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Abstract

Site-specific conditional inactivation technologies using Cre-loxP or Flp-FRT sys-
tems are becoming increasingly important for the elucidation of gene function and
disease mechanism in vivo. A large number of gene knockout mouse models carrying
complex conditional alleles have been generated by global community efforts and
made available for biomedical researchers. The structures of conditional alleles in
these mice are becoming increasingly complex and sophisticated, and so the valida-
tion of the genetic quality of these alleles is likewise becoming a laborious task for
individual researchers. To ensure the reproducibility of conditional experiments, the
researcher should confirm that loxP or FRT is integrated at the correct positions in the
genome prior to start of the experiments. We report the successful design of universal
PCR primers specific to loxP and FRT for the quick validation of conditional floxed
and Flrted alleles. The primer set consists of forward and reverse primers complimen-
tary to the loxP or FRT sequences with partial modifications at the 5’ end containing
6-base restriction endonuclease recognition sites. The universal primer set was tested
to detect genomic intervals between a pair of cis-integrated loxP or FRT and was use-

ful for quickly validating various floxed or Flrted alleles in conditional mice.
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such as Cre-loxP and Flp-FRT systems (Nagy, 2000; Skarnes
etal., 2011).

Conditional knockout mouse models are essential tools for
studying gene functions and disease mechanisms (Gossen &
Bujard, 2002; Nagy, 2000). Comprehensive in vivo analyses
of gene functions and developmental disorders via systemic
inactivation of specific genes with null alleles in mice have
revealed that approximately one-third of protein-coding
genes are essential for embryonic and pre-weaning life
(Dickinson et al., 2016). To further annotate these embryonic
lethal and sub-viable genes in vivo, it is necessary to inacti-
vate the gene in a site-specific manner with conditional tools

Originally discovered in bacteriophage P1, the Cre-loxP
system is the most widely used conditional tool and com-
prises a sequence-specific Cre recombinase and its target loxP
sequence (Nagy, 2000; Sauer & Henderson, 1988). Another
tool, discovered in Saccharomyces cerevisiae and designated
the Flp-FRT system, uses Flp recombinase and its target FRT
sequence and has also been reported for genomic modifica-
tion (Buchholz et al., 1998; Sadowski, 1995). In conditional
experiments, we use two genetic tools; one is a floxed strain
that carries an allele containing a genomic region flanked by
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FIGURE 1 Universal PCR primers for (a)

loxP and FRT sites. (a) Design of loxP- t a t a t a
specific primer with modification at 5” end g t g t a ¢

containing BamHI site. (b) Design of FRT-
specific primer with modification at 5° end
containing BamHI site. (c) How to use loxP-
and FRT-specific primers for validation of
conditional alleles. Green: palindrome right
and left arms of loxP and FRT. Blue: spacer
sequence to ensure the amplified fragment
contains intact restriction site. Yellow:
restriction endonuclease recognition

site. Red nucleotide in (a) and (b): non
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primer sequence complementary to the core
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Recent advancements in genome editing together
with DNA recombination technologies have resulted in
the creation of thousands of conditional mouse strains
carrying increasingly complex and sophisticated floxed
and/or Flrted alleles for in vivo studies of gene functions
and disease processes (Gurumurthy et al., 2019; Skarnes
et al., 2011). To obtain reproducible and reliable exper-
imental results using the floxed and/or Flrted mice, the
genetic quality of the floxed and Flrted alleles, including



ﬂl—Wl DS Genes to Cells

NAKATA ET AL.

TABLE 1 loxP- and FRT specific primers designed and tested in this study
Primer | Restriction
Laboratory Forward (F) and reverse (R) primer sequences
target site at 5”
ID No. (length bp: 5’ modification + complementary portion to loxP or FRT)
site end
EAD_1888 F (8+28) 5’ -GCGGATCC -3’
BamHI1
EAD 1889 | R(9+27) | 5'-BGGATCCGCEGEAtapEaEEEaNtatacoaagEeat -3’
EAD_8686 F (8+28) 5’ -GCGTCGAC -3’
Sall
EAD 8687 | R(9+27) | 5'-BGTCGACGCEGEATapeHEEEaNtatacgaagEeat -3’
EAD_8688 F(10+28) | 5’ -GCGCGGCCGC -3’
Nofl
loxP EAD 8689 | R(11+27) | 5'-AGCGGCCGCECEgtatagoapaeaEtatacgaagteat-3’
EAD_8690 F (8+28) 5’ -GECTCGAG -3’
Xhol
EAD 8691 | R(9+27) | 5'-BCTCGAGGCEGEATapEaEEEaNtatacoaagEeat -3’
Control
(rigial | EADOw9 | FaR | 5 -EEHHCEECGEAESEENENENEESEAEGRRGEEaE
seq.)
EAD_1886 F (8+27) 5’ -GCGGATCC -3’
BamHI
EAD_I887 | R(9+28) | 5'-BGGATCCGCECEATECHOREGaEEGtataggaactes -3/
EAD_8692 F (8+27) 5’ -GCGTCGAC -3’
Sall
EAD 8693 | R(9+28) | 5'-BGTCGACGCEGEATECHEEGEEEGtataggaactes -3
EAD_8694 F(10+27) | 5’ -GCGCGGCCGC -3’
Nofl
FRT EAD 8695 | R(11+28) | 5’ -BGCGGECCGCECECEATEe HONagaaEg tataggaaetes -3’
EAD 869 | F(8+27) | 5’ -BECICcAcHECEataceRaaeoas taggaacEte -3’
Xhol
EAD 8697 | R(9+28) | 5'-BCTCGAGGCECEAEECHOEGEEEGtataggaactes -3
Control
(rignal | EAD G077 | Far | 5 - GEGEECGEAEEESRNSRRRGEA SRR
seq.)

