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ABSTRACT

Haploid mouse embryonic stem cells (ESCs), in
which a single hit mutation is sufficient to produce
loss-of-function phenotypes, have provided a pow-
erful tool for forward genetic screening. This strat-
egy, however, can be hampered by undesired au-
todiploidization of haploid ESCs. To overcome this
obstacle, we designed a new methodology that fa-
cilitates enrichment of homozygous mutant ESC
clones arising from autodiploidization during hap-
loid gene trap mutagenesis. Haploid mouse ESCs
were purified by fluorescence-activated cell sorting
to maintain their haploid property and then trans-
fected with the Tol2 transposon-based biallelically
polyA-trapping (BPATrap) vector that carries an in-
vertible G418 plus puromycin double selection cas-
sette. G418 plus puromycin double selection en-
riched biallelic mutant clones that had undergone
autodiploidization following a single vector insertion
into the haploid genome. Using this method, we suc-
cessfully generated 222 homozygous mutant ESCs
from 2208 clones by excluding heterozygous ESCs
and ESCs with multiple vector insertions. This rela-
tively low efficiency of generating homozygous mu-
tant ESCs was partially overcome by cell sorting of
haploid ESCs after Tol2 BPATrap transfection. These
results demonstrate the feasibility of our approach to
provide an efficient platform for mutagenesis of ESCs
and functional analysis of the mammalian genome.

INTRODUCTION

The effectiveness of loss-of-function mutagenesis screens in
mammalian cells has been hampered by the diploid prop-

erty of the genome. Even if one allele of an autosomal gene
is disrupted, the existence of another allele usually masks
its phenotypic manifestation. As a solution, we have previ-
ously developed a homozygous mutant mouse embryonic
stem cell (ESC) bank in which genome-wide heterozygous
mutants were converted into homozygotes by an increased
rate of loss of heterozygosity on the Bloom-deficient back-
ground (1–3).

Alternatively and more straightforwardly, haploid mouse
ESCs (4,5) and near haploid human cells (6,7) have been
established as powerful tools for genetic screening of loss-
of-function phenotypes (8–13). However, forward genetic
screenings of these cell lines have been more or less ham-
pered by inherent cellular autodiploidization during cul-
ture. Indeed, undesirably diploidized ESCs are much more
efficiently transfected with insertional mutagenesis vectors
than their original haploid cells (14). To overcome this
drawback, we designed a new methodology that allows ef-
ficient enrichment of homozygous mutant clones arising
from haploid ESCs mutagenized by gene trap insertional
mutagenesis.

Genome-wide gene trap mutagenesis typically uses either
of two types of insertional vectors. One is a promoter trap
vector that consists of a promoterless splicing acceptor and
selectable marker cassette (15). The selectable marker gene
is transcribed only when the promoter trap vector inserts
within a transcriptionally active gene. Another is a polyA
trap vector that consists of a promoter driving expression
of a selectable marker gene and a splicing donor lacking
a polyA signal (16–19). The selectable marker gene can be
stabilized upon trapping of a polyA signal, regardless of
whether the target gene is transcriptionally active or silent.
Here, we used a polyA trap vector carried by the medaka
Tol2 transposon to mutagenize haploid mouse ESCs ran-
domly. The highly elaborate design of our vector system
allowed efficient enrichment of homozygous mutant ESCs
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arising via autodiploidization of their parental haploid mu-
tant ESCs, resulting in the generation of a homozygous
mutant mouse ESCs applicable to forward loss-of-function
screening of the mammalian genome.

MATERIALS AND METHODS

Vector construction

The neomycin resistance gene (neo) was ligated to a fu-
sion gene of puromycin resistance and herpes simplex virus
thymidine kinase genes (puroΔtk) in a tail-to-tail manner.
This tail-to-tail marker cassette was flanked by inversely
oriented lox2272 sequences (3) and cloned into the dif-
ferentially tagged UPATrap-Tol2 transposon vector (20).
The resulting vector was designated as biallelically polyA
trapping (BPATrap). Its sequence has been deposited in
GenBank/EMBL/DDBJ (Accession Number: 6648).

