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ABSTRACT

New genetic tools and strategies are currently un-
der development to facilitate functional genomics
analyses. Here, we describe an active member of
the Tc1/mariner transposon superfamily, named ZB,
which invaded the zebrafish genome very recently.
ZB exhibits high activity in vertebrate cells, in the
range of those of the widely used transposons pig-
gyBac (PB), Sleeping Beauty (SB) and Tol2. ZB has
a similar structural organization and target site se-
quence preference to SB, but a different integra-
tion profile with respect to genome-wide preference
among mammalian functional annotation features.
Namely, ZB displays a preference for integration into
transcriptional regulatory regions of genes. Accord-
ingly, we demonstrate the utility of ZB for enhancer
trapping in zebrafish embryos and in the mouse
germline. These results indicate that ZB may be a
powerful tool for genetic manipulation in vertebrate
model species.

INTRODUCTION

DNA transposons, a class of genetic elements that can
jump’ to different locations within a genome, were first de-
scribed by Barbara McClintock while working on maize (1)
and are widespread across prokaryotic and eukaryotic or-
ganisms (2,3). The transposition of DNA transposons does
not involve an RNA intermediate, as is the case for retro-
transposons; rather, they are represented by the classic cut-
and-paste, rolling-circle-like replication (Helitrons) or self-
replication (Polintons, alternatively known as Mavericks)

mechanisms (4,5). The cut-and-paste DNA transposons
could be classified into 17 superfamilies, i.e. Tcl/mariner,
Zator, Merlin, PIF/Harbinger, MULE (Mutator-like ele-
ment), P, hAT (hobo/Ac/Tam3), Kolobok, Novosib, piggy-
Bac, Solal, Sola2, Sola3, CMC (CACTA, Mirage and Cha-
paev), Transib, Academ and Ginger, based on the alignment
of the catalytic domain of transposase, which is an acidic
amino acid triad (DDE or DDD) that catalyses the cut-
and-paste transposition reaction (6). Cut-and-paste DNA
transposons are mobilized by their respective transposases
in frans, and are thus suitable for developing genetic tools
for versatile gene-delivery and gene-discovery applications,
ranging from transgenesis to functional genomics and gene
therapy (7,8). In particular, transposons can be applied as
vectors for germline transgenesis, and as insertional muta-
gens. The major advantage of using cut-and-paste trans-
posons as mutagenesis tools is that they facilitate the analy-
sis of functional genomic elements (such as enhancers), gene
function and activity in an easy, controlled and scalable
manner (9,10). ISY100, Tn5, Tnl0 and Mu represent a com-
mon choice for the mutagenesis of prokaryotic genomes
(11-13), while at least 10 transposons, including P element,
Mosl, Minos, Sleeping Beauty (SB), piggyBac (PB) and
Tol2, have been exploited for gene-transfer applications in
eukaryotes. In particular, SB, PB and To/2 have been suc-
cessfully used in vertebrate models, including zebrafish, frog
and mice, for transgenesis and mutagenesis (14,15). Tol2,
which belongs to the superfamily 24T, was the first ac-
tive autonomous transposon isolated in vertebrate species
(16). Various other active members of this group, includ-
ing Ac/Ds (1), Hobo (17), Hermes (18), TcBuster (19) and
Tgf2 (20), have been isolated or developed in eukaryotes.
However, only 7ol2 has been widely used as a genetic tool,
particularly in the zebrafish model (21,22). The PB trans-
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poson is a member of the piggyBac transposon superfam-
ily present in the genomes of a wide range of organisms,
including fungi, plants, insects, crustaceans, urochordates,
amphibians, fishes and mammals (23,24). In addition, pu-
tatively active PB-like transposons have been identified in
moths (25), silkworms (26), ants (27), Xenopus (28) and
bats (29). SB (30), Passport (31), Frog Prince (32) and Hs-
marl (33) are elements of the Tcl /mariner superfamily that
have been revived and reconstructed from inactive elements
based on phylogenetic analyses. This group may represent
the most widespread DNA transposons in nature, and 14
individual elements (such as Minos, Mosl, Fotl and Im-
pala) are active in their natural forms (14,31,34-36). How-
ever, only the synthetic SB transposon exhibits high activity
and displays great potential as a genetic tool in vertebrates
(7,8,15).

