
Efficient genome-wide first-generation phenotypic
screening system in mice using the
piggyBac transposon
Hao Changa,b,c,1, Yukun Pana,b,1,2, Sean Landrettea,b, Sheng Dinga,b, Dong Yanga,c, Lufang Liua,b, Lei Tiana,b,
Hongyan Chaid, Peining Lid, Da-Ming Lia,b,c, and Tian Xua,b,c,3

aDepartment of Genetics, Boyer Center for Molecular Medicine, Yale University School of Medicine, New Haven, CT 06536; bHoward Hughes Medical
Institute, Yale University School of Medicine, New Haven, CT 06536; cSchool of Life Sciences, Westlake Institute for Advanced Study, Westlake University,
310024 Hangzhou, China; and dLaboratory of Clinical Cytogenetics and Genomics, Department of Genetics, Yale School of Medicine, New Haven, CT 06536

Edited by Norbert Perrimon, Howard Hughes Medical Institute, Boston, MA, and approved August 1, 2019 (received for review April 18, 2019)

Genome-wide phenotypic screens provide an unbiased way to
identify genes involved in particular biological traits, and have
been widely used in lower model organisms. However, cost and
time have limited the utility of such screens to address biological
and disease questions in mammals. Here we report a highly efficient
piggyBac (PB) transposon-based first-generation (F1) dominant
screening system in mice that enables an individual investigator to
conduct a genome-wide phenotypic screen within a year with fewer
than 300 cages. The PB screening system uses visually trackable
transposons to induce both gain- and loss-of-function mutations
and generates genome-wide distributed new insertions in more
than 55% of F1 progeny. Using this system, we successfully con-
ducted a pilot F1 screen and identified 5 growth retardation muta-
tions. One of these mutants, a Six1/4PB/+ mutant, revealed a role in
milk intake behavior. The mutant animals exhibit abnormalities in
nipple recognition and milk ingestion, as well as developmental
defects in cranial nerves V, IX, and X. This PB F1 screening system
offers individual laboratories unprecedented opportunities to con-
duct affordable genome-wide phenotypic screens for deciphering
the genetic basis of mammalian biology and disease pathogenesis.
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Genome-wide phenotypic screens in mammals are critical for
identifying the genes and pathways that are essential for

human health and altered in diseases, but costs associated with
the generation of mutant animals and mapping of mutations
limit the practicality of current approaches. Traditionally, mouse
mutants have been generated from embryonic stem (ES) cells
with specific genes knocked out by homologous recombination
(1, 2). CRISPR/Cas9 is a faster and more efficient technology to
generate mutations in individual genes (3). However, both ap-
proaches remain prohibitively expensive for generating and
maintaining genome-wide mouse mutant libraries for phenotypic
screening. In contrast to gene-by-gene approaches, chemical mu-
tagens, such as ENU, randomly generate point mutations and are
highly potent in mice (4). While recessive screens require a costly
3 generations of breeding, first-generation (F1) dominant screens
directly assay the progeny of mutagenized animals, reducing cost
and time. Genome-scale ENU F1 screens have been conducted
for gross morphological, neurological, and immunological defects.
Key regulatory genes involved in colorectal cancer and circadian
rhythm have also been identified in dominant screens in mice (5–
8). However, ENU F1 screens are still limited by the costs asso-
ciated with the back-crosses and sequencing required for map-
ping mutations. Alternative approaches that make genome-wide
screens affordable to individual investigators are highly desirable.
Transposon insertional mutagenesis is an attractive alternative

approach for genome-wide phenotypic screens in mammals. The
DNA “cut and paste” piggyBac (PB) transposon from the cabbage
looper moth Trichoplusia ni, which favorably inserts at TTAA

tetranucleotide target sites, has been modified to generate a bi-
nary transposon system for mammalian cells and mammals. The
system contains a nonautonomous PB transposon cassette to de-
liver the exogenous genes of interest flanked by the PB inverted
repeat sequences, and a transgene expressing the PB transposase
enzyme (PBase) for inducing transposition in the germline.
Transposition occurs when PBase binds to the inverted repeat se-
quences of the PB transposon, initiating excision and reintegration
into another locus. The binary PB system can efficiently transpose
in mice and human cells (9). Somatic mutagenesis using multiple
copies of Sleeping beauty (SB) or PB transposons to generate
dominant mutations have facilitated cancer gene discovery (10–
13), highlighting the potential to modify this strategy for germline
mutagenesis. Indeed, an SB germline system has been developed
for region-specific saturation screens (14). A comparable system
for genome-wide mutagenesis is needed. The PB transposon has
been shown to have higher jumping efficiency and less-severe local
hopping than SB in cultured mouse ES cells (15), thus holding
promise for affordable genome-wide in vivo germline mutagenesis
screens in mice.

Significance

Genome-wide, phenotype-driven mutagenesis in animal models
could provide an unbiased way to decode a gene’s functions and
its role in diseases. Here we have generated a piggyBac (PB)
transposon-based first-generation (F1) dominant screening sys-
tem in mice, which provides unprecedented opportunities to
conduct a highly efficient and affordable genome-wide pheno-
typic screen for an individual investigator in a single laboratory.
Using this system, we carried out an F1 dominant screen for
growth retardation and discovered 5 isolated mutants that carry
transposon insertions hitting the genes Rin2, Rbm39, Mll, Zeb2,
and Six1/4. The Six1/4PB/+ mutant animals exhibit abnormalities
in nipple recognition and milk ingestion during the breastfeed-
ing period and also exhibit cranial nerve defects.
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Here, we developed a highly efficient F1 dominant screening
system in mice. The new PB system utilizes multiple copies of
visually trackable transposons to generate genome-wide muta-
tions in 55.2% of F1 progeny. Therefore, we estimate that this
system could allow individual laboratories to perform a genome-
wide phenotypic F1 screen in mice within a year and with 300 cages
in total. Using this system, we carried out an F1 dominant screen
for growth retardation and identified both gain- and loss-of-
function alleles. Both intrauterine growth retardation (IUGR)
and postnatal growth retardation (PGR) phenotypes were ob-
served in the 5 isolated mutants that carry transposon insertions
hitting the endocytosis regulator Rin2, the steroid hormone re-
ceptor coactivator Rbm39, the histone methyltransferase Mll, and
the homeobox transcriptional factors Zeb2 and Six1/4. Altogether,
our work demonstrates the applicability of our system for cost and
time-effective phenotypic screens.