Cell culture and sorting

H129-2 haploid mouse ESCs (kindly provided by Martin
Leeb, the University of Vienna) and their derivatives were
cultured on puromycin-sensitive mouse embryonic fibrob-
last (MEF) feeder cells in chemically defined two inhibitor
(2i) medium plus leukemia inhibitory factor (LIF) or em-
bryonic stem cell medium (ESM) containing 20% fetal calf
serum (11). To sort haploid cells, ESCs were stained with
15 �g/ml Hoechst 33342 (Life Technologies) at 37◦C for
30 min, and cells in the 1N peak were purified using a
BD FACSAria II Cell-sorting System at 375 nm (BD Bio-
sciences). The DNA content was analyzed by a FACSCanto
II (BD Biosciences). Data analyses were performed using
BD FACSDiva software (BD Biosciences) or FlowJo soft-
ware (TreeStar).

Genome editing in haploid mouse ESCs

Five micrograms of linearized targeting vector pROSA26-
F3-neoW-ERT2-iCre-ERT2 (3) was electroporated into 1 ×
106 H129-2 haploid mouse ESCs, together with 5 �g of zinc-
finger nuclease (ZFN) mRNA, which targets the Rosa26
locus (M4574, Sigma-Aldrich), using the Neon transfec-
tion system (Invitrogen) with conditions of 1400 V, 20 ms
and one pulse. The transfected cells were selected by G418
(200 �g/ml) for 6 days. Individual clones were screened
by polymerase chain reaction (PCR) for homologous re-
combination using primers ROSA26-F-long and ROSA-
SA-long. Correct targeting at the Rosa26 locus was con-
firmed by competitive PCR using primers ROSA26-Xba-U,
ROSA26-Xba-L, and ROSA-SA-long2, and the DNA con-
tent of cells was analyzed by the FACSCanto II. To remove
the neo cassette flanked with F3 [mutant of the flippase
(Flpo) target site], Rosa26-targeted clones were transfected
with pCAGGS-Flpo-IRESpuro (3) using the Neon trans-
fection system under the conditions described above. The
transfected cells were transiently selected with puromycin
(1 �g/ml) in 2i medium plus LIF for 2 days, and then 2000
cells were plated on a 10-cm dish in 2i medium plus LIF.
Individual clones were picked and screened for neo cas-
sette removal by PCR using primers pBig5-F, NeoW-R and
ERT2iCre-R. The resulting ESCs were analyzed for their

DNA content by the FACSCanto II. Correct targeting was
confirmed by Southern blotting. The primer sequences are
listed in Supplementary Table S1.

Vector transfection

One million Rosa26E2iCreE2haploid ESCs were co-
transfected with 0.1 �g of a mixture of 15 differentially
tagged BPATrap vectors and 1 �g pCAGGS-mT2TP
transposase plasmid using the Neon transfection system
(1400 V, 10 ms and three pulses).

Screening for single copy vector insertion

Single copy BPATrap insertion per haploid genome per cell
was screened by PCR amplification of the 15 differentially
tagged regions of the vector using primers n-RACE and R-
term, followed by Sanger sequencing using the primer RS-
F4. The primer sequences are listed in Supplementary Table
S1.

G418 plus puromycin double selection

ESC clones were transferred into a gelatin-coated 12-well
plate in ESM and treated with 1 �M 4-hydroxytamoxifen
(4-HT) for 16 h to activate Cre-lox2272 recombination.
From the next day onward, the ESCs were double selected
with G418 (300 �g/ml) and puromycin (2 �g/ml) for 5 days
or more. Genomic DNA was extracted from the ESCs by a
standard phenol/chloroform method.

Splinkerette PCR

Approximately 100 ng genomic DNA was digested with
HaeIII or AluI (New England BioLabs) and ligated with the
splinkerette Spl-top/SplB-BLT linker (3) using T4 DNA lig-
ase (Takara). Vector insertion sites were amplified by nested
PCR with primer sets Spl-P1/SPL-1 (first round) and Spl-
P2/SPL-2m (second round) (3,20). The resulting amplicons
were sequenced with the primer SPL-seq to map insertion
sites to the mouse reference genome (mm10, Dec 2011) us-
ing BLAT (http://genome.ucsc.edu/). Primers sequences are
listed in Supplementary Table S1.