- 8-bp core sequence of loxP and FRT

- palindrome right and left arms of /oxP and FRT

Underlined Yellow: Restriction endonuclease recognition sites

Blue: Spacer sequence to ensure the amplified fragment contains intact restriction sites

their complete structure as originally designed using func-
tional components, should be validated prior to experi-
ments (Nakata et al., 2009). In large-scale knockout mouse
production facilities, the validation of conditional alleles
is conducted by long-range PCR with primers designed
based on the information of gene cassette and genome
sequences adjacent to the loxP followed by sequencing
(Skarnes et al., 2011). To generate a specific primer set
based on the genome information of every conditional line
for validation of the genetic quality is a laborious task for
individual researchers.

loxP and FRT have a unique structure in common that con-
sists of an 8-bp core sequence flanked by palindromic repeats
of 13-bp sequences (Gossen & Bujard, 2002; Nagy, 2000).
If PCR primers specific to loxP and FRT sites are success-
fully designed, we can easily validate the genetic quality of
various conditional mouse lines by examining each genomic
interval flanked by loxP and/or FRT sites in a quick and cost-
effective manner. However, the creation of PCR primers spe-
cific to loxP and/or FRT sites seemed to be difficult due to

the palindrome sequences which induce self-annealing and
formation of a hairpin structure.

We report here the successful creation of universal PCR
primers specific to loxP and FRT sites enabling quick exam-
ination of floxed and/or Flrted alleles. The primer set consists
of forward and reverse primers complimentary to the loxP or
FRT sequences with partial modifications at the 5’ end con-
taining 6-base restriction endonuclease recognition sites.

2 | RESULTS AND DISCUSSION

2.1 | Primer design

The sequences of loxP (Figure 1a) and FRT (Figure 1b) are
considered to form a hairpin structure due to palindrome se-
quences at both ends of the core sequence and not to be suita-
ble for primer sequences as original. To prevent the complete
hairpin formation, we modified the 5’ end of each primer with
8 to 11 bases containing restriction endonuclease recognition
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sites (Table 1; Figure 1a,b). Such modification of the 5’ end
of PCR primer with restriction endonuclease recognition
sites and a few spacer nucleotides was previously reported
for cloning of PCR products (Zimmermann et al., 1998). The
DNA melting temperature 7m (Schildkraut, 1965) for the 27—
28 bp loxP- or FRT-complementary portion of the primers
was as follows: 47.5 and 47.0°C for loxP-forward and re-
verse primers, 50.8 and 50.4°C for FRT-forward and reverse
primers, respectively. A set of the forward and reverse prim-
ers can be used to amplify a floxed or Flrted genomic frag-
ment between two loxPs or FRTs as illustrated in Figure Ic.
PCR products are expected to be generated with functional
components of JoxP or FRT and restriction sites protected by
spacer nucleotides on both ends (Figure 1c).

2.2 | PCR analysis of the floxed and
Firted alleles

We analyzed the mouse strain C57BL/6N-Gal™!*KOMP)

WisiG08 (RBRC05903) with a complex conditional allele
designated as tmla, which is widely available to the global

(a)
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biomedical community (Skarnes et al., 2011). The conditional
allele contains three loxPs and two FRTs, all of which are
cis-integrated (Figure 2a). We tested loxP- and FRT-specific
PCR primer sets with 5” end containing restriction sites as
listed in Table 1. As results, all the primer sets could success-
fully amplify three floxed products of 0.7, 1.9, and 2.6 kb,
respectively, by loxP-test, and one Flrted product of 7.0 kb
by FRT-test, as predicted by in silico estimation (Figure 2b).
However, the loxP-primer set with NofI site seemed less effi-
cient in amplification of 2.6 kb band. The original sequences
of loxP and FRT for control did not work at all as PCR prim-
ers (Figure 2b). Further optimization of the primer sequences
including spacer nucleotides is remained for the future study.
The PCR primer sets with BamHI site were used in further
experiments in this study.