Results
Development of a Highly Efficient F1 Mutagenesis Screening System
in Mice. The F1 mutagenesis system was designed as a binary PB
system (Fig. 1): A founder line carrying nonautonomous PB trans-
poson constructs and a Jump-Starter line carrying a PBase transgene
under the control of a hybrid actin promoter, which exhibits
better PB remobilization efficiency than the spermiogenesis-
specific protamine 1 (prm1) promoter (∼8-fold higher) (SI Ap-
pendix, Fig. S1). To deploy PB for optimized F1 germline screens,

we developed a mutagenic PB construct that includes 4 important
features: 1) A strong promoter for gene overexpression that can be
conditionally regulated; 2) a terminator for disrupting transcrip-
tion; 3) a Katushka red fluorescent protein (Kat) transgene (16);
and 4) a codon-optimized luciferase gene (luc2) under the control
of a Ubiquitin C (UBC) promoter (Fig. 1A) (12), which is dis-
rupted by the insertion of the PB construct. When PBase is
expressed to mobilize PB for mutagenesis, the luc2 gene activity is
restored as the PB insertion is excised (SI Appendix, Fig. S2A).
This construct, named PB[mut-Kat], can induce both gain- and
loss-of-function mutations, visually track mutants, and report
mutagenesis activity.
High mutagenesis efficiency is required for a cost-effective

screening system. Mobilizing a single PB transposon in the mouse
germline is not sufficient to support a genome-wide screen (9).
Increasing the copy number of the mutagenic transposon could
improve efficiency, while too many copies of the transposon could
cause lethality and tumorigenesis (11, 12). We therefore generated
six different mouse lines with copy number of the PB[mut-Kat]
transposon ranging from 1 to 22 (SI Appendix, Table S1). In order
to identify a transgenic line able to induce mutations in the
germline without causing too high a level of lethality or tumori-
genesis, we assayed the mutagenesis activity (by luc2 expression),
lethality, and tumorigenesis in mice carrying both the transposon
and the transposase (PBase). A transgenic line carrying 10 copies
of the mutagenic transposons (PB[mut-Kat]10, determined by
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Fig. 1. An efficient and visually trackable piggyBac transposon system for an F1 dominant screen in mice. (A) PB[mut-Kat] construct. The transposon contains
2 parts: 1) An overexpression cassette including tet operon (tetO), CAG promoter, Katushka red fluorescent protein (Kat), IRES, and a splice donor (SD); and 2)
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quantitative PCR) was selected due to having the highest luc2
activity and a lack of lethality and tumorigenesis (SI Appendix,
Figs. S2B and S3).
We next scored germline insertion mutagenesis efficiency

by quantifying the percentage of Kat+ F1 progeny from the
Act-PBase/PB[mut-Kat]10 males (jumpers) (Fig. 1 B and C). The
Katushka gene found in the concatemer regions of the founder
mice are silent (Fig. 1F), possibly due to an epigenetic mechanism
for the maintenance of the repressed state provided by the plasmid
backbone (14, 17, 18). The jumpers produced an efficiency of
55.2% (952 of 1,723) (Fig. 1 D andG). Moreover, 55.1% (38 of 69)
of Kat+ F1s carry more than 1 insertion, which can be segregated in
the F2 generation (Fig. 1 E andH). Therefore, each Kat+ F1 mouse
carries an average of 1.56 insertions, and 8.2 insertions can be
screened per litter, which is 10 times higher than the efficiency
achieved by SB germline mutagenesis (14, 17). However, although a
ubiquitous promoter has been used to control the expression of
PBase in jumpers, somatic hopping has little influence on this PB
F1 screen system for 2 reasons. First, about half of the PB+

F1 mutant mice do not carry the Act-PBase transgene; therefore,
they will not exhibit somatic jumping. Second, for PB+ F1 mutant
mice with the Act-PBase transgene, each PB+ pup would acquire
1.56 copies of PB on average, such that the somatic jumping activity
is significantly lower than in jumpers carrying 10 copies of PB and
would most likely not affect the detection of phenotypes in
F1 animals. Furthermore, the Act-PBase transgene would be seg-
regated in the heritability test in the next generation (F2).
The germline insertion mutagenesis efficiency does not un-

dergo detectable change as the jumper’s age (SI Appendix, Fig.
S4), indicating that mutations do not accumulate in spermato-
gonial stem cells. We applied FISH analysis of PB[mut-Kat]10
concatemer (PB-FISH) to isolated single cells from adult testes
of both PB[mut-Kat]10 homozygous founders and Act-PBase/
PB[mut-Kat]10 jumpers (Fig. 2). The PB-FISH signal was observed
inside the nucleoplasm and used to evaluate the PB exclusion
and remobilization efficiency. In addition, anti-SALL4A immu-
nostaining was applied to the same cells to label spermatogonial
stem cells (and undifferentiated spermatogonia). In SALL4A+

cells from either PB[mut-Kat]10 founders or Act-PBase/PB[mut-
Kat]10 jumpers, the intensities of the PB-FISH signal were
similar (Fig. 2 A–H and O). In contrast, PB-FISH signals were
detected in mature sperm cells from PB[mut-Kat]10 founders,
but not from Act-PBase/PB[mut-Kat]10 jumpers (Fig. 2 I–N and
P). These results indicate that the PB transposition activity is low
in the spermatogonial stem cells and provides an explanation for
the diverse PB insertion distribution observed in sperm and
F1 offspring, a new perspective that is important for the design
and manipulation of PB germline mutagenesis.

Genome-Wide Mutagenesis via PB Transposition from a Concatemer.
Local hopping is a concern for transposon insertional mutagenesis.
When SB transposons are mobilized from a chromosomal con-
catemer, 63 to 75% of the new insertions are located on the donor
chromosome, with the majority clustered near the concatemer (14,
17). To characterize PB transposition from a concatemer, we
mapped the genome distribution of PB insertions in jumper germ
cells. Of the 572 new insertions, 25.9% (148 of 572) mapped to
chromosome 6 and 17.0% (97 of 572) were located in the same
8.5-Mb region (Fig. 3A). Karyotype analysis costained with the PB-
FISH probe and a mouse chromosome 6 painting probe in
PB[mut-Kat]10 heterozygous mouse revealed the concatemer in
the region of chromosome 6E1-3, consistent with the local hopping
region (Fig. 3A and SI Appendix, Fig. S5). The remaining 74.1% of
insertions were distributed randomly across the genome (Fig. 3A,
inside). Thus, our PB system exhibits a 3-fold decrease in local
hopping compared to SB germline mutagenesis (14). Furthermore,
of the 572 insertions, 45.5% (260) sit in coding genes, with 1.8%
(10) in exons and 43.7% (250) in introns (Fig. 3A, inside).

