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ABSTRACT
The human retinal pigment epithelial RPE-1 cell line immortalized
with hTERT retains a stable karyotype with a modal chromosome
number of 46 and has been widely used to study physiological events
in human cell culture systems. To facilitate inducible knock-out or
knock-in experiments in this cell line, we have modified the AAVS1
locus to harbour a DNA fragment encoding ERT2-Cre-ERT2 fusion
protein under regulation of a Tet-On expression system. In the
generated cell line, active Cre recombinase was induced by simple
addition of doxycycline and tamoxifen to the culturemedium. As proof
of concept, we successfully introduced an oncogenic point mutation
to the endogenous KRAS gene locus of this cell line. The cell line will
serve as a powerful tool to conduct functional analyses of human
genes.
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INTRODUCTION
Cell culture has been an informative experimental technique to
conduct functional analyses of genes without interrogating whole
organisms. To study the physiological consequences of an
individual mutation, the chromosome locus ideally needs to be
edited in normal cells that do not carry other genetic abnormalities.
Furthermore, to study possible deleterious or transient consequences,
the mutation needs to occur conditionally. However, because of the
relatively lengthy technical procedures involved, gene function is
often probed by overexpressing a recombinant version of the gene of
interest in an established cell line. Moreover, in human cell culture
systems, many of these cell lines are derived from tumours.
The Cre-LoxP system is a well-established approach to conduct

inducible knock-out (KO) or knock-in (KI) experiments

(Van Duyne, 2001). Cre is a bacteriophage P1 protein, a site-
specific DNA recombinase that recognises a 34 bp DNA sequence
called loxP (Hoess et al., 1982; Sternberg and Hamilton, 1981).
When a DNA fragment containing a segment flanked by repeated
loxP sites is provided as a substrate, Cre mediates recombination
between the two loxP sites, excising the intervening DNA segment
in vitro as well as in cultured mammalian cells and in mice
(Abremski and Hoess, 1984; Lakso et al., 1992; Orban et al., 1992;
Sauer and Henderson, 1988). To regulate its recombination activity,
Cre can be fused with the ligand-binding domain (LBD) of the
estrogen receptor (ER) so that it only becomes active when estrogen
is provided (Metzger et al., 1995). Tight experimental control of
the ER-LBD was enhanced by using mutagenesis to reduce its
affinity towards the natural ligand, estrogen, which may be
available in the cell, while increasing its affinity towards a
synthetic ligand such as 4-hydroxy tamoxifen (4-OHT). The most
commonly used variant for inducible gene editing is ERT2, which
contains a G400V/M543A/L544A triple mutation of the human ER-
LBD and exhibits a highly selective affinity towards 4-OHT
(Feil et al., 1997).

In mouse models, a wide range of Cre lines are available for
conditional KO and KI in a tissue or developmental-stage specific
manner (Wang, 2009). However, in human cell culture systems,
Cre is typically provided in the form of a plasmid or a viral
construct (Sengupta et al., 2017). Plasmid transfection or viral
transduction, though, adds an extra step to the experimental
procedure and can introduce additional experimental variations to
the outcome.

To circumvent this issue, we decided to generate an hTERT
RPE-1 stable cell line where ERT2-Cre-ERT2 is integrated at the
AAVS1 locus under the regulation of a Tet-On system. The hTERT
RPE-1 cell line was derived from a normal human retinal pigment
epithelial (RPE) cell line, RPE-340, which was immortalised by the
human telomerase reverse transcriptase subunit (hTERT) (Bodnar
et al., 1998; Jiang et al., 1999). As hTERT RPE-1 features a near-
diploid karyotype with a modal chromosome number of 46 and
lacks transformed phenotypes, the cell line has been frequently used
to study the normal physiological function of human genes.
Importantly, its stable and normal karyotype allows targeted
genome editing. We chose the AAVS1 locus for ERT2-Cre-ERT2

integration as it was shown to be a ‘safe harbour’ to insert and
express transgenes (Smith et al., 2008), and effective AAVS1
CRISPR/Cas9 targeting constructs are available (Cong et al., 2013;
Mali et al., 2013; Natsume et al., 2016). As proof-of-concept, the
generated cell line successfully excised a LoxP cassette integrated at
the KRAS gene locus after 48 h of doxycycline and tamoxifen
treatment. Hence, the inducible hTERT RPE1 ERT2-Cre-ERT2 cell
line will serve as a powerful tool for the scientific community to
conduct functional analyses of human genes.Received 18 September 2021; Accepted 11 January 2022
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RESULTS
Design of ERT2-Cre-ERT2 AAVS1 integration plasmid
A possible drawback to generate a cell line where a gene encoding
the Cre recombinase is stably integrated into the genome is that
a basal level of Cre expression may cause DNA strand breaks that
are cytotoxic or evoke the DNA damage checkpoint (Schmidt et al.,
2000; Silver and Livingston, 2001). To minimise this effect,
we implemented two approaches. First, we fused ERT2 at both the
N- and C-terminus of Cre as this double fusion of Cre was shown
to have the least basal activity in the absence of 4-OHT