Quantitative PCR (qPCR) analysis

Locus-specific primers were designed based on the flank-
ing sequences of each insertion site of BPATrap obtained
by splinkerette PCR. Quantitative PCR (qPCR) was per-
formed using ESC clone-derived genomic DNA to geno-
type all BPATrap insertion loci by measuring the relative
copy number of gene trap and wild-type alleles. GoTaq
qPCR Master Mix (Promega) and the Applied Biosystems
7900HT Fast Real-Time PCR System were used under the
following conditions: denaturation at 95◦C for 2 min, fol-
lowed by 40 cycles of denaturation at 95◦C for 15 s and ex-
tension at 60◦C for 1 min, and finally a dissociation stage
of 95◦C for 15 s, 60◦C for 15 s, and 95◦C for 15 s. The rela-
tive amounts of amplification products were calculated us-
ing Gapdh (glyceraldehyde-6-phosphate dehydrogenase) as
a standard. Primers sequences are listed in Supplementary
Table S2.

http://genome.ucsc.edu/
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Karyotyping

The karyotypes of ESC clones were analyzed as described
previously (3). A total of 100 metaphase cells were analyzed
for each clone.

Isolation of revertant clones

To remove the mutagenic vector sequences flanked with
F3, 1 × 106 homozygous mutant cells (H03-D12: Psphm/m

and H03-G08: Zic3m/m) were transfected with pCAG-Flpo-
IRESBsd using the Neon transfection system (1400 V,
10 ms and three pulses). The transfected cells were tran-
siently selected with blasticidin S (10 �g/ml) in ESM
for 2 days, and then 1000 cells were plated on a 10-cm
dish in ESM. Individual clones were picked and screened
by PCR with primer sets SA-R/H03-D12-F/H03-D12-
R (H03-D12: Psphr/r) or SA-R/H03-G08-F/H03-G08-R
H03-G08: Zic3r/r). The primer sequences are listed in Sup-
plementary Table S1.

Cell lysis and western blotting

ESCs were suspended in ESM and plated on gelatin-coated
culture dishes for 30 min to remove MEFs. Non-attached
ESCs were resuspended in sodium dodecyl sulphate (SDS)
sample buffer [50 mM Tris–HCl, pH 6.8, 2% (wt/vol) SDS,
10% (vol/vol) glycerol, 5% (vol/vol) 2-mercaptoethanol
and 0.01% bromophenol blue], and cell lysates were sep-
arated on SDS-polyacrylamide gels. Proteins were trans-
ferred to nitrocellulose membranes (Millipore) and detected
using primary antibodies recognizing phosphoserine phos-
phatase (PSPH) (Abcam, ab156414, 1:100), ZIC3 (Abcam,
ab215063, 1:1000) or �-actin (Sigma, clone AC15, 1:2000).
Membranes were further incubated with appropriate sec-
ondary antibodies, and proteins were visualized using en-
hanced chemiluminescence (ECL) reagents (GE Health-
care).

RESULTS

Basic principle of the strategy to generate a collection of ho-
mozygous mutant mouse ESCs

To generate homozygous mutant mouse ESCs, we exploited
the inherent property of haploid mouse ESCs that undergo
autodiploidization during culture (4,5,10,21,22). Figure 1
shows an outline of the strategy that focuses on the structure
and function of gene trap vectors, together with the ploidy
of target chromosomes under drug selection pressure. The
efficiency of the integration of exogenous vectors is lower
in the haploid ESC genome than the autodiploidized ESC
genome for undefined reasons (14). Therefore, the key chal-
lenge in this approach is how to eliminate single allelic
(heterozygous) gene trap events that occur following au-
todiploidization of haploid ESCs. We constructed a gene
trap vector in which neomycin (N) and puromycin (P) re-
sistance genes were located downstream of the promoter
(Pr) in a tail-to-tail orientation and flanked by inversely ori-
ented lox sequences. Cre-lox site-specific recombination in-
verts the lox-flanked (floxed) DNA cassette, resulting in the
induction of resistance against either G418 or puromycin.

When only a single copy of the gene trap vector is inserted
into a haploid or diploid ESC genome, the host ESCs will
be killed by G418 plus puromycin double selection, regard-
less of the orientation of the floxed DNA cassette (Fig-
ure 1A and C). In contrast, when host ESCs undergo au-
todiploidization following completion of a single locus vec-
tor insertion at the haploid phase, the resulting ESCs should
contain two copies of the floxed cassettes of which can be
inverted by Cre-mediated recombination to confer double
resistance against both G418 and puromycin (Figure 1B).
Moreover, diploid ESCs with a single locus vector insertion
were occasionally converted to tetraploid ESCs, which con-
ferred resistance to G418 plus puromycin double selection
(Figure 1D).