To characterize PB-based gene-targeting behavior, we care-
fully analyzed the 260 coding genes hit by PB in the germline.
Based on the position and orientation of the transposon in the
genes, we found that in 114 insertions, PB was inserted in the
same orientation as the transcription unit and was predicted to
cause gain-of-function mutations. In 146 insertions, PB was
inserted in the opposite orientation of the transcription unit and
was predicted to cause loss-of-function (hypermorphic) muta-
tions (SI Appendix, Fig. S6A). While potential gain-of-function
mutations were fewer than loss-of-function mutations, statistical
analysis did not reveal a significant difference (P = 0.16), indi-
cating that the majority of the grain-of-function mutations were
recovered from the screen. Next, we analyzed the expression of
the 260 genes hit by the transposon using expression information
from the ENCODE project (19). We found that 250 of the genes
(96.15%, fragments per kilobase of transcript per million
mapped reads [FPKM] ≥ 0.1) were expressed in the mouse
germline, while 10 of them (3.84%) were nonexpressed genes
(Fig. 3B). Since the percentage of coding genes expressed in the
mouse germline is 79.84%, there is an enrichment of PB inser-
tions in expressed genes (Fig. 3B). Consistent with this, we
plotted the distribution of gene expression for the 260 PB hit
genes (the FPKM values) against the total coding genes and
found that nonexpressed genes had a lower probability of being
hit by PB than expressed genes (Fig. 3F). Interestingly, when we
removed the nonexpressed genes and only considered expressed
genes, we found that the distribution of PB hit genes was similar
to that of total expressed genes (Fig. 3G). This reveals that while
gene expression is required for PB insertion, it does not correlate
with the level of gene expression.
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Fig. 2. Dynamics of PB concatemer FISH signals in spermatogonial stem cells
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Kat+ pups. The table below lists the details of PB insertion locations and their neighboring genes. (M and N) Fluorescent distributions of wild-type pups,
PB[mut-Kat]10 founder pups, Kat− (Kat nonexpressing) F1s, and Kat+ (Kat expressing) F1s at ages P2 to P3. Of all 56 Kat+ F1s, only 1 was found with a weak
Katushka fluorescent intensity, which could not be distinguished from Kat− F1s. ***P < 0.001.
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On the other hand, when the insertion distribution is plotted
against the length of the genes, the distribution of 260 PB hit
genes has a clear shift toward longer genes (Fig. 3H), indicating
that the preference of PB insertion correlates with the gene size
or the frequency of the PB target sequence, TTAA. A possible
explanation for these observations is that PB transposition might
require an open chromatin region (OCR) in the genome in order
to recognize its target site, TTAA. By analyzing 2 OCR-associated
biomarkers, H3K4me3 modification and the POLR2A binding
sites from the ENCODE project, we found that 259 of the 260 PB
hit genes were located in an OCR (252 of 260 for H3K4me3 and
258 of 260 for POLR2A) (Fig. 3 C and D). This also provides an
explanation for the PB insertions found in nonexpressed genes in
the germline, since 9 of the 10 nonexpressed genes were associated
with open chromatin biomarkers (Fig. 3E). This analysis predicts
that genes located in OCRs in the germline (at least 89.10% of
coding genes, or 19,182 of 21,528) can be targeted by PB.

Genome-Wide Mutagenesis via PB Transposition in the F1 Progeny.
To examine whether a comparable genome-wide distribution of PB
insertions occurred in the F1 generation, we next bred and iden-
tified 56 F1s with PB insertions using genotyping PCR (Methods).
Then, we mapped them by sequencing and discovered 40 F1s with
single insertions, 14 F1s with 2 insertions, 1 F1 with 3 insertions,
and 1 F1 with 4 insertions (Fig. 3 I–K). Among the 75 insertions,
80.0% (60 of 75) of them were distributed randomly across the
genome, while 20.0% (15 of 75) mapped to chromosome 6, where
the PB[mut-Kat]10 concatemer is located (Fig. 3J). Furthermore,
42.6% of them (32 of 75) resided in intergenic regions of the ge-
nome, and 57.4% of them (43 of 75) resided in coding genes, with
2.7% in exons and 54.7% in introns, which is quite similar to that in
testis/sperm postnatal day (P)0 jumpers (SI Appendix, Fig. S6B).
These results confirm a genome-wide and nonbiased distribution
of PB insertions in the F1s. Finally, all but 1 of 56 F1s exhibited
positive Katushka fluorescent signals, which were at least 2-fold
higher than the autofluorescent signals from wild-type, PB[mut-
Kat]10 founders or F1s with no new PB insertions (Fig. 3 L–N
and SI Appendix, Fig. S6C). These results indicate that the
Katushka cassette and detection of fluorescence in neonatal mice
using a handheld flashlight is a robust and convenient approach for
detecting animals with new insertions.

A Pilot PB F1 Dominant Screen for Growth Retardation. We have
previously used both ES-based knockout technology and the PB-
based F3 recessive screening system in mice to study mechanisms
underlying body size control (20, 21). To evaluate the power of
our F1 screening system, we conducted a pilot screen for a growth
retardation phenotype, an important phenotype that serves as an
indicator of many systematic defects: 2,036 F1 animals were
screened before weaning age and compared to their wild-type
siblings from the same litter. Of these, 18 candidates were iden-
tified and tested for heritability in the next generations (F2 and
F3). Five heritable mutants with a growth retardation phenotype
were isolated and mapped using the Splinkerette PCR method
(Fig. 4 A and B and SI Appendix, Fig. S7). In 2 of the mutants,
which carry insertions in the Rab5-binding protein Rin2 (22) and
the zinc finger E-box binding homeobox transcriptional factor
Zeb2 (23) genes, the transposons reside in the early introns in the
coding direction, causing overexpression of the full-length genes
(SI Appendix, Fig. S7). The integration patterns of splicing for
transcripts of the 2 gain-of-function mutants were verified by
allele-specific PCR and sequencing (SI Appendix, Fig. S8). The
causative nature of the loss-of-function mutation in Rin2 was
further confirmed by phenocopying growth retardation using an
independent conditional overexpression transgenic mouse model
(LSL-Rin2) (SI Appendix, Fig. S9). In the other 3 mutants, which
carry insertions in the steroid hormone receptor coactivator
Rbm39 (24), the histone methyltransferaseMll (25), and sine oculis

homeobox transcription factors Six1 and Six4 genes (26–28), the
transposons inserted in the intron, the 3′ UTR, and the upstream
regulatory region, respectively, in the opposite orientation. These
PB insertion sites decreased the expression levels of the Rbm39
gene in Rbm39PB/+ mice, the Mll gene in Mll PB/+ mice, and both
Six1 and Six4 genes in Six1/4PB/+ mice (SI Appendix, Figs. S7 and
S10). Thus, our system has the power to generate both gain-of-
function and loss-of-function mutations.
Growth retardation, which includes IUGR and PGR, is a very