(Casanova et al., 2002; Zhang et al., 1996). Second, to repress
gene expression of ERT2-Cre-ERT2 in the uninduced state, we used a
conditional Tet-On system that has minimal transcriptional activity
in the absence of doxycycline (Das et al., 2016; Loew et al., 2010;
Zhou et al., 2006). The DNA fragment, encoding ERT2-Cre-ERT2

fusion protein, under regulation of the Tet-On system, together
with a puromycin resistant gene (encoding puromycin N-
acetyltransferase, PAC) (Vara et al., 1986), was flanked by AAVS1
homologous arms to generate the integration plasmid pInt-
ERCreER (Fig. 1A).

Fig. 1. Construction of hTERT RPE-1 ERT2-Cre-ERT2 cell line. (A) A schematic diagram of the integration donor plasmid pInt-ERCreER and the targeted
AAVS1 locus. Locations of the primers used to genotype the integration event are indicated in blue. (B) Representative genome PCR results using primers
Pur-F and AAVS1arm2-chk-R. Successful integration of the ERT2-Cre-ERT2 cassette into AAVS1 locus of at least one of the chromosomes yields a 1330 bp
PCR product (indicated by a blue arrowhead). Numbers indicated for each lane represent clones isolated through the puromycin resistance screening.
Clones 19 and 65 (shown in green) were further analysed in this study. BG indicates background bands. (C) Representative genome PCR results using
primers AAVS1arm1-chk-F and AAVS1arm2-chk-R. This pair of primers amplifies an 1836 bp fragment (indicated by a blue arrowhead) if the wild-type
unedited AAVS1 locus is present. The result indicates that clones 19, 20, 48, 51, 53, 54 and 65 do not retain the wild-type AAVS1 locus. Together with the
result from panel B, we concluded that these clones carry the ERT2-Cre-ERT2 cassette as a homozygous insertion at the AAVS1 locus. Clones 19 and 65
were further analysed for Cre expression and activity in Figs 2 and 3. BG indicates background bands.
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Integration of ERT2-Cre-ERT2 at the AAVS1 locus in hTERT
RPE1 cells
hTERT RPE1 cells were transfected with pInt-ERCreER together
with an AAVS1 targeting CRISPR/Cas9 construct (Addgene,
plasmid #72833) (Natsume et al., 2016). To isolate integrated
clones, first puromycin screening was carried out. hTERT RPE1
cells are resistant to puromycin at a concentration within the range of
0.2–5 µg/ml because hTERT was originally introduced to the
ancestral RPE cells with a plasmid pGRN145 (Weinrich et al.,
1997) (ATCC, MBA-141) carrying both the Hygromycin B
phosphotransferase and PAC genes (Bodnar et al., 1998).
However, after conducting preliminary kill-curve experiments, we
found that hTERT RPE1 cells can be screened using 6–8 µg/ml of
puromycin.
69 clones resistant to puromycin (6–8 µg/ml) were selected and

their genomes were isolated. Successful integration into at least one
of the AAVS1 loci was confirmed for 30 out of the 69 clones by PCR
genotyping using a pair of primers spanning one of the integration
sites (Fig. 1B). Out of these, 12 clones were further examined for
retention of the wild-type unedited AAVS1 locus, and five clones
were found to be positive (Fig. 1C). We considered them to have a
heterozygous integration of the ERT2-Cre-ERT2 cassette, while the
remaining seven clones (clones 19, 20, 48, 51, 53, 54 and 65 in
Fig. 1C) were homozygous for ERT2-Ce-ERT2 at AAVS1. Of the
seven homozygous clones, the AAVS1 loci of clones 19 and 65 were
sequenced, and ERT2-Cre-ERT2 confirmed to be free of mutations in
both clones (Fig. S1).