Construction of the BPATrap vector system

For random mutagenesis, polyA trapping has a strong ad-
vantage in mutagenizing transcriptionally silent and ac-
tive genes. We have previously shown that insertion of an
internal ribosome entry site (IRES) sequence in a polyA
trap vector suppresses a nonsense-mediated mRNA decay
(NMD) mechanism, allowing unbiased mutagenesis of en-
dogenous genes independent of the position of vector in-
sertion within target gene loci (23). In this study, we cre-
ated the Tol2 transposon-based BPATrap vector consisting
of three functional components: a gene terminator cassette,
invertible selection marker cassette and differential tag se-
quence (Figure 2A). First, the gene terminator cassette con-
sisted of promoterless enhanced green fluorescent protein
cDNA and polyA signals, which can monitor the expres-
sion of trapped genes in cells and terminate their endoge-
nous transcription, respectively (20). Second, the invertible
selection marker cassette contained a Pgk (phosphoglycer-
ate kinase-1) promoter to drive a conditionally invertible
neo-puroΔtk segment (3). The neo-puroΔtk segment flanked
by inversely oriented lox2272 sequences was fused to an
IRES sequence to suppress the undesired NMD mechanism
as mentioned above. Third, the differential tag sequence,
which contained any of the 15 variant barcodes, consisted
of a diagnostic CC-in-poly(AT) portion and vector identi-
fication (ID) portion. As described in our previous study
(20), PCR-based direct sequencing of the barcode (referred
hereafter as ‘direct PCR seq’) allows straightforward esti-
mation of the number of integrated vector copies by count-
ing the overlapping dinucleotide peaks within a sequence
chromatogram of the CC-in-poly(AT) segment (Figure 2B;
Supplementary Figure S1A and B). Therefore, based on the
results of direct PCR seq, ESC clones with a single copy
BPATrap insertion per haploid genome per cell (i.e. ESC
clones with a single locus BPATrap insertion) could be se-
lected.

In parallel, we engineered host haploid mouse ESCs in
which Cre activity was inducible by 4-HT administration.
An ERT2-iCre-ERT2 cassette (3), which is the fusion of
codon-optimized Cre (iCre) and two copies of the mutant-
type estrogen receptor ligand-binding domain (ERT2), was
targeted in the endogenous Rosa26 locus of haploid mouse
ESCs via ZFN-mediated homologous recombination (Fig-
ure 2C and Supplementary Figure S2A, see details in ‘Mate-
rials and Methods’ section). Among 42 transfected clones,
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Figure 1. Experimental design. The gene trap vector consisting of a promoter (Pr), tail-to-tail-oriented neomycin (N) and puromycin (P) resistance genes,
and two inversely oriented lox sequences (solid triangles). Dotted arrows indicate the orientation of coding regions. The thickness of solid arrows represents
the integration efficiency of the vector in mouse ESCs. (A) Vector insertion at the haploid phase. (B) Autodiploidization following vector insertion. (C)
Vector insertion at the diploid phase. (D) Conversion to the tetraploid phase following vector insertion. See text for details.

23 clones had homologous integration in the Rosa26 lo-
cus as judged by homologous PCR. However, 21 clones
had the wild-type Rosa26 allele as shown by competitive
PCR screening, suggesting that the targeting occurred after
diploidization of haploid ESCs. The ploidy of the remain-
ing two clones was analyzed, and we found that one clone
had lost the haploid peak (Supplementary Figure S2B, mid-
dle). Thus, only one clone out of 42 clones was correctly
targeted at the haploid stage of ESCs (Supplementary Fig-
ure S2B, lower). Correct targeting of ERT2-iCre-ERT2 in
the Rosa26 locus was confirmed by Southern blotting (Sup-
plementary Figure S2C), resulting in establishment of the
Rosa26E2iCreE2 haploid mouse ESC line.

Generation of homozygous mutant ESCs by gene trapping in
haploid mouse ESCs

Using the Tol2 transposon-based BPATrap vector, we per-
formed random gene trap mutagenesis of haploid mouse

ESCs and generated a collection of homozygous mutant
ESCs. The overall procedure is shown in Figure 3A.