common syndrome with a broad influence on child development
from maternal pregnancy until childhood and adolescence. IUGR
affects 3 to 10% of first-time pregnancies and increases infants’
perinatal mortality rates by 4 to 8 times, while PGR is correlated
with many serious diseases, such as Costello syndrome and human
dwarfism. Rbm39PB/+ mutants exhibit IUGR, but the mutants re-
cover gradually after birth (Fig. 4D). Rin2PB/+ and MllPB/+ mutants
exhibit IUGR and PGR, remaining small throughout postnatal
development (Fig. 4 C and E). Finally, Zeb2PB/+ and Six1/4PB/+

mutants are born a normal size and exhibit PGR only (Fig. 4 F and
G). The IUGR and PGR phenotypes have been previously
reported in heterozygous Mll knockout mice, and Wiedemann–
Steriner syndrome human patients carry de novo MLL mutations
(25, 29), while the other 4 genes have not been previously reported
to affect growth. Therefore, our F1 system can indeed efficiently
identify novel genes involved in particular biological traits.

Defects in Milk Intake Behavior and Cranial Nerve Development in
Six1/4PB/+ Mutants. We were especially interested in the growth
retardation phenotype of the Six1/4PB/+ mutants, because growth
reduction occurred during the period pups relied on breast-
feeding for growth and recovered as the pups weaned (Fig. 4G),
suggesting that the problem may be in breastfeeding itself. The
PB hit a noncoding region ∼70 kb upstream of the Six1 coding
region and 550 bp upstream of the Six4 coding region in the
opposite orientation of the transcriptional units, causing the
down-regulation of both genes. This PB insertion locus is asso-
ciated with Branchio-oto-renal (BOR) syndrome (30), and BOR
syndrome patients were previously reported to have feeding
difficulties (31). Indeed, Six1/4PB/+ mutants contained less milk
in their stomachs 6 h after birth compared to control animals
(Fig. 5A). These results indicate that Six1/4PB/+ mutants have
breastfeeding defects. There are a number of possible reasons
for this. For example, olfactory/mechanical sensory and cranio-
facial defects in mouse mutants are known to be associated with
abnormal feeding (32). Other milk intake behaviors, such as
sibling competition, milk ingestion, and hunger/satiety response,
could also have an effect, but have not been extensively studied.
To determine the cause for the observed abnormal feeding, we
studied each of these possible contributions. First, we tested the
ability of the mutants to compete for nipples. Unlike piglets (33),
mouse pups do not display a “teat order.” The Six1/4PB/+ mutants
remained growth-delayed even when competition was lowered by
reducing the litter size to 4, suggesting that sibling rivalry is not
the cause of the observed feeding difficulties (SI Appendix, Fig.
S11A). The Six1/4PB/+ mutants display a longer latency for nipple
attachment than controls (Fig. 5 D–F and Movie S1) and intake
milk more slowly during 15-min refeeding after starvation (Fig. 5
B and C and SI Appendix, Fig. S11B). Latching on and tongue
movement were normal, leaving ingestion defects as the final
potential explanation for the slow intake speed. To directly as-
sess ingestion, we examined the stomach contents 1 min after the
administration of a charcoal suspension inside the mouths; this
assay revealed that the Six1/4PB/+ mutants have ingestion diffi-
culties (Fig. 5 G and H). Finally, the Six1/4PB/+ mutants exhibit
normal nutritive suckling, which is characterized by the excite-
ment of deprived pups upon nipple attachment, suggesting a
normal hunger/satiety response (Movie S2). In sum, the Six1/4PB/+

Chang et al. PNAS | September 10, 2019 | vol. 116 | no. 37 | 18511

G
EN

ET
IC
S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1906354116/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906354116/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1906354116/video-2


mutants exhibit diminished milk intake, which is associated with
defects in nipple recognition and milk ingestion.
We wondered if we could pinpoint the nervous system defect

underlying this altered feeding behavior. The trigeminal nerve
(cranial nerve [CN] V) is important for facial sensation, while the
glossopharyngeal and vagus nerves (CN IX and X) are involved
in swallowing and ingestion (34); these nerves are therefore good
candidates for explaining the altered feeding behavior. To sys-
tematically assess CN axons, we performed antineurofilament
immunostaining in the embryonic day (E)10.5 embryos of wild-
type and Six1/4PB/+ mutants. The lengths of the maxillary
branches of CN V were diminished (Fig. 5 J–L) and the sensory
ganglia of CN IX/X were fused (Fig. 5 M–O), suggesting devel-
opmental defects in these nerves. Growth retardation, milk in-
take difficulties, and CN defects have never been reported in
heterozygous Six1 or Six4 mutants or in their double knockouts
(26, 29, 30, 35, 36). This indicates that there is likely an ascer-
tainment bias in past assays, and also illustrates the value of a
phenotype-driven screen.

Discussion
A Highly Efficient PB-Based F1 Dominant Screening System. In this
study, we developed a PB-transposon-based F1 screening system
in mice, with the following advantages: 1) High efficiency, 2)
genome-wide mutagenesis, 3) cage-effective phenotypic screen-
ing, 4) capability of inducing both gain- and loss-of-function
mutations, and 5) a visual marker for genotype tracking. Based
on the mutagenesis efficiency and insertion distribution, we es-
timate that our F1 system would enable virtually any investigator
to conduct genome-wide dominant phenotypic screens for gain-
and loss-of-function mutations in mice. The screen could be
completed within a year with total animal housing below 300 cages.
Although the mutation frequency of our system is lower than ENU
mutagenesis (7) (the current standard for phenotypic screens,
which produces 30 coding mutations per gamete), this shortage is
compensated for by low mapping cost and high mutagenicity.
Using our protocol and developed software, mapping an insertion
can be accomplished in the F2 or F3 generation by Splinkerette
PCR or the newly developed Tn5 transposase-based tagmentation
assay, both of which require less time and labor than mapping an

2036 F1s Kat+

18 F1s with GRP

5 F1s mapped

Gene         Chromosome        Position          Nature of Mutation         Phenotypes
Rin2

Zeb2
Rmb39
Mll

Six1 & Six4

2

2
2
9

12

145840605

45052848
156175650
44806955

73113741

Gain of function

Gain of function
Loss of function
Loss of function

Loss of function

IUGR;PGR
Motor defects; Deafness
PGR
IUGR;PGR
Craniofacial abnormality
PGR
Hyperactivity; Auditory and
vestibular defects

 Body weight measurement
 Comparison to wild-type siblings 

 Reproductive capacity judgment 
 Mapping the insertion sites 

M
ut

an
t/W

ild
-ty

pe
(%

)