Doxycycline dependent expression of ERT2-Cre-ERT2 in
hTERT RPE1 cells
hTERT RPE1 clones 19 and 65 were further examined for the
expression profile of ERT2-Cre-ERT2 upon doxycycline treatment.
Cell extracts were prepared from these two clones as well as the
parental hTERT RPE-1 cells at 0, 10, 24 and 48 h after doxycycline
addition (1 µg/ml) to the media. Expression of ERT2-Cre-ERT2 was
detected by western blotting using an anti-ERα antibody (Fig. 2A).
At 0 h a band was not detected in any of the three samples, whereas
after 10 h a band appeared at the expected size of ∼100 kDa in
samples from clones 19 and 65 but not the parental cells; the
intensity of this band stayed unchanged for the following 38 h.
Quantification of ERT2-Cre-ERT2 expression in three biological
replicates revealed that doxycycline induced the maximum level of
ERT2-Cre-ERT2 expression in both clones 19 and 65 by 10 h after
induction (Fig. 2B). The expression level of ERT2-Cre-ERT2 was
slightly higher in clone 65 than in clone 19, albeit by a relatively
small amount.

Inducible chromosome editing within 48 h after doxycycline
and 4-OHT treatment
Having confirmed doxycycline-dependent ERT2-Cre-ERT2

expression, we introduced a LoxP cassette into the genome of
clones 19 and 65 to examine whether the induced Cre fusion protein
was able to excise the LoxP cassette upon doxycycline and 4-OHT
treatment. For this purpose, a 2.54 kb LoxP cassette was integrated
into intron 2 of the KRAS gene locus in clones 19 and 65 as

Fig. 2. Expression of ERT2-Cre-ERT2 is induced within
10 h after doxycycline treatment. hTERT RPE-1 ERT2-
Cre-ERT2 clones 19 and 65 were treated with doxycycline
(1 µg/ml) and the expression levels of ERT2-Cre-ERT2 at
time 0, 10, 24 and 48 h after the treatment were analysed
by western blotting. (A) A representative result of the
parental hTERT RPE-1, clone 19 and clone 65. (B) Three
biological replicates of the western blotting were
quantitated using actin as an internal control. Mean and
SD values are presented.
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described in the Materials and Methods (Fig. 3A). The LoxP
cassette integration plasmid (pKH-His-DA-Ap) included the KRAS
exon 2 as a part of the 5′ homologous arm, and we introduced an
oncogenic mutation G12V into exon 2. Therefore, some of the
clones that successfully integrated the LoxP cassette also carried the
G12V mutation (Fig. 3B). Phenotypic studies of the resultant
KRAS.G12V cell line will be reported elsewhere.
To examine consistency and robustness of ERT2-Cre-ERT2 –

mediated LoxP cassette excision, four independent clone 19-
derivatives (19-16, 19-12, 19-13 and 19-21) and three independent
clone 65-derivatives (65-16, 65-30 and 65-32) were analysed for the
KRAS alleles before and after exposure to doxycycline (1 µg/ml)
and 4-OHT (0.5 µM) for 48 h. The genomes were isolated and
analysed by PCR using a pair of primers, AlugenomecheckF and
CheckR (Fig. 3C). Before the doxycycline and 4-OHT treatment,
homozygous clones, 19-21 and 65-30, gave a single PCR product of
4.6 kb, corresponding to the KRAS.LHL allele where the LoxP
cassette is inserted, whereas heterozygous clones, 19-16, 19-12, 19-
13, 65-16 and 65-32, gave an additional product of 2.4 kb,
corresponding to the KRAS.wt allele (Fig. 3C). 48 h after the
treatment, the 4.6 kb PCR product became undetectable or was
substantially reduced in all samples. For heterozygous clones, the
level of the PCR product from KRAS.LoxP allele, which was
produced as the result of LoxP cassette excision, became
comparable to the level of PCR product from the KRAS.wt allele
(Fig. 3C,D). For the clone 19-16, we conducted genomic Southern
blotting to confirm the excision (Fig. 3E). Time-course analysis of
clone 19-16 showed that LoxP cassette excision was detectable at
10 h after doxycycline and 4-OHT treatment and completed by 48 h
post-treatment (Fig. 3E). From these results, we conclude that the
hTERT RPE-1 ERT2-Cre-ERT2 cell line allows us to conduct
inducible gene editing and that excision of the LoxP cassette can be
achieved within 48 h of addition of doxycycline and 4-OHT to the
medium.