First, a haploid population was enriched by cell sort-
ing of the Rosa26E2iCreE2 haploid mouse ESC line that was
cultured in chemically defined 2i medium plus LIF on
puromycin-sensitive MEF feeder cells (day 7, Figure 3A)
(11). To direct a high rate of single copy insertion of the
transposon-based vector into the haploid ESC genome, pre-
liminary experiments showed that the optimal mass ratio
of the transposon and transposase vectors was 1:10 in our
transfection conditions (Supplementary Figure S3A). Ac-
cordingly, we co-transfected haploid ESCs with the mixture
of 15 differentially tagged BPATrap vectors (0.1 �g, trans-
poson) and pCAGGS-mT2TP (1.0 �g, transposase) at a
haploid cell proportion of 89% (Figure 3B, middle of top).
The transfected cells were plated on MEF feeder cells, cul-
tured for 4 days and then selected by G418 (200 �g/ml).
After 5 or 6 days of G418 selection, 2208 G418-resistant
(G418R) colonies were individually isolated in MEF-coated
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of the Tag region within the BPATrap vector facilitates screening and re-confirmation of ESC clones with a single locus integration of the vector. (Top)
Direct PCR sequencing of the diagnostic CC-in-poly(AT) region allows estimation of the number of integrated vector copies by counting dinucleotide
peaks within a sequence chromatogram (20). Primers for amplification (n-RACE and R-term) and sequencing (RS-F4) are shown. (Bottom) Sequencing
reads obtained by splinkerette PCR of the transposon-genome junctions include the barcode sequence, allowing re-confirmation of a single locus insertion
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The Cre recombinase activity derived from the fusion protein is dependent on the presence of 4-HT.

96-well plates (plate numbers H01–H23). Among them,
1369 ESC clones were categorized as single locus BPATrap
insertion clones based on direct PCR seq of the vector bar-
codes (day 20, Figure 3A). The distribution of each barcode
was random (Supplementary Figure S3B).

Next, the 1369 ESC clones were individually plated and
cultured in gelatin-coated 12-well plates. During culture,
a substantial fraction of ESCs was expected to change
their ploidy from haploid to diploid spontaneously (au-
todiploidization). The ESC clones were then treated with
1 �M 4-HT to induce Cre-mediated inversion of either al-
lele of the duplicated floxed neo-puroΔtk cassette, which
conferred G418 plus puromycin double resistance (day 28,
Figure 3A). After 5 days of double selection by G418
(300 �g/ml) and puromycin (2 �g/ml), double-resistant
(G418RPuroR) clones were obtained from 964 ESC clones,
while the other 405 clones were sensitive to the double se-
lection (day 33, Figure 3A).

The genomic insertion sites of the BPATrap vectors were
analyzed by splinkerette PCR sequencing (seq) (3) in each
of the 964 G418RPuroR ESC clones. In the analysis, ampli-

cons encompassing transposon-genome junctions also in-
cluded the region of differential barcodes, which conve-
niently allowed re-confirmation of a single locus insertion
of the BPATrap vector (Figure 2B). As a result, 645 ESC
clones were confirmed as single locus BPATrap insertion
clones, whereas 273 ESC clones appeared to have unex-
pected multiple locus insertions of the BPATrap vector (day
33, Figure 3A). The 273 clones containing multiple locus
BPATrap insertions were further classified into two types:
multiple and single barcode types (Supplementary Figure
S4A). The former type included 27 ESC clones in which a
mixture of at least two different barcodes was detected by
splinkerette PCR seq. In contrast, the latter type included
246 ESC clones in which only a single barcode sequence
was detected, although at least two different insertion sites
were determined by splinkerette PCR seq. The unexpect-
edly high number of multiple locus insertions with a sin-
gle barcode prompted us to analyze the integration sites of
the transposon by splinkerette PCR seq, in which the two
PCR products were separately gel purified and sequenced.
We analyzed 74 of 246 clones, and two insertion sites of 29