The integration site preferences of particular trans-
posons, such as PB, SB and Tol2, are substantially differ-
ent and can greatly affect the utility of transposon vectors
for different applications. Furthermore, the insertional bi-
ases associated with a specific vector system also represent
a main limitation to full genome coverage using individ-
ual transposon-based vectors (8). To expand the range of
tools available for the genetic manipulation of different or-
ganisms, we describe and functionally characterize ZB, a
member of the T¢l/mariner superfamily, which likely rep-
resents the most active 7Tcl/mariner transposon in the ze-
brafish genome. We demonstrate that ZB is capable of ro-
bust transposition in vertebrate cells, which can be trans-
lated to highly efficient mutagenesis and enhancer trapping
(ET) screening in zebrafish and mice. ZB therefore repre-
sents an alternative, powerful tool for transgenesis and mu-
tagenesis in vertebrates and possibly a new gene therapy de-
livery system for humans.

MATERIALS AND METHODS
Animals

The Tubingen strain of zebrafish (Danio rerio) was pur-
chased from the China Zebrafish Resource Centre. Wild-
type (WT) FVB mice were purchased from Animal Experi-
mental Centre of Yangzhou University. All treatments and
protocols involving zebrafish and mouse used in this study
were strictly carried out in accordance with the guidelines
of the Animal Experiment Ethics Committee of Yangzhou
University.

TE annotation in zebrafish

The zebrafish (D. rerio, GRCz11) genome was downloaded
from the NCBI genome database. The genome coverage
of Tcl/mariner transposons in the zebrafish genome was
annotated using the RepeatMasker program (http://www.
repeatmasker.org/) with custom zebrafish-specific repeat li-
braries, which combine known repeats from Repbase (https:
/Iwww.girinst.org/repbase/) and the new elements identified
by the TBlastN, MITE-Hunter and RepeatModeler (http:
/Irepeatmasker.org/RepeatModeler/) programs. All identi-
fied Tcl/mariner transposons in the zebrafish genome are
provided in Supplemental Dataset 1. The phylogenetic trees
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of autonomous 7cl /mariner transposons were inferred us-
ing the maximum likelihood method within the IQ-TREE
program (37), based on the alignment of the conserved cat-
alytic ‘DDE/D’ domain with an ultrafast bootstrap value
of 1000. The best model was selected using ModelFinder
embedded in the IQ-TREE program (37), and multiple
alignments were performed using the MAFFT program
(38). Reference elements of the Tcl/mariner families were
downloaded from GenBank. Protein secondary structure
predictions were performed using the PSIPRED program
(http://bioinf.cs.ucl.ac.uk/psipred/). NLS predictions were
performed using the PSORT program (http://psort.hgc.jp/)
and PROSITE (http://prosite.expasy.org/). The insertion
time of each element was estimated using the Kimura two-
parameter distance (K) with the formula: 1 = K/2r (39). The
Kimura two-parameter distance was computed using the
calcDivergenceFromAlign.pl package from RepeatMasker
(40). An average substitution rate (r) of 4.13 x 10~ for sub-
stitutions per synonymous site per year was applied (41).
Based on the structure organization and insertion age anal-
ysis, the youngest transposon (Tc1-8B_DR, named as ZB),
displaying multiple intact copies in the genome and with
high current activity, was selected for further study.