Cre expression causes a transient but reversible DNA
damage response
To evaluate a possible adverse effect of Cre recombinase expression
in the cell line we have generated, we examined the proliferation rate
and the DNA damage response of the parental RPE-1 and clone 19
cells under the same conditions used for genome editing. Cells were
treated for 48 h with doxycycline and 4-OHT, which were then
washed out, and cell proliferation rate and γ-H2AX foci formation, a
marker of DNA damage, were monitored (Fig. 4; Fig. S2).
We first seeded a relatively small number of cells in a culture well

so that we could observe proliferation for 7–8 days without cell
passaging. The relatively low density of the cells of this condition
resulted in a slower proliferation rate during the first 5 days after
seeding before a more exponential rate of growth (Fig. S2A,B).
Under this condition, both untreated RPE-1 and clone 19 cells
showed a comparable proliferation profile (Fig. 4A). For clone 19,
doxycycline and 4-OHT treatment, either for 48 h or continuously,
resulted in a reduction in cell number compared to the untreated
clone 19 cells on Day 6 (Fig. S2B). The proliferation rates between
day 5 and 6 of these samples are reduced compared to the
corresponding RPE-1 samples, indicating a potential DNA damage
response (Fig. 4B,C). However, these cells showed a recovery of
proliferation after day 6. Recovery of proliferation of the
continuously treated cells indicates that the degree of DNA
damage caused by Cre induction is relatively mild. The washout
sample showed no detectable impairment in cell proliferation after
further passaging (data not shown).

We next monitored the occurrence of DNA double-strand breaks
(DSBs) by staining for γ-H2AX foci (Rogakou et al., 1998). Both
untreated RPE-1 and clone 19 cells showed a low and comparable
number of γ-H2AX foci, whereas upon 48 h treatment with
doxycycline and 4-OHT clone 19 showed an increased number of
γ-H2AX foci compared to RPE-1 cells (Fig. 4D,E). Not
unexpectedly, this indicates that the expressed Cre recombinase
generates a number of DSBs in clone 19 cells. However, these foci
disappeared within 24 h after removal of doxycycline and 4-OHT,
indicating that the DSB formation in clone 19 under the conditions
used for gene-editing is transient.

Taken together, we conclude that the amount of Cre induced for
gene-editing causes only a transient increase in DNA damage
without substantially affecting cell proliferation, and that clone 19 is
therefore a useful tool for functional gene analyses in human cells.

DISCUSSION
It has been well recognised that many genes are functionally
conserved between humans andmice, andmouse models have made
valuable contributions to understand mechanisms of human
diseases. However, important differences between these two
organisms also have become evident in recent years (Uhl and
Warner, 2015). Therefore, it is vital to keep developing
experimental tools for human cell culture systems that allow
human gene function studies. Unlike mouse models where mouse
embryonic fibroblasts can be produced from mice of a defined and
purposely engineered genetic background, immortalised human cell
lines are mostly derived from tumour tissues of varying genetic
backgrounds with unstable karyotypes. Hence, establishment of the
hTERT-mediated immortalisation protocol and subsequent
generation of the hTERT RPE-1 cell line have made an immense
impact on the field, as these developments have allowed researchers
to study normal, or ‘near wild type’, human cells that retain a stable
karyotype, cell cycle checkpoints and contact inhibition (Bodnar
et al., 1998; Jiang et al., 1999).

In this study, we generated the pInt-ERCreER plasmid, which,
together with an AAVS1-targeting CRISPR/Cas9 construct, allows
integration of an ERT2-Cre-ERT2 cassette at the AAVS1 locus of
human cell lines. We observed that the integration efficiency in
hTERT RPE-1 cells was reasonably high (30/69 clones), and
multiple clones were found to carry the ERT2-Cre-ERT2 cassette as a
homozygous insertion. This was surprising as hTERT RPE-1 cells
are considered to retain a relatively low homologous recombination
activity (Katoh et al., 2017; Miyamoto et al., 2015). We reasoned
that the unexpected high integration rate may be due to insertion at
the AAVS1 locus, which is a hotspot for adeno-associated virus
(AAV) integration (Kotin et al., 1992) and retains a DNA segment
that prevents the spread of heterochromatin (Ogata et al., 2003).
Although AAV integration occurs through a non-homologous
recombination pathway, the somewhat ‘open’ nature of the
chromosome structure in this region may also be more susceptible
for homologous recombination. As the pInt-ERCreER plasmid
performed successfully in the ‘difficult’ hTERT RPE-1 cells, we
expect it to be even more effective in other human cell lines.