e63 Nucleic Acids Research, 2018, Vol. 46, No. 10 PAGE 6 OF 10

Figure 3. Generation of a homozygous mutant ESCs by gene trapping in haploid mouse ESCs. (A) Haploid mouse ESCs were enriched by cell sorting
and then co-transfected with BPATrap and pCAGGS-mT2Tp transposase vectors by electroporation (day 11). ESCs harboring BPATrap insertions within
endogenous gene loci were selected using G418 (day 15). A total of 2208 G418R ESC colonies were isolated in 96-well plates (days 20 and 21). Genomic
DNA was extracted from each ESC clone and subjected to direct PCR sequencing (seq) of vector barcodes to identify clones with a single locus insertion
of the vector (day 22). The resulting 1369 clones with a single locus BPATrap insertion were seeded on gelatin-coated 12-well plates, treated with 4-HT (1
�M) for 16 h, and then subjected to G418 plus puromycin double selection (day 27), resulting in the isolation of 964 G418RPuroR clones (day 33). Out
of the 964 clones, 645 clones contained single locus BPATrap insertions that were re-confirmed by splinkerette PCR-based sequencing (splinkerette PCR
seq) of the vector-genome junctions (day 33). Among the 645 ESC clones, 610 clones were genotyped by qPCR using specific primers for each insertion
junction, resulting in the isolation of 222 ESC clones homozygous for BPATrap insertional mutations (day 34). (B) To remove diploidized ESCs, the haploid
ESCs were enriched by cell sorting after transfection (day 15). The sorted ESCs were selected with G418 (day 16) and plated at 1000 cells per 10-mm dish
(day 21). The flow cytometric profiles before and after transfection with the BPATrap vector are shown (Left and right of top). The sorted population is
indicated by the vertical red line (5 or 7%). Solid and dashed lines show the profiles of haploid and diploid ESCs, respectively. And the DNA profile at 4
days after sorting was shown (Middle of top). The population of haploid ESCs is 89%. A total of 96 G418R ESC colonies were isolated in a 96-well plate
(day 30). Out of the 96 clones, 79 clones were classified as single locus BPATrap insertion by direct PCR seq (day 31). All clones were resistant to G418
plus puromycin double selection (day 42). Among them, 65 clones with single locus BPATrap insertions were re-confirmed by splinkerette PCR seq (day
43). Out of the 65 clones, 58 homozygous mutants were analyzed by qPCR (day 44). Asterisk indicates the number of independent clones.
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clones were successfully determined. Sixteen clones had two
different integration sites in the same chromosome (Supple-
mentary Table S3). Because transposition of a transposon
prefers the same chromosome, which is called ‘local hop-
ping’ (24), the high number of clones with multiple locus
insertions could be partly explained by this local hopping
after initial integration of the transposon.

From the 645 clones categorized as single locus inser-
tion clones (day33, Figure 3A), 25 clones were removed be-
cause their insertion sites were unmappable because of the
repetitive nature of their flanking sequences. In addition, 10
clones were removed because of inconsistency in barcode
sequence reads between direct PCR seq and splinkerette
PCR seq (Supplementary Figure S4B). For the remaining
610 clones, we performed qPCR analysis to distinguish ho-
mozygous and heterozygous mutations using primer pairs
specific for each insertion site of the BPATrap vector (Sup-
plementary Figure S5A). As a result, 222 ESC clones were
homozygous for the BPATrap insertion, whereas 356 ESC
clones were heterozygous for the insertional and wild-type
alleles (day 33, Figure 3A).

A possible explanation for the carryover of the 356 het-
erozygous clones is that a significant fraction of diploidized
ESCs, which had received a single allelic insertion of the
BPATrap vector following an autodiploidization event,
changed spontaneously into tetraploid cells containing two
insertions and two wild-type alleles per cell (Supplementary
Figure S5A). Indeed, the average ratio of insertion versus
wild-type alleles in the 356 ESC clones was 0.52 ± 0.29 (n
= 356) as determined by qPCR analysis (data not shown),
suggesting that the majority of these 356 ‘heterozygous’
ESC clones were tetraploid (Supplementary Figure S5B and
C). We next performed karyotyping of arbitrarily chosen
ESC clones: three heterozygous mutants selected with only
200 �g/ml G418 (Heterozygote day 20); three heterozygous
mutants selected with 200 �g/ml G418, followed by 300
�g/ml G418 (Heterozygote day 33); three homozygous mu-
tants selected with 200 �g/ml G418, followed by 300 �g/ml
G418 (Homozygote day 33); and two puromycin-sensitive
ESC clones selected with only 200 �g/ml G418 (Sensitive
day 20). One hundred metaphase spreads were analyzed for
each clone (Figure 3A and Supplementary Figure S6). The
analysis showed the population of tetraploid in heterozy-
gous clones increased from 9–20% at day 20 to 23–57% at
day 33, suggesting that the high dose of G418 (300 �g/ml)
may have induced tetraploidy, possibly due to aberrant cy-
tokinesis. In contrast, almost all ESCs were diploid in ho-
mozygous and puromycin-sensitive clone populations (Sup-
plementary Figure S6). The initial configuration of the cas-
sette conferred G418 resistance and then Cre induced con-
version of the cassette to puromycin resistance. However,
G418 resistance continued immediately after the conver-
sion. Thus, such a high dose of G418 was chosen to exclude
cells bearing a single copy of the selection cassette. Similar
high dose G418 has been used to select bi-allelically mutage-
nized diploid ESCs (3). Overall, we obtained 222 diploid ho-
mozygous mutant ESC clones from the 2208 haploid ESC
clones mutagenized by the BPATrap vector (Supplementary
Table S4).

