that can achieve the same effect while over-
coming the limitations of the RFLP analytical methods are
required.

4. Single-stranded Conformational
Polymorphism Analysis

SSCP analysis directly distinguishes the altered pat-
terns of SNP variations in homologous sequences replaced
by BAC, without requiring restriction endonucleases [68].
In addition to RFLP, it is a simple and cost-effective anal-

ysis method that can be rapidly and accurately [69-71].
SSCP analysis relies on single-stranded DNA conforma-
tional changes that reflect differences in DNA migration
subsequent to DNA conformation [70]. In principle, even
a single mutation within a homologous DNA sequence
can induce conformational changes in single-stranded se-
quences. Unlike electrophoresis on conventional DNA
gels, which are distinguished mainly by DNA sequence
length, these conformational differences cause migration
changes in each single strand to appear in different pat-
terns in a particular DNA gel [70]. Through SSCP anal-
ysis, the type of specific variant sequence could not be de-
termined, but the presence or absence of variations could
be confirmed through changes in the pattern compared to
the control group. Based on this principle, single-stranded
DNA resulting from each variant constituting heterozygous
SNPs exhibited a distinct conformation that manifested as
two distinct band patterns on the SSCP gels. Conversely,
acquiring homozygous SNPs through BAC recombination
resulted in a singular conformation that aligned with one of
the bands revealed by the heterozygous SNP. Consequently,
through the loss of heterozygosity via BAC recombination,
changes in the band patterns facilitate the determination of
BAC recombination within the target region. As shown in
Fig. 6, two different types of single-stranded DNA were
formed from heterozygous rs1042522 through denaturation
(Fig. 6A). Each strand has a unique conformation due to
a single nucleotide difference. Unlike electrophoresis on
conventional DNA gels, which is distinguished mainly by
the DNA sequence length, these conformational differences
cause migration changes in each single strand to appear in
different patterns under SSCP electrophoresis conditions.
When the BAC DNA was targeted to allele 2, rs1042522
lost its heterozygosity and formed only one type of single-
stranded DNA (Fig. 6B). These results can be identified by
the pattern in which one of the two strands disappears, un-
like the pattern that appears when heterozygosity is main-
tained under SSCP electrophoresis conditions (Fig. 6C).

5. Conclusions

Genetic modification tools, including ZFNs, TAL-
ENs, CRISPR, and their derivatives, have evolved into var-
ious versions that remove, insert, or replace nucleotides,
thereby expanding the range of genetic modification op-
tions. Each genetic manipulation tool pursues simplicity,
convenience, and efficiency while resolving the drawbacks
of each tool [12,72,73]. However, despite improvements,
there remains a need to enhance the efficiency of gene
editing reproducibly across all types of sequences, rang-
ing from single-base modulation to extended transgene in-
troduction, while minimizing off-target effects that affect
genome safety [74,75].

BAC recombination enables precise genetic modifi-
cation with high efficiency and consistency, regardless of
the length of the transgene sequence, ranging from a sin-
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gle base to several kilobases. The effectiveness of BAC re-
combination relies on the principle of homologous recom-
bination, wherein transgenes spanning a range of lengths
between the extended homology arms of the BAC are ef-
fectively integrated at the target site. BACs with homolo-
gous sequence lengths of more than 150 kb substantially im-
proved the targeting efficiency to a designated site by more
than 20%. Unlike the programmable nuclease mode, which
requires enzymatic reactions triggered by molecules, such
as restriction enzymes, BAC recombination relies solely on
sequence complementarity, which consists of long homol-
ogous sequences, thus eliminating concerns about potential
genomic damage caused by the enzyme. Therefore, BAC
recombination has the potential to address genome safety
issues associated with other gene editing systems.

A longer BAC sequence not only increases the effi-
ciency of gene recombination by homologous recombina-
tion but also provides useful information for evaluating and
validating BAC recombination. The extensive BAC se-
quence contains numerous SNPs that exhibit distinct pat-
terns compared to those in the target region. When a BAC
is integrated into a target region, SNPs in the original target
region are replaced by SNPs present in the BAC, thereby
changing the SNP pattern in the surrounding regions. These
changes in the SNP patterns serve as informative markers
for assessing and quantifying the efficacy of BAC recom-
bination. At least two heterozygous SNP markers are re-
quired to obtain BAC engineering results. Therefore, 50%
of BAC recombinants can be predicted by analyzing only
one heterozygous SNP in a specific region. The remain-
ing recombinants that could have been missed through ad-
ditional heterozygous SNP analyses can also be success-
fully obtained. If one of the two heterozygous SNPs ac-
quires homozygosity (rs1625895), the other remains het-
erozygous (rs1042522), indicating that genetic recombina-
tion occurs in only one of the two target sites, the het-
erozygote (Fig. 2A). Subsequently, the heterozygous SNP
rs1042522 was used to evaluate and validate the homozy-
gous recombinant clone, which underwent a second ge-
netic recombination event with the other allele. If both
heterozygous SNPs sequentially achieve homozygosity, it
ultimately means that both allelic regions have undergone
accurate genetic recombination (Fig. 7). As a result, deter-
mining recombination experimentally can be cumbersome
because of the large length of the homology arms of BAC.
Therefore, the use of changes in SNP patterns to evaluate
them accurately during the screening stage requires impor-
tant insights. To meet this requirement, RFLP and SSCP
analysis methods, which can clearly detect changes in SNP
patterns accompanied by BAC recombination, provide a
simple solution that simplifies the screening process.
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