During the process of generating hTERT RPE-1 ERT2-Cre-ERT2

cells, we managed to utilise puromycin resistance to integrate the
ERT2-Cre-ERT2 cassette. Therefore, other useful selection reagents
such as neomycin, blasticidin and histidinol are still available for
gene editing in this cell line. As proof-of-principle for use of this cell
line for gene editing, we used histidinol dehydrogenase gene as a
selection marker to insert a LoxP cassette in intron 2 of the KRAS
gene locus. The LoxP cassette was then successfully excised within
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Fig. 3. See next page for legend.
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48 h after Cre induction, confirming that using the generated
hTERT RPE-1 ERT2-Cre-ERT2 cell line, we can conduct inducible
gene editing by simply adding doxycycline and 4-OHT to the
culture medium.
The physiological impact of the Cre expression in this cell line

was evaluated by analysing the cell proliferation rate and DNA
damage response. The results showed that the overall fitness of the
hTERT RPE-1 ERT2-Cre-ERT2 cell line is comparable to the
parental cell line, and the condition used to induce the Cre-mediated
genome editing causes a minor reversible DNA damage response.
Together, the hTERT RPE-1 ERT2-Cre-ERT2 cell line is expected to
exhibit minimum artefact when utilised for human genome editing
experiments.
Our preliminary result showed that, in the KRAS.G12V

heterozygous cell line, the inserted LoxP cassette did not block
the transcription or splicing of the KRAS.G12V, and therefore,
Kras.GV protein was expressed regardless of the Cre-induced LoxP
cassette excision. Hence, the case demonstrates that the inducible
genome alteration does not always result in inducible protein
expression. However, if the LoxP cassette insertion is to disrupt
gene transcription or splicing, we would be able to express the
encoded protein in an inducible manner using this cell line.
This hTERT RPE-1 ERT2-Cre-ERT2 cell line is versatile in gene

editing. In addition to conditional gene deletion, we can effectively
introduce a point mutation to a gene using a selection marker, which

is subsequently removed to leave the gene allele with minimum
alteration. Furthermore, inducible protein expression is possible by
placing a LoxP cassette appropriately. The hTERT RPE-1 ERT2-
Cre-ERT2 cell line will therefore facilitate future functional studies
of human genes and genome.

MATERIALS AND METHODS
Plasmid cloning
pInt-ERCreER was generated by modifying pMK240 (Natsume et al.,
2016). A DNA fragment encoding a fusion protein of the ligand-binding
domain of human estrogen receptor with T2 mutation (ERT2), Cre
recombinase and ERT2 was synthesised (Integrated DNA Technologies,
Inc.) and inserted at f Mlu I –Bgl II sites at the multi-cloning site of the
plasmid using In-Fusion HD EcoDry Cloning Plus (Takara Bio). Insertion
of a LoxP cassette at KRAS locus of the chromosome was mediated by two
plasmids, pX330-kras_CRISPR and pKH-His-DA-Ap_kras_integration.
pX330-kras_CRISPR is a derivative of pX330 (Addgene, #42230) (Cong
et al., 2013), where the guide RNA sequence for the targeted KRAS gene
locus, 5′ GTATTTCAGAGTTTCGTGAG 3′, is inserted. pKH-His-DA-
Ap_KRAS_integration plasmid contains a DNA fragment encoding
histidinol dehydrogenase under PGK promoter, which is flanked by a pair
of LoxP sites. This LoxP cassette is sandwiched by KRAS gene homologous
arms. The left (5′) arm spans position 9447 to 10951 of chromosome 12,
carrying an oncogenic G12Vmutation in exon2, and the right (3′) arm spans
position 11399 to 12753 of chromosome 12.

Cell culture and transfection
To culture hTERT RPE-1 cells (ATCC, CRL-4000), DMEM/F-12 (Gibco,
#31331-028) containing 0.5% sodium bicarbonate, supplemented with 10%
foetal bovine serum (Gibco, #10500-064), 1% (v/v) Penicillin-Streptomycin
(Gibco, #15140-122) and 10 µg/ml Hygromycin B Gold (InvivoGen, #ant-
hg-1) was routinely used. Cells were cultured at 37°C, 5%CO2. Transfection
was conducted using Lipofectamine 3000 Reagent (Invitrogen,
#L3000001) following the manufacturer’s instruction. To select clones
with ERT2-Cre-ERT2 integration at AAVS1 locus, puromycin (InvivoGen,
#ant-pr-1) was added to the media at a final concentration of 6–8 µg/ml. To
select clones with a LoxP cassette integration at KRAS gene locus, L-
histidinol dihydrochloride (Sigma-Aldrich, #H6647) was added to the
media at a final concentration of 1.35–1.5 mg/ml. For doxycycline
treatment, doxycycline (Alfa Aesar, #J60422) was dissolved in H2O at
1 mg/ml and used at a final concentration of 1 μg/ml in the medium. For 4-
OHT treatment, 4-OHT (Merck, #H6278) was dissolved in ethanol at 1 mM
and used at a final concentration of 0.5 μM in the culturing medium.