To exclude these ‘heterozygous’ clone populations, we de-
veloped a new procedure in which haploid ESCs were pu-

rified by cell sorting after transposon transfection (Figure
3B, right of top). Among the 96 ESC clones (plate number
H24), 79 were categorized as a single locus insertion by di-
rect PCR seq and all of them survived the double selection.
The genomic insertion sites of the BPATrap vectors were
analyzed by splinkerette PCR seq. As a result, 65 clones
were reconfirmed as a single locus insertion. qPCR analy-
sis revealed that 58 homozygous mutants and two heterozy-
gous mutants were obtained. The clones were repeatedly
analyzed in this procedure and the number of independent
clones was 27 (asterisk in Figure 3B and Supplementary Ta-
ble S5). Thus, this procedure improved the efficiency of ho-
mozygous mutant isolation from 10% (222/2208) to 28%
(27/96).

Validation of gene trapping

Psph and Zic3 genes are well expressed in ESCs. Rever-
tant clones were obtained with expression of Flpo, and
the amount of each protein was evaluated by western blot-
ting (Figure 4A and B). Although we could not determine
whether faint bands from trapping clones were due to either
contamination of feeder cells or incomplete knockout, gene
trap events were essentially successful.

DISCUSSION

In this study, we developed a new method to enrich ho-
mozygous mutant ESC clones from a pool of haploid polyA
trap mutant ESCs by exploiting the inherent property of
autodiploidization in haploid ESCs. Key features of this
method include a barcode sequencing-based screening sys-
tem to select ESCs with a single locus insertion of the dif-
ferentially tagged polyA trap vector and a double resistance
selection system to enrich autodiploidized ESCs. Using this
approach, we successfully generated homozygous mutant
mouse ESCs that so far include 222 different gene mutant
clones.

Establishment of the Rosa26E2iCreE2 haploid mouse ESC
line would be valuable to examine gene functions in not only
ESCs but also differentiated cells and organs. Conditional
alleles are first introduced at the haploid stage of ESCs. The
timing of analyses either during or after ESC differentiation
could be controlled by addition of 4-HT.

We previously reported that bi-allelically mutagenized
diploid ESCs could be generated under the Bloom gene-
deficient condition (3). These mutant cells were identified
by the positive selection cassette after Cre-mediated conver-
sion, which was similar to the cassette in this report. Con-
version of mono- to bi-allelic mutation was not very high
in the previous report. However, the conversion was spon-
taneous in this report, so the overall procedure was much
simpler.

Prior to transfection with the BPATrap vector, haploid
ESCs had been enriched by fluorescence-activated cell sort-
ing (FACS), so that ∼90% of cells were haploid and 10%
were diploid (11). Accordingly, both haploid (90%) and
diploid (10%) ESCs were initially transfected with the vec-
tor. The barcode-based screening showed that 1369 out of
the 2208 isolated clones had a single locus insertion of the
vector, which could be enriched using retroviral or lentiviral
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Figure 4. Validation of gene trapping. (A) Schematic of homozygous mutants with BPATrap insertions (Psphm/m and Zic3m/m). Each revertant was isolated
by removing the mutagenic vector sequence through Flpo-F3 recombination (Psphr/r and Zic3r/r). m, mutant allele; r, revertant allele. (B) Western blot
analysis of homozygous mutant clones and their revertant clones. �-Actin was used as an internal control. Asterisk indicates nonspecific bands. WT,
wild-type of H129-2 haploid mouse ESCs.

vectors for transfection. ESC clones with a single locus vec-
tor insertion were then isolated and individually subjected
to the double selection assay to select diploidized clones
(Figure 3A). Karyotyping showed that, until the beginning
of 4-HT administration and double selection, no residual
haploid cells were detectable in the cell population (Supple-
mentary Figure S6, clones H16 B02 and H16 F04), indicat-
ing that almost all haploid ESCs had been autodiploidized
by that time. Out of the 1369 assayed clones, 405 clones
(30%) were sensitive to the double selection, suggesting that
they were diploid prior to transfection of the vector (Figure
3A). This discrepancy between the estimated initial ratios
of the haploid cell population (10 versus 31%) could be the
result of the difference in vector integration efficiencies be-
tween haploid and diploid ESCs. The efficiency of vector
integration may be higher in diploid ESCs than in haploid
ESCs, as described previously (14).