2.3 | PCR analysis of various
conditional strains

We further evaluated the efficacy of the primer sets by
validating 6 different conditional strains carrying different

Allele structure of conditional floxed and Firted knockout mouse,
C57BL/6N-Galmia(komMP)Wisi/ 508 (RBRC05903)
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FIGURE 2 PCR analyses of
conditional floxed and Flrted alleles. (a)
The allele structure of the conditional floxed
and Flrted knockout mouse C57BL/6N-
Gal™AKOMPIWisi/508 (RBRC05903), posted
on the IMPC website (https://www.mouse
phenotype.org/). Three floxed (red arrows)
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numbers of loxPs and FRTs, as listed in Table 2. We de-
tected PCR products of the sizes expected from in silico es-
timations for each floxed and/or Flrted allele. Furthermore,
the conditional alleles of 215 mouse strains (including
the above 7 strains in Figure 1; Table 2) publicly avail-
able at the RIKEN BioResource Research Center (BRC)
were successfully validated using the developed universal
primer sets with a high success rate at 96.7% (Table S1;
Figure S1). In conclusion, our results indicated that the
universal primer sets developed in this study were useful
for quickly validating various conditional floxed and/or
Flrted genomic intervals between cis-integrated loxPs or
FRTs.

2.4 | Application of the developed
universal primers

The genetic quality control (QC) of complex and sophisti-
cated genetic tools such as conditional mouse models is es-
sential for ensuring the reproducibility of experiments. PCR
tests using the developed universal primers can be widely
applied to the various conditional genetic models contain-
ing loxPs and FRTs currently available at the core facility of
the National BioResource Project by the Japanese Ministry
of Education, Culture, Sports, Science and Technology and
the Agency for Medical Research and Development (Yoshiki
et al., 2009). To establish a comprehensive genetic QC pro-
gram, it is recommended that the loxP- and FRT-PCR tests be
conducted along with other genetic QC tests, such as marker
gene detection (Nakata et al., 2009) and strain-specific
genotyping and sequencing. The developed universal prim-
ers should also play an important role in the quick valida-
tion of conditional mice with cis- versus frans-integrated
loxPs via genome editing knock-in technology (Gurumurthy
et al., 2019).

NAKATA ET AL.
3 | EXPERIMENTAL
PROCEDURES
3.1 | Mice

Conditional floxed and Flrted strains identified by Riken
BRC numbers 09446, 04503, 09534, 04608, and 06221 have
been deposited and maintained at the barrier facility for ge-
netically modified mice at the RIKEN BRC. Conditional
mice identified by Riken BRC numbers 05903, 05584, and
09446 were generated at the RIKEN BRC by using knock-
out mouse embryonic stem cell resources obtained from the
International Mouse Phenotyping Consortium repositories
(Skarnes et al., 2011). The C57BL/6JJcl mice were pur-
chased from CLEA Japan and used as wild-type controls. All
experiments including genetically modified mice were ap-
proved by the Institutional Animal Care and Use Committee
and the Genetic Recombination Experiments Committee of
the RIKEN Tsukuba Branch.

3.2 | PCR analysis for floxed and
Firted alleles

Mouse genomic DNA was extracted from tail tips as pre-
viously described using automated DNA isolator (GENE
PREP STAR PI-80X, Kurabo; Nakata et al., 2009;
Figure S2). Primer sets with 5' end containing restriction
sites for loxP and FRT as shown in Figure 1 and listed
in Table 1 were used. PCR tests were performed in mix-
tures containing 100 ng of genomic DNA, 1 X PCR buffer,
0.4 mM dNTPs, 0.5 pM each of primer, and 0.4 U of KOD
FX (Toyobo) in a volume of 20 ul (Figure S3). The reac-
tions were carried out with an initial denaturation at 94°C
for 120 s, followed by 38 cycles of denaturation at 98°C for
10 s, and annealing and extension at 68°C for 300 s. The

TABLE 2 Validation of various conditional floxed and Flrted alleles by universal PCR primers for loxP- and FRT-tests

No. of Product size (kb) No. of Product size (kb)
RBRC no.  Strain name loxP by loxP-test FRT by FRT-test Reference
09446 C57BL/6-Isly "™IEUCOMMWisijg, 3 4.0,2.0,1.8 2 7.0 Skarnes et al.
(2011)
04503 B6.129P2-Smad7 "™k 2 35 2 1.1 Tojo
etal. (2012)
05584 C57BL/6N-Ikzf5 ™I(KOMPIWisiicqq 2 1.8 2 7.0 Skarnes et al.
(2011)
09534 B6-Pgk] ™I(CAG-¢GFP-NLS, PGK-Neo)Koba 6.0 2 1.5 Kobayashi
(2018)
04608 B6:129P2-Runx] "HHomy 2 3.6 1 Not detected Nagamachi
et al. (2010)
06221 B6:129-SIc39a10 ™17k 2 8.0 0 Not detected Miyai

et al. (2014)
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PCR products were separated and detected on 1% agarose
gels in 1X TAE buffer. The gel images were captured and
recorded using an E-Box CX5 gel documentation system
(Vilber Lourmat Sté).
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