PCR based genotyping
GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific,
#K0721) was used to isolate genome DNAs from isolated clones.
To confirm integration of ERT2-Cre-ERT2 at AAVS1 locus, primers Pur-F
(5′ TTCTACGAGCGGCTCGGCTTCACCGTCA 3′) and AAVS1arm2-
chk-R (5′ GTTGGAGGAGAATCCACCCAAAAGGCAGCC 3′) were
used. To examine the presence of AAVS1 wild-type (unedited) locus,
primers AAVS1arm1-chk-F (5′ CGCCTCTGGCCCACTGTTTCCCC-
TTCCC 3′) and AAVS1arm2-chk-R (5′ GTTGGAGGAGAATCCACC-
CAAAAGGCAGCC 3′) were used. To examine the structure of KRAS
locus, a pair of primers AlugenomecheckF (5′ TCATTACGATACACGT-
CTGCAGTCAACTGG 3′) and CheckR (5′ GTTCTCCTGCCTTTCTTA-
CAGTTTAACTACA 3′) were used. A typical PCR reaction mix was
prepared in 50 µl reaction scale by assembling the following components:
3 µl of extracted genome DNA (1–15 ng/µl), 1.5 µl of each primer (10 µM),
1.5 µl of dNTPs (10 mM each), 1 µl of KAPA HiFi DNA polymerase
(Roche, #KK2101), 10 µl of 5 x KAPA HiFi buffer (Roche, #KK2101) and
31.5 µl H2O. The PCR condition was set as follows; 30 s denaturation at
98°C, 35 cycles of 10 s 98°C, 10 s 68°C, 150 s 72°C and 5 min 72°C.

Western blotting
For immunoblotting of ERT2-Cre-ERT2 expression, cells were lysed in 3x
Laemmli buffer (240 mM Tris pH 6.8, 6% SDS, 30% glycerol, 2.24 M

Fig. 3. Cre-LoxP excision of the targeted chromosome in 48 h after
doxycycline and 4-OHT treatment. (A) A schematic diagram of a proof-of-
principle test case, chromosome editing of the KRAS gene locus. A DNA
fragment encoding histidinol dehydrogenase (HDH), flanked by LoxP sites
(LoxP-HDH-LoxP, LHL) was inserted into intron 2 of KRAS gene to create
KRAS.LHL locus. Active Cre is expected to excise the LHL cassette, leaving
one copy of LoxP site, to generate KRAS.LoxP allele. A pair of primers,
AlugenomecheckF and CheckR, is indicated in the diagram. Two probes
used for the Southern blotting are indicated as ‘SB probes’ and EcoRI sites
used for Southern blotting are indicated in the diagram. (B) Some of the
clones with the LoxP cassette insertion also carried the KRAS.G12V
mutation. The genome isolated from clone 19-16, which has a heterozygous
integration of the ERT2-Cre-ERT2 cassette, was sequenced using the primer
AlugenomecheckF. Three substitutions of the nucleic acids resulting in
G12V mutation are indicated with orange arrows together with the
sequencing chromatogram. (C) A typical example of successful excision of
the LHL cassette 48 h after doxycycline (1 µg/ml) and 4-OHT (0.5 µM)
exposure in seven independent clones. Clones 19-16, 19-12, 19-13 and 19-
21 were generated by integrating the LHL cassette into the KRAS locus of
clone 19 and clones 65-16, 65-30 and 65-32 were generated in the same
way but using clone 65. Among these clones, clones 19-21 and 65-30 have
KRAS.LHL as a homozygous insertion. PCR genotyping was conducted
using primers AlugenomecheckF and CheckR. The PCR reaction produced
the expected products of 4621 bp for KRAS.LHL, 2370 bp for KRAS.wt and
2115 bp for KRAS.LoxP. (D) Southern blotting to confirm the successful LHL
excision 48 h after doxycycline and 4-OHT treatment. Genomes from clone
19 and clone 19-16 were digested by EcoRI and analysed by Southern
blotting using a cocktail of two probes indicated in the diagram A (SB
probes). Signals were detected at the expected size of 8797 bp for
KRAS.LHL. For KRAS.wt and KRAS.LoxP, the expected sizes were 6546 bp
and 6291 bp, respectively, and these two bands were not resolved in the
agarose gel. Nonetheless, the KRAS.LHL signal became undetectable in
clone 19-16 (time 48) sample, and therefore we concluded that LHL excision
was successful 48 h after exposure to doxycycline and 4-OHT. (E) Time-
course profile of the LHL excision. Parental hTERT RPE-1, clone 19 and
clone 19-16 were exposed to doxycycline (1 µg/ml) and 4-OHT (0.5 µM),
and samples collected at 0, 10, 24 and 48 h after treatment. Genome PCR
was conducted using primers AlugenomecheckF and CheckR. A PCR
product of KRAS.LoxP was detectable 10 h after the start of the treatment.
By 48 h, most of the KRAS.LHL signal disappeared and the signal intensity
of KRAS.wt and KRAS.LoxP became comparable.
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Fig. 4. See next page for legend.
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β-mercaptoethanol, 0.06% Bromophenol Blue) (Laemmli, 1970), and
samples were heat-denatured at 95°C for 5 min. Proteins were resolved by
SDS-PAGE and transferred to 0.2 μm nitrocellulose membranes (Bio-Rad,
#1620112), and the membranes were blocked with a blocking buffer (Li-Cor
Intercept Blocking Buffer TBS, #927-60001). The ERT2-Cre-ERT2 was
detected with an anti-ERα antibody (Santa Cruz Biotechnology, #sc-8002,
1/500 dilution), and an anti-actin antibody (Life Technologies, #MA1-744,
1/2000 dilution) was used to detect actin as a loading control. Goat anti-
mouse antibody (Li-Cor, #926-68020) was used as a secondary antibody,
and membrane images were acquired by Odyssey Infrared Imaging System
(Li-Cor Biosciences). The protein levels were quantified using Image Studio
software (Li-Cor Biosciences). Fig. 2B presents the results deduced from
three biological replicates, analysed by Prism software (GraphPad).