Plasmids for mammalian cells

A two-plasmid transposition assay, as described previously
(42), including a donor plasmid containing a transposon
carrying a neomycin resistance cassette and a helper plas-
mid expressing the transposase, was applied to test transpo-
sition activity in cells. The ZB transposase expression vec-
tor, as a helper plasmid (pCZBNpA), was created by re-
placing the SB100X-transposase-coding sequence with ZB
in the pCSBNpA backbone using the Xhol/Notl enzymes
(42). pUC19SBneo containing a neo expression cassette
was used to create the donor plasmid of ZB by replac-
ing the SB terminal inverted repeats (TIRs) with ZB TIRs.
The remaining three transposase expression vectors (pCS-
BNpA, pCmPBNpA and pCTol2NpA) and donor vectors
(pUCI19SBneo, pUCI19PBneo and pUCI19Tol2neo) were
the same as used in Grabundzija et al. (42). The ZB trans-
posase coding region and TIRs were cloned by PCR from
the zebrafish genome using the primers listed in Supplemen-
tary Table S1, followed by verification by sequencing (Ts-
ingKe, China). We selected those ZB 5’ and 3’ TIR, and
transposase TA clones (relevant sequences are listed in Sup-
plementary Table S2), which represent relatively high se-
quence identity to the consensus.

Plasmids for ET in zebrafish and mice

To prepare the backbone of pZB-Msc, the cloned ZB
TIRs were subcloned into the Ascl/Mscl and Nrul/Fsel
site of pT2-HB (#26557; Addgene, USA). Subsequently,
the fragment containing the Krt4 mini-promoter, the GFP
reporter and the polyA from pTol2-Krt4-GFP (43) was
cloned into the Mscl site of pZB-Msc to produce pZB-
Krt4-GFP, which was used for ET in zebrafish. The Krt4
mini-promoter of pZB-Krt4-GFP was replaced with the
Mpyc promoter from the mouse genome with Spel/EcoRI
restriction sites to obtain pZB-Myc-GFP for ET in mice.
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To produce pSB-PGK2-ZBase, a fragment containing the
testis-specific human PGK2 promoter (44), IRES, the ZB
transposase coding sequence, rabbit globin polyA and the
SV40 enhancer was cloned into the Xmal / Pacl sites of pT2-
HB. The ZB transposase coding region was also subcloned
into the p TNT™ vector (AL5610; Promega, USA), to pro-
duce pTNT-ZB, which was used as a template to synthesize
the ZB transposase mRNA. All primers used in this exper-
iment are listed in Supplementary Table S1.

Transposition assay

HepG?2 cells were maintained in Dulbecco’s modified Ea-
gle’s medium (Gibco, USA) supplemented with 10% foetal
bovine serum (Gibco, USA) and 1% P/S (Gibco, USA).
Cells (3 x 10°) were seeded onto each well of six-well
plates 1 day prior to transfection. The cells were trans-
fected with 1.5 pg of DNA consisting of the donor plas-
mid (500 or 10 ng) and increasing amounts of helper plas-
mids (from 0 to 1000 ng) using 3 pl of Trans1T-LT1 Reagent
(Mirus, USA). We conducted three replicates per concen-
tration. Twenty-four hours post-transfection, cells were re-
plated onto 10 cm plates (10% of the transfected cells from
each well were replated for HepG2 cells, whereas 1% we
replated for HeLa cells) and selected in 1 mg/ml G418
medium. After 2 weeks of selection, the resistant colonies
were stained with methylene blue and analysed by ImageJ
(https://imagej.net/Welcome).

Footprint analysis

The genomic DNA was isolated from HepG2 cells trans-
fected with pUC19ZBneo and pCZBNpA at 2 days post-
transfection using a tissue and blood DNA extraction
kit(Qiagen, Germany). Primers flanking the transposon
were used to amplify PCR products, to identify the foot-
prints left behind by ZB transposition in the donor plas-
mids via sequencing. About 2 pg of template DNA was
used for PCR with the pUC19-backbone-specific primers
puclF/R, puc2F /R and puc3F/R. The PCR products were
cloned into the pJET1.2 vector (Thermo Fisher, USA) and
sequenced (TsingKe, China).