E11
.5
E12

.5
E13

.5
E14

.5
E15

.5
E16

.5
E17

.5
E18

.5
50

100

150
Control Rin2PB/+

Weeks

M
ut

an
t/W

ild
-ty

pe
(%

)

0 1 2 3 4 5 6
50

100

150
Control Rin2PB/+

M
ut

an
t/W

ild
-ty

pe
(%

)
E16

.5
E17

.5 P0
50

100

150
Control Rbm39PB/+

Weeks

M
ut

an
t/W

ild
-ty

pe
(%

)

0 1 2 3 4 5 6
50

100

150
Control Rbm39PB/+

M
ut

an
t/W

ild
-ty

p e
(%

)

E16
.5

E17
.5 P0

50

100

150
Control MllPB/+

Weeks

M
ut

an
t/W

ild
-ty

p e
(%

)

0 1 2 3 4 5 6
50

100

150
Control MllPB/+

Weeks

M
ut

an
t/W

ild
- ty

pe
(%

)

0 1 2 3 4 5 6
50

100

150
Control Zeb2PB/+

Weeks
M

ut
an

t/W
ild

- ty
p e

(%
)

0 1 2 3 4 5 6
50

100

150
Control Six1/4PB/+

* **
*** *** *** *** *** *** *** ***

** ** ** ** *
** ** **

** ** * *

* **
************** ** ***** * ** ** *

Rin2PB/+ Rbm39PB/+

MllPB/+ Zeb2PB/+ Six1/4PB/+

A

C

E F G

D

B

Fig. 4. Pilot screen of 2036 F1 mice identifies 5 different genes that affect growth. (A) Experimental outline of growth retardation screen. In this screen,
2,036 Kat+ F1s were screened before weaning. Eighteen F1 mice with growth retardation phenotype (GRP) were isolated. Of these, 5 were validated to be
heritable and finely mapped in the genome. (B) List of mutants isolated from the screen with PB insertion sites and growth retardation phenotypes. Three
mutants exhibit both IUGR and PGR. Two mutants exhibit only PGR. Meanwhile, 3 mutants also exhibit other growth retardation-unrelated phenotypes or
behaviors, including motor defects, deafness, craniofacial abnormality, hyperactivity, auditory loss, and vestibular defects (SI Appendix, Fig. S12). (C–E) In-
trauterine growth and postnatal growth curves of Rin2PB/+, Rbm39PB/+, andMllPB/+ mutants (n = 10, 2-way ANOVA followed by post hoc Sidak’s test). (F and G)
Postnatal growth curves of Rin2PB/+ and ZebPB/+ mutants (n = 10, 2-way ANOVA with repeated measurement followed by post hoc Sidak’s test). Error bar: SD.
*P < 0.05; **P < 0.01; ***P < 0.001.
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ENU-induced mutation. ENU is a powerful mutagen for efficiently
inducing point mutations in a small indel in the mammalian ge-
nome, while PB transposon can serve as an excellent mutagen for
interrogating the genome. The mutagens produced different types
of alleles in both ENU and PB screening approaches, including
null, hypermorph, hypomorph, antimorph, and neomorph alleles.
However, PB insertion generates gain-of-function alleles at a much
higher rate (SI Appendix, Fig. S6A). Based on the data obtained
from our growth retardation screen and previously reported ENU
screens (7, 8), we estimate that our engineered transposon is 5-fold
more potent than ENU in its ability to induce functional mutations
(SI Appendix, Table S2). Moreover, we previously conducted a PB
insertional recessive screen for obesity (21). We recorded the body
weight of all animals in the obesity screen and have now analyzed
the original data from the screen for growth retardation. Through
this analysis, we have discovered that 22 homozygous lines
(20 genes) have a body size at least 10% smaller than wild-type
(5.37%, total 408 lines) (SI Appendix, Table S3). This result indi-
cates that a PB F3 insertional recessive screen provides a higher hit
rate than a PB F1 dominant screen. Nevertheless, this system could
also be used to perform recessive phenotypic screens in 3 generations,
given that the PB construct can induce loss-of-function mutations.

The PB F1 screening system developed here should make it
possible for individual laboratories to genetically decipher a va-
riety of biological and disease traits in mammals. The CRISPR/
Cas9 technology has demonstrated its power in mammalian re-
verse genetics, allowing efficient investigation of specific genes
and their functions. Our PB F1 screening system is a similarly
powerful tool in mammalian forward genetics, enabling investi-
gators to quickly and cost-effectively identify genes and address
biological questions in a nonhypothesis-driven manner. The In-
ternational Mouse Phenotyping Consortium has generated and
phenotypically characterized more than 5,000 knockout mouse
lines. Their recent work has identified 410 (24%) lethal genes
and 198 (10%) “subviable” genes from the first 1,751 unique
gene knockouts (37). However, this knockout mouse database
still does not cover all coding genes (SI Appendix, Table S4).
Furthermore, unlike such F3 recessive screens, which are helpful
to identify relationships between common phenotypes and genes,
the PB-based F1 dominant screen provides a more flexible and
highly efficient screening strategy to analyze any phenotypically
driven screen, which could be used to complement the world-
wide mouse knockout projects.

A Pilot Screen Identified Genes and Mechanisms of Growth
Retardation. In this study, we successfully achieved a pilot screen
for growth retardation and identified genes not previously known
to be involved in this phenotype. Interestingly, in an effort to
determine which tissue or organ was contributing to the growth
retardation phenotypes in the Rin2PB/+ mutant, we crossed the
LSL-Rin2 transgenic mice with different tissue-specific Cre lines
and found that IUGR and PGR could be traced to different tissue
origins (SI Appendix, Fig. S9). IUGR was partially caused by blood
defects due to Rin2 activation, while Rin2 overexpression in neu-
rons led to PGR (SI Appendix, Fig. S9). These findings exemplify
how our F1 system can lead to the investigation of novel mecha-
nisms underlying specific biological process. The Six1/4PB/+ mutant
provides a new animal model for BOR syndrome and displays
abnormalities in nipple recognition and milk ingestion, a group of
mammalian-specific phenotypes that has not been extensively
studied. The milk intake defects led to PGR in our mouse model,
while in humans, the corresponding defects could be compensated
for by intensive maternal care. Our animal model argued for the
significance of feeding difficulties as a clinical manifestation for
BOR syndrome diagnosis. Transposons hit both coding and non-
coding regions. In Six1/4PB/+ mutants, the PB transposon inserted
in a noncoding region about 70 kb upstream of the Six1 coding
region and 550 bp upstream of the Six4 coding region, causing
down-regulation of both Six1 and Six4 genes. As Six4 knockout
mice have been reported to be free of any disease phenotypes23,
the BOR phenotypes in the Six1/4PB/+ mutants should be
explained by the loss of Six1, and the PB transposon might hit a
long-range regulatory element of the Six1 gene. This highlights
that sequencing the corresponding noncoding genomic region
might be a future direction for human BOR patients.