Southern blotting
Southern blotting was conducted essentially as described previously
(Senmatsu et al., 2021) to check the chromosome structure of KRAS gene
locus. Genomes were isolated by DNAzol reagent (Thermo Fisher
Scientific, #10503027) following the manufacturer’s instruction. 10 µg of
sample genome DNAwas digested by EcoRI, run on an agarose gel (0.8%)
and transferred to a nitrocellulose membrane (Biodyne B, PALL, NY,
USA). Two radioactive probes for two regions of KRAS gene were prepared
as follows. First, two KRAS genome regions were amplified by PCR. One
was amplified with a pair of PCR primers 5′ GGTAAAATTTGGTGGAA-
GAGGAAAAGTCTC 3′ and 5′ CAGAACACTAAAGATGAAACAAAC-
CAATCC 3′ and the other using PCR primers 5′ CTCTGAGACCAAGT-
TAAGTAGAATTTGCAC 3′ and 5′ TGCCCTAATAACGAGGTATTT-
CATTATCTC 3′. The generated KRAS genome fragments were cloned
separately in a pBluescript plasmid, from which two PCR fragments were
amplified and used as templates for random-primer labelling (GE
Healthcare) with [α-32P]-dCTP (PerkinElmer, MA, USA). Hybridization
was performed in a buffer [1% BSA, 7% SDS, 0.5M Na2HPO4 (pH 7.4),
1mMEDTA] at 62°C for 12h, and extensively washed with wash buffer [1%
SDS, 1mM EDTA, 0.04M Na2HPO4 (pH 7.4)]. Signal was detected by a
phosphor imager (FLA7000, Fuji film, Tokyo).

Cell proliferation assays
Cell proliferation rates were examined by growing cells in a well of a six-well
plate (TPP, #92006). On Day 0, 2×103 cells were seeded in each well, and

2 ml media was provided. Presumably, because the starting cell density was
low, cell growth became clearly detectable only on day 5–6. This condition
allowed us to confirm the growth recovery of clone 19 on day 7–9 after cells
were treated with doxycycline (1 μg/ml) and 4-OHT (0.5 μM). On the day of
the measurement, the media in the well was removed, and the cells were
rinsed by modified Hanks’ balanced salt solution (Sigma-Aldrich, #H6648).
Cells were trypsinised by 500 µl of 0.25% Trypsin-EDTA solution (Merck,
#T4049) and then mixed with 500 µl of the media. 40 µl of the cell
suspension was mixed with 0.4% trypan blue solution (Sigma-Aldrich
T8154). The stained cells were counted using CellDrop (DeNovix).