Insertion site library preparation and bioinformatics analysis

The preparation of the Illumina sequencing-compatible in-
sertion site libraries was described earlier (45). Briefly, ge-
nomic DNA was extracted from HepG2 G418 resistant
colonies using a DNeasy Blood and Tissue Kit (Qiagen,
Germany). DNA samples were sonicated to an average
length of 600 bp using a Covaris M220 ultrasonicator (Co-
varis, USA). Fragmented DNA was subjected to end repair,
dA-tailing and linker ligation steps. Transposon-genome
junctions were then amplified by nested PCRs using two
primer pairs binding to the transposon TIR and the linker,
respectively. The PCR products were separated on a 1.5%
ultrapure agarose gel and a size range of 200-500 bp was
extracted from the gel. Some of the generated product was
cloned and Sanger sequenced for library verification before
high-throughput sequencing with a NextSeq (Illumina) in-
strument with single-end 150 bp setting. Then, essentially,

nested primers (ZBnestl, ZBnest2, LinkerNest]l and Link-
erNest2) were used to perform nested PCR (listed in Sup-
plementary Table S1). The conditions and thresholds of the
raw read processing and mapping parameters have been
specified previously (45). In short, the raw reads were sub-
jected to quality trimming, and the resulting reads were
mapped to the hg38 human genome assembly with bowtie
(46) in cycling mapping using the TAPDANCE algorithm
(47).

The coordinates of genic features, histone modification-
related Chip-Seq peak regions, HapG2-specific chromatin
segmentation data and open chromatin datasets were down-
loaded from the UCSC Table Browser (https://genome.ucsc.
edu/cgi-bin/hgTables) for the hg38 genome assembly. In-
sertion site frequencies of ZB and SB within these regions
above were compared to a set of 100 000 computationally
generated random loci in the human genome.

Generation and analysis of transgenic zebrafish

The amounts of transposase mRNA and transposon donor
plasmid of both the ZB and 7ol2 systems for microinjec-
tion in zebrafish embryos were optimized as described pre-
viously (43). Subsequently, ~1 nl of DNA and RNA mix-
tures containing 20 ng/l of circular donor plasmid (pZB-
Krt4-GFP or pTol2-Krt4-GFP) and 30 ng/p.L of the trans-
posase mRNA were injected into fertilized eggs for the gen-
eration of transgenic zebrafish. After injection, GFP expres-
sion was screened at 1 and 5 days postfertilization(dpf) by
fluorescence microscopy. GFP-positive embryos at 5 dpf
were raised to adulthood and crossed at least five times
to wild-type (WT) fish for GFP germline transfer analysis,
and the GFP expression of F1 embryos was screened at 1
and 5 dpf under a Leica M165FC fluorescence microscope
(Solms, Germany). Zebrafish were maintained at 28.5°C in
a licensed aquarium facility (ESEN, China), according to
standard protocols. GFP reporter expression patterns were
analysed for tissue specificity by fluorescence microscopy
at 3 stages of development (12 hpf, 2 dpf and 3 dpf) and
compared with expression pattern (whole-mount RNA in
situ hybridization) of genes residing in the environment of
identified integration sites. Expression patterns of flanking
genes residing within 400 kb were retrieved from zfin.org
(http://zfin.org/).

Generation of transgenic mice

The transposon vectors, termed pZB-Myc-GFP and pT2-
PGK2-ZBase, were purified from the Endofree plasmid kit
(Qiagen, Germany). ZBase- and SBase-mRNA were pre-
pared in vitro using an mMESSAGE mMACHINE T7 Kit
(Ambion, USA), according to the manufacturer’s instruc-
tions. The DNA was resuspended in injection TE buffer (In-
vitrogen, USA) at a concentration of 20 ng/pl and mixed
with the corresponding transposase mRNA at a concentra-
tion of 50 ng/p.l. Pronuclear injections were performed ac-
cording to a well-established protocol (48) and FVB mice
were used throughout the study. Because the offsprings of
nll1 and nl9 mice were eaten by their mother after the first
GFP screening, we failed to investigate their expression pat-
terns in tissues.
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Amplification of transposon insertion sites