Despite screening haploid ESCs with a single locus vec-
tor insertion and the double resistance selection for subse-
quently autodiploidized ESCs, splinkerette PCR-based de-
termination of vector insertion sites revealed 246 clones
containing multiple locus insertions of identically tagged
BPATrap vectors (Figure 3A and Supplementary Figure
S4A). The number of such clones was unexpectedly high.
A possible explanation for this result is that more than two
copies of the identically tagged BPATrap vector were in-
serted independently into different genomic loci within a
host cell, although an equimolar mixture of 15 differen-
tially tagged BPATrap vectors was used for the transfec-
tion. Alternatively, a copy of the Tol2-based BPATrap vec-
tor integrated into a diploidized ESC could undergo a sec-
ond transposition in the 4N phase of the cell cycle, result-
ing in two copy insertion of the vector in different loci of
its daughter cells. This second possibility strongly suggested
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that two integrations had occurred in the same chromosome
(Supplementary Table S3), which is the hallmark of ‘local
hopping’.

Among the 610 clones in which single locus vector in-
sertions were re-confirmed by qPCR-based genotyping,
356 clones (58.4%) were heterozygous for BPATrap inser-
tional mutations, which was an unexpectedly high number
(Figure 3A). This result could be an artifact produced by
contamination of feeder cell-derived genomic DNA in the
qPCR template. However, it is unlikely because we used
puromycin-sensitive MEFs as feeders that should be elim-
inated during the selective culture. As shown in Supple-
mentary Figure S6, karyotyping suggested that a substan-
tial proportion of the ‘heterozygous’ cells were tetraploid.
Therefore, autotetraploidization could be a major factor
limiting this autodiploidization-based screening approach.
Pre-removal of tetraploid ESCs by FACS before the double
selection step might improve the selection efficiency. Exclu-
sion of ‘heterozygous’ cells was partially successful by cell
sorting after the transposon transfection (Figure 3B). Be-
cause we repeatedly obtained the same clones, we should
increase the starting ESCs for generation of a large number
of mutant clones.

The emergence of clustered regularly interspaced short
palindromic repeats (CRISPR) technology has changed the
landscape of genome engineering dramatically (25). The
CRISPR system is effective enough to introduce biallelic
mutations in diploid cells, so that genotype–phenotype cor-
relations can be examined directly at the cellular level (26–
28). A major concern of the CRISPR system is potential
off-target effects, although improved Cas9 enzymes with
reduced off-target effects have been engineered recently
(29,30). Thus, the CRISPR system requires validation ex-
periments. In contrast, the BPATrap system allows the gen-
eration of revertant cells by Flpo-induced removal of gene
trap cassettes to provide strong experimental evidence of
genotype–phenotype correlations. In this study, we were
able to isolate revertant cells, thus we could simply compare
a mutant cell with a revertant cell (Figure 4). Moreover, the
CRISPR-based screening approach usually requires a pri-
ori information about targeted genes to design guide RNAs.
Although tiled CRISPR libraries can identify regulatory el-
ements without a priori information, these analyses are fo-
cused on the targeting regions of the genome, not genome-
wide (31,32). In contrast, a gene trap screening approach
such as BPATrap targets not only previously annotated
genes but also any unknown genetic components, allowing
a pure forward genetic approach in a random and genome-
wide fashion. In fact, 38% (95/249) of the homologous mu-
tants were inserted into unannotated genes, so we could find
new genes with novel functions (Supplementary Tables S4
and 5). Taken together, although still at a limited scale, our
BPATrap-based mutagenesis method and its derived mutant
ESCs may provide a valuable platform to explore recessive
genomic traits in the mammalian genome. In fact, the utility
of a haploid ESC bank has been recently shown to clarify
novel gene functions by genome-wide screening (33).
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