Quantification of γ-H2AX foci
Cells were seeded in a well of a six-well plate (TPP, #92006), each well
containing an acid-treated glass coverslip and 3 ml media. Cells were either
untreated or treated with doxycycline (1 μg/ml) and 4-OHT (0.5 μM). As a
control sample, cells were γ-irradiated at a dose of 0.5 Gy using Xstrahl
RS320. Cells were fixed with 3.7% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 10 min at room temperature (RT). PFA was
removed by washing the cells with PBS three times, and cells were
permeabilised in 0.5% (v/v) Triton X-100 and 0.5% (w/v) saponin in PBS
for 10 min at RT. After washing the cells three times in PBS, the remaining
PFA was quenched in 1 mg/ml of NaBH4 solution for 4 min. The sample
was rinsed oncewith PBS and then treated with 0.1 M glycine in PBS for 1 h
at RT. Cells were then rinsed in PBS and blocked in 1% (w/v) BSA in PBS
for 1 h at RT. Anti-phospho-histone H2A.X antibody (clone JBW301,
Millipore #5636) was diluted to 2 µg/ml in 1% (w/v) BSA in PBS and
applied to the cells for 1 h at 37°C. The primary antibody was removed by
washing the cells with PBS, and CF594-conjugated goat anti-mouse
IgG1(γ1) (Biotium, #20249) was applied at a concentration of 2 µg/ml,
together with DAPI (a final concentration of 1 µg/ml). Cells were incubated
for 40 min at RT. Finally, the prepared coverslips were washed with PBS
and rinsed with Milli-Q H2O before being mounted on a glass slide with a
drop of VectorShield (Vector Laboratories, #H-1000). The samples were
observed using a 2D array scanning laser confocal microscope (Infinity 3,
VisiTech) using 60x/1.4 Plan Apo objective lens (Nikon). Each image
comprises 35 serial images with 0.3 µm intervals along the Z-axis taken to
span the full thickness of the cell. Images were Z-projected (maximum
intensity), cropped and combined using Fiji (Schindelin et al., 2012). A
quantile-quantile plot (q-q plot) of the obtained data showed that the data
distribution was not parametric. Therefore, we used Kruskal–Wallis test and
conducted a post hoc Dunn’s test for pairwise comparisons.
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Fig. 4. The physiological impact of expression of ERT2-Cre-ERT2 in the
clone 19. (A–C) Proliferation rates of RPE1 and clone 19 cells with or
without doxycycline and 4-OHT treatment. A relatively small number of cells
(2×103 cells) were seeded per well in a six-well plate to allow observation of
proliferation for up to 8 days. The panels show the proliferation rates from
day 5. The cell count data for the whole course of the experiment is
presented in the Fig. S2. All graphs have a logarithmic y-axis.
(A) Proliferation rates of RPE1 and clone 19 cells without doxycycline and
4-OHT treatment. (B) Proliferation rates of RPE1 and clone 19 cells cultured
in the presence of doxycycline and 4-OHT throughout the experiment.
(C) Proliferation rates of RPE1 and clone 19 cells treated for 48 h with
doxycycline and 4-OHT before replacement into fresh media. For the clone
19 samples treated with doxycycline and 4-OHT, cell counts were made for
an additional day to reveal growth recovery of these samples. All
experiments, n=3; error bars represent SD. (D) Formation of γ-H2AX foci
upon expression of ERT2-Cre-ERT2. RPE-1 and Clone 19 cells were subject
to the following treatments: incubation for 48 h with doxycycline and 4-OHT,
incubation for 48 h with doxycycline and 4-OHT, which were then removed
for 24 h before fixation, and γ-irradiation (0.5 Gy) 30 min before fixation.
Untreated cells are included as a reference. γ-H2AX foci formation was
detected by immunofluorescence microscopy as described in the Materials
and Methods. Upper panels show merged images of γ-H2AX foci and DNA.
Scale bar: 20 µm. (E) Summary of γ-H2AX foci formation results presented
in (D). 100–150 nuclei were counted for each sample and the data
presented using the boxplot format (RStudio) where median, and first and
third quartiles are indicated using a box. Individual data points are also
indicated. The data were analysed by Kruskal–Wallis test and pairwise
comparisons conducted by Dunn’s test. NS, not significant; **P<0.01,
***P<0.001, ****P<0.0001, *****P<0.00001.
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