Future Applications of Our F1 System. Given its power, our PB-
based F1 dominant screening system can be adapted to a vari-
ety of additional applications, such as modifier screens and in
vivo enhancer/promoter functional analysis (Fig. 6). As many
disease mouse models have been generated using traditional
transgenic methods and advanced CRISPR/Cas9 technology, an
F1 modifier screen in mice using our system will offer opportu-
nities to identify enhancers and suppressors of particular disease
processes (Fig. 6 C and D). These modifiers, once identified, could
be directly translated into therapeutic targets for ameliorating
human diseases that currently lack effective treatments. Further-
more, together with the Cre-loxP system and conditional reporters,
activators, and inhibitors, our PB F1 system could be used to di-
rectly report and investigate the regulatory elements within the
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Fig. 5. Six1/4PB/+ mutants exhibit abnormalities in milk intake behavior and
defects in CNs. (A) Comparison between P0 wild-type and Six1/4 mutant pups
of the amount of milk in the stomach of a newborn. (B) Amount of milk in
the stomach after 15-min refeeding. (C) Milk intake speed of the P12 wild-
type and Six1/4PB/+ mutant pups. ***P < 0.001. (D–F) The latency for nipple
attachment of the P0 Six1/4PB/+ newborns is increased (also see Movie S1).
The arrow in E indicates an unattached nipple. ***P < 0.001. (G–I) Defects of
the P12 Six1/4PB/+ mutant pups in ingesting a charcoal suspension. (J–L) The
length of the maxillary branch of CN V is diminished in 19.4% (7 of 36) of the
E10.5 Six1/4PB/+ embryos (P = 0.0153, Fisher’s extract analysis).md, mandib-
ular; mx, maxillary; op. ophthalmic. (M–O) The ganglia of CN IX and CN X are
more frequently connected by fascicles or fused (arrows) in the E10.5 Six1/
4PB/+embryos than in control littermates (P < 0.0001, Fisher’s exact analysis).
(Scale bar, 100 μm.)
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mammalian genome in vivo (Fig. 6E). In summary, our PB F1
mutagenesis system and its future applications could enrich our
understanding of the mammalian genome from multiple angles.

Methods
Ethics Statements. All procedures were approved by the Yale Animal Re-
sources Center and the Institutional Animal Care and Use Committee under
protocol nos. 10230, 11050, and 11250.

Mouse Lines. To generate the PB[mut-Kat] construct, the UbC promoter (pUB-
GFP, Addgene) and luciferase (luc2 from pGL4, Promega) were introduced
outside the PB[mut-tetO-Kat] transposon (previously described in ref. 16) by
overlapping PCR. The linearized PB[mut-Kat] construct was subsequently
injected into FVB 1-cell embryos. The PB[mut-Kat] founders (FVB-Tg(PB[mut-
Kat])Xut) were screened for the presence or absence of the transgene by
PCR analysis. Primers are detailed in SI Appendix, Table S5. The Luc-PB[mut]7
(FVB-Tg(Luc-PB[mut]7)Xut) and Act-PBase [FVB-Tg(Act-PBase)Xut] lines were
previously reported (9, 12). Female FVB/NJ mice (Stock no: 001800) were
purchased from the Jackson Laboratory.

Genotyping with PCR.We used 2 pairs of primers to validate new PB insertion
mutants (SI Appendix, Table S5). Both DSP5 and DSP6 primers are within the
PB element for detecting PB insertions, while the DSP7 primer is located in
the Luc gene, which is used together with DSP5 to detect the original con-
catemer in genotyping PCR.

Ex Vivo Detection of Katushka Fluorescence. Katushka red fluorescence in
neonatal mice was visualized in a dark room using a flashlight (Nightsea,
Electronic Microscopy Sciences) on P0. Neonatal mice were imaged for
Katushka fluorescence in the IVIS Spectrum (Xenogen) by epifluorescence
(excitation: 570 nm; emission: 640 nm).

PB Construct DNA-FISH Probe Preparation Using Nick Translation. The plasmid
preparation was carried out following a protocol described previously (38). In
detail, 1 μg PB[mut-Kat] construct without the luc2 gene sequence was first
incubated for 8 to 20 h at 15 °C with nick translation enzyme, 10× nick
translation buffer, dNTP mix, and SpectrumGreen-dUTP/SpectrumOrange-
dUTP from the nick translation kit (Abbott Molecular). The nick translation
reaction was then stopped by heating in a 70 °C heat block for 10 min. The
probe size was determined on a 1.5% agarose gel, and the smear signal should
be between 100 and 1,000 bp. Probe concentration was measured on a
Nanodrop microvolume spectrophotometer (Thermo Fisher). Next, 1 μg Cot1-
DNAwas added to 100 to 200 ng of each probe to form a mixture. The mixture
was purified using isopropanol to precipitate, the pellet was resuspended into
a DNA hydration solution, and the resulting PB-FISH probe solution was
stored at −20 °C.

PB-FISH and Immunostaining of Tubular Cells in Testes. Combinatorial immu-
nostaining and PB-FISH were carried out following the protocol described
previously. The primary antibody used to label spermatogonial stem cells
was mouse monoclonal anti-SALL4 antibody (1:100; Abcam ab57577). The
secondary antibody used was goat anti-mouse IgG with Alexa Fluor 488
(1:200; Thermo Fisher Cat # A32723). The PB-FISH probe used was the 1 la-
beled by SpectrumOrange-dUTP. Testes from 3-mo old Act-PBase/PB[mut-
Kat]10 mice and PB[mut-Kat]10 homozygous mice were first removed and
placed in a 60-mm Petri dish containing PBS. The tunica albuginea outside
the testes was then removed, and the testes were cut into small pieces. The
seminiferous tubule fragments were then dispersed by pipetting and trypsin/
EDTA (1:1) solution treatment at 37 °C for 5 min. Isolated tubule cells were
collected after digestion, dropped on the center of a poly-L-lysine–coated
coverslip, and then fixed using 2% paraformaldehyde/1× PBS, pH 7 to 7.4,
for 10 min at room temperature. The tubular cells were first incubated in
primary antibody ant-SALL4 solution and secondary antibody solution for
immunostaining, and then were postfixed for 10 min with 2% paraformaldehyde/
1× PBS solution. After 3 rinses in 1× PBS, the tubular cells were denatured in
1.9 M HCl for 30 min at room temperature. After 3 rinses in ice-cold 1× PBS,
cells were hybridized with PB-FISH probe overnight at 37 °C in a dark and
humid chamber. Finally, cells were washed 3 times using the saline-sodium
citrate buffer and mounted in ProLong Gold mounting medium containing
1.5 μg/mL DAPI. Slides could be stored in a 4 °C refrigerator for long time. The
fluorescent images in Fig. 2 were taken by Leica TSC SP8 confocal microscopy.
In detail, the 405-, 488-, and 543-nm excitation lasers were used to image DAPI
(blue), Alexa Fluor 488 (green), and SpectrumOrange (orange), respectively.
NIH ImageJ software was used to quantitate the fluorescence intensity of the PB

FISH signals in Fig. 2 O and P. We analyzed 2 independent animals for each
genotype, and examined 16 spermatogonial stem cells (32 puncta in total)
and 20 mature sperms from PB[mut-Kat]10 homozygous mice along
with 20 spermatogonial stem cells and 20 mature sperms from Act-PBase/
PB[mut-Kat]10 mice.

Preparation of Mouse Embryonic Fibroblast Cells. E13 to E14 embryos were
dissected sterilely in a 100-mm tissue culture dish. The gut was removed, the
head was cut off for genotyping, and the bodies were minced with scissors
and washed with sterile 1× PBS, then centrifuged at 800 × rpm for 5 min. This
was repeated 3 times. Next, 1 mL of 0.25% trypsin was then added, and the
mixture was transferred to a 1.5-mL Eppendorf tube and incubated at 37 °C
for 15 min. The mixture was pipetted up and down to dissociate the tissue. The
cell mixture was transferred to a 15-mL Falcon tube with 10 mL of DMEMwith
10% FBS and 1× penicillin/streptomycin, mixed well, and the cells were
allowed to sit vertically for 1 min. The supernatant with single cells was
transferred to a 100-mm tissue culture dish and incubated in a 37 °C incubator
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test and transposon mapping. (B) Gene-trap mutagenesis transposon con-
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with 5% CO2 overnight. The cells received the same fresh medium the next
morning and continued to grow.

PB-FISH, Chromosome Painting in Mouse Embryonic Fibroblast Cells. The mouse
chromosome 6 painting probe was purchased from MetaSystems (MP 6 Or-
ange, D-1406-050-OR). The PB-FISH probe used was the 1 labeled by
SpectrumGreen-dUTP.

Identification of PB Insertion Sites Using Splinkerette PCR. Splinkerette PCR for
mapping PB transposon insertion sites was performed as described previously
(11, 15) with the following modifications. Mouse genomic DNA was digested
with Sau3AI or MspI (New England Biolabs). Digested DNA was then ligated
with splinkerette adaptors. A primary PCR followed by a nested PCR was
performed to amplify the flanking genomic sequence. The adaptor sequences
and PCR primer sequences are listed in ref. 11 and SI Appendix, Table S4. The
nested PCR product was gel-extracted for sequencing. The sequencing data
were analyzed using the University of California, Santa Cruz genome browser
and the National Center for Biotechnology Informaton GenBank database.

Identification of PB Insertion Sites in the Germ Cells of Jumpers. The insertion
sites within the genomes of testes and sperm from all 3 male jumpers were
mapped using the left arm of the PB transposon by splinkerette PCR and
multiplexed Illumina sequencing. Genomic DNA was extracted from mouse
testes and sperm separately according to the manufacturer’s protocol (Qiagen).
Splinkerette PCR was performed as described above. After adaptor ligation,
the ligated genomic DNA library was digested with BspHI to destroy the con-
catemer flanking sequences. lllumina adaptor sequences and individually
assigned bar-code sequences were incorporated into the nested PCR primers (SI
Appendix, Table S4). PCR products were mixed for Illumina high-throughput
sequencing (HiSeq 2000, Illumina). Sites with sequencing reads over 100 were
selected for analyzing the genomic distribution of transposon insertions. The
sequencing data were aligned onto the GRCm38/mm10 assembly database and
the insertion distribution was plotted using the Ensembl Genome Browser.

Tn5 Tagmentation-Based Mapping Assay of PB Genomic Insertion Sites.
Tn5 tagmentation and PB genomic insertions site mapping were carried out
following a previously described protocol (39). Genotyping genomic DNA was
purified from the mouse tail using Proteinase K (Sigma, 3115887001) digestion
and the Quick-gDNA Micro Prep kit (Zymo, D3020). Fifty-six F1s’ DNA were
then diluted to a concentration of 50 ng/μL and transferred to a 96-well plate
(Thermo Scientific, SKU # AB-0700). Tn5 transposase was purified from the
plasmid psfTn5 (Addgene plasmid #79107, a gift from Sten Linnarsson, Karolinska
Institutet, Stockholm, Sweden), which included a hyperactive Tn5 transposase
carrying E54K and L372P mutations. The Tn5 transposon forward primer (Tn5F)
and reverse primer (Tn5R) were synthesized by the Yale Keck Oligonucleotide
Synthesis facility, and annealed at 95 °C in a thermal cycler (Bio-Rad). The
Tn5 transposase as then precharged by Tn5 transposon at 37 °C for 30min. The 56
F1’s diluted DNAwere transferred to a new 96-well plate, mixed with precharged
Tn5 transposase and incubated at 55 °C for 7 min. Because of Tn5 transposase’s
random cutting and insertions, the genomic DNA were cut into pieces with a
Tn5 transposon sequence at both ends. We then use a primer in the PB se-
quencing (PBL121) and a primer (Tn5_i7) in Tn5 transposon sequence carrying the
index barcode and i7 sequence to amplify the PB genomic insertion sites with
more or less 10 rounds of PCR. In the second round of PCR, a primer (PBL_i5)
carrying the index barcode and the i5 sequence and the i7 primer (i7) were used
to amplify the PB insertions sites with another 10 rounds of PCR. The PCR products
from 56 F1s were then mixed together, and purified using DNA Clean & Con-
centrator (Zymo, D4013) for Illumina high-throughput sequencing (HiSeq 2000,
Illumina). We used the 75-bp paired-end model to sequence the index barcodes
in both 5′ and 3′ ends.

Sequencing Data Analysis. A python script was assembled to achieve the fol-
lowingbioinformatics steps. First, reads are barcode-split, trimmed, andmerged
using fastx-toolbox and Biopython (40). Second, reads are mapped and de-
duplicated to the mouse genome sequence (mm10) using Bowtie2 (41). Third,
regions of the genome are identified using samtools and some mathematica
scripts (WOLFRAM, Mathematica 11). The python script is available in github
(https://github.com/superresolution/PBMapper_python).

Growth Retardation Screen. For the growth retardation screen, 2,036 F1 mice
were screened for small body size at the weaning age (3 to 4 wk old). We
compared the body size of the Kat+ F1s with its siblings of the same sex. The
candidates with 10% smaller in body weight would be selected out. We
then test the heritability by checking if the growth retardation phenotype is

inheritable in the next generation (F2). The candidates were mapped by
Splinkerette PCR if it could pass the heritability test. To draw the growth
curves in Fig. 4 C–G, we performed a cross between wild-type females and
PB+ males to avoid the influence of the genotype of the mother on fetus
growth retardation.

Detection of Transposon-Rin2 and Transposon-Zeb2 Fusion Transcripts. Fusion
transcripts were detected in tissues by RT-PCR using an internal ribosome
entry site sense primer (IRESF) and a Rin2 exon 3 specific antisense primer
(RIN2R) or a Zeb2 exon 2 specific antisense primer (ZEB2R) (SI Appendix, Table
S5). Sanger sequencing of PCR products was performed to analyze whether
fusion transcripts in gain-of-function mutants indeed spliced into the
downstream exons through the transposon’s splice donor.

Nipple Recognition Assay. The assay to test the ability of pups to recognize
nipples was described previously (42). Pups aged between 6 and 12 h after
birth were fasted for 3 h by separating them from their mother and placing
their cage on a 30 °C heating pad. Their lactating mother was anesthetized
by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Pups were then individually removed from their nest and vertically supported
toward the mother’s nipple with their noses touching hairs around the nipple
for 120 s. The nipple attachment latency of individual pups was recorded. To
eliminate the bias introduced by operator influence, the operator was blinded
to the genotypes of pups during the assay. When attachment did not occur
within 120 s, the pups were recorded as belonging to the did not suckle group
and a conservative latency value of 120 s was recorded.

Milk Intake Speed. P12 pups were separated from their mother for 5.5-h
starvation to empty their stomachs, with their body temperature maintained
by placing their cage on a 30 °C heating pad. Two pups (1 control and
1 mutant) were returned to the mother for 15-min refeeding. During the
refeeding period, the suckling time for each pup was recorded. Immediately
after the refeeding, the pups were killed and the amount of milk in the
stomachs was weighed. Milk intake speed was calculated by dividing the
amount of milk by the suckling time.

Milk Ingestion. Activated charcoal powder (Sigma) was suspended in drinking
water with 10% (wt/vol). Next, 10 μL of the charcoal suspension was ad-
ministrated into the mouths of P12 pups directly every 15 s for 1 min. After
1 min, pups were killed, and their stomach contents were imaged. To better
visualize the ingested charcoal, the stomach contents were suspended in
water and the suspension was then centrifuged.

Whole-Mount Staining. E10.5 embryos were fixed in 4% PFA at 4 °C and
dehydrated through a graded methanol/PBS series. Embryos were sub-
sequently incubated in 5:1 methanol:H2O2 for 4 h to quench endogenous
peroxidases, and then rehydrated and blocked overnight in PBS with 3% milk
and 0.1% Triton X-100 (PBSMT). Next, embryos were incubated in mouse
monoclonal anti–165-kDa neurofilament protein (2H3, Developmental Studies
Hybridoma Bank; 1:200) at 4 °C for 2 d. Embryos were then washed extensively
in PBSMT and incubated overnight in a 1:500 dilution of HRP-conjugated
goat anti-mouse secondary antibody (Jackson Immuno Research). Following
Diaminobenzidine (DAB, Sigma) visualization of HRP, embryos were dehydrated,
cleared with benzyl alcohol:benzyl benzoate (BABB), and imaged using a Leica
MZ FLIII microscope.

Ex Vivo Imaging for Luciferase Activity. Mice were injected with D-luciferin
(150-mg/kg body weight, intraperitoneally) and then anesthetized using
isoflurane vaporizer. The bioluminescent signal was quantified using the IVIS
Spectrum (Xenogen).

Cell Culture. HEK293 cells were cultured in DMEM containing 10% FBS under
standard conditions. Cells were transfected with plasmids using Lipofectamine
2000 according to the manufacturer’s instructions (Invitrogen). Doxycycline
(Sigma) was added to the culture medium at a concentration of 1 μg/mL

Quantitative PCR for Gene Expression. Total RNA was extracted from the
tissues of interest using TRIzol Reagent and a standard protocol (Life Tech-
nologies). cDNAwas synthesized frommRNAby reverse transcription (Bio-Rad).
Specific primer pairs (SI Appendix, Table S3) were designed to amplify the
cDNA of target genes. Quantitative PCR with SYBR Green Mix (Bio-Rad) was
performed in the StepOne Real-time PCR machine (Applied Biosystems). Rel-
ative transcript expression was determined by the relative standard
curve method.
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Mouse Lines Used in SI Appendix, Fig. S8. ACTB-cre [also known as B6N.FVB-
Tmem163Tg(ACTB-cre)2Mrt/CjDswJ; Stock No: 019099], Sox2-cre [also known
as B6.Cg-Edil3Tg(Sox2-cre)1Amc/J; Stock No: 008454], Nestin-cre [also known
as B6.Cg-Tg(Nes-cre)1Kln/J; Stock No: 003771], Alb-cre [also known as B6.Cg-
Speer6-ps1Tg(Alb-cre)21Mgn/J; Stock No: 003574], Pdx1-cre [also known as
B6.FVB-Tg(Pdx1-cre)6Tuv/J; Stock No: 014647], Vav-iCre [also known as
B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J; Stock No: 008610], and female FVB/NJ
mice were purchased from the Jackson Laboratory. The Myogenin-Cre
transgenic line was a kind gift from Eric N. Olson, University of Texas
Southwestern Medical Center, Dallas, TX. To create the LSL-Rin2 plasmid, a
mouse Rin2 cDNA (Open Biosystems) sequence was cloned downstream of a
β-chicken actin promoter (pCAG-GFP, Addgene: 11150). A transcriptional
termination sequence flanked by 2 loxP sites (pBS302, Addgene: 11925) was
inserted between the promoter and the Rin2 coding sequence. The linearized
LSL-Rin2 construct was subsequently injected into FVB 1-cell embryos. The

LSL-Rin2 founders [FVB-Tg(Act-LSL-Rin2)Xut] were screened for the presence
or absence of the transgene by PCR analysis.

Statistical Analysis. To compare growth curves, milk intake behavior, and
phenotypic frequency of CN defects, P values were calculated using appro-
priate analysis of variance, 2-tailed Mann–Whitney test, and Fisher’s extact
test, respectively (GraphPad Prism). *P < 0.05; **P < 0.01; ***P < 0.001.
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