Ligation PCR was used to clone the transposon inser-
tion sites as described previously (49). For zebrafish, stable
transgenic lines were outcrossed with WT fish to generate
positive offspring. Each line was outcrossed three times and
at least three batches of embryos from different outcrossing
were used for ligation PCR. For mice, the tails were used
for genomic DNA extraction and used for ligation PCR.
The transposon-specific and linker primer sequences used
here were ZBnestl and LinkerNestl as described above
for the primary PCR, and ZBnest3 and LinkerNest2 as
described above for the secondary PCR. The PCR prod-
ucts were purified from an agarose gel, subcloned into the
pJET1.2 vector and sequenced. Finally, the junction se-
quence of the insertion site was amplified and mapped to
the genome (GRCm38/mml0 or GRCzl1/danRerll) in
UCSC browser.

RESULTS
ZB is the youngest Tcl/mariner transposon in zebrafish

We sought and found 10 putative autonomous (Figure 1A)
and 77 non-autonomous transposons (Supplementary Ta-
ble S3) of the Tcl/mariner superfamily in the zebrafish
genome via the joint annotation of mobilomes using a
custom repeat library, which was constructed by multi-
ple de novo approaches, as described in the Methods sec-
tion. These analyses revealed that the Tc¢!/mariner super-
family is the second most abundant group of DNA trans-
posons in the zebrafish genome and comprises 5.41% (90.69
Mb) of the zebrafish genome (Figure 1B). A phylogenetic
tree based on the “DDE/D” domain sequences showed
that eight of the autonomous 7cl/mariner transposons
belonged to DD34E/7c! families. One belonged to the
DD37E/TRT family, which was also an intra-family of
DD34E/ Tcl; and one was classified as a member of the DD
x D/pogo family (Figure 1C). The copy number of these au-
tonomous transposons in the genomes of zebrafish varies
dramatically, from zero to 40. Moreover, some of them
(Tc1-8B_DR, Mariner-6_ DR, Mariner-13_DR, Mariner-
14_DR, Mariner-15_DR and Mariner-18_DR) contain in-
tact copies, with very high sequence identities of left and
right TIRs and are flanked by TA target site duplications
(TSD) (Figure 1A), indicating that they may be functional
elements. The autonomous transposons harbour a single
open reading frame (ORF) encoding the full-length trans-
posase flanked by TIRs, and all these transposases con-
tain functional domains including a DNA binding domain
(DBD), a catalytic motif (DDE/D), a nuclear localization
signal (NLS) and a GRPR-like domain (Supplementary
Figures S1 and S2), which are important for their transpo-
sition activity and indicate that these transposons may cur-
rently be active. An analysis of the insertion age revealed
that the Tc1-8B_DR (previous name in RepBase) transpo-
son (which was renamed as ZB due to it is a native transpo-
son form in the ZeBrafish genome) was the youngest com-
pared with the other autonomous Tcl /mariner transposons
in the zebrafish genome, with almost all copies exhibiting an
age distribution of less than 1 million years (Figure 1D).
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ZB is highly similar to SB in structural organization,
has a total length of 1597 bp and contains a single ORF
predicted to encode a 341 amino acid (aa) transposase
flanked by 201-bp TIRs (Figure 1E). Although the func-
tional domains of transposases, including the DBD, DDE
and GRPR motifs, are highly conserved between ZB and
SB, the sequence identities of the left TIR, right TIR and
transposases between ZB and SB are low, i.e. 40.1%, 46.4%
and 51.3%, respectively (Supplementary Figure S3A, S3B).
Furthermore, 20 full-length copies of ZB with >99% nu-
cleotide identity to each other were identified in the ze-
brafish genome, 19 of which were intact and putatively func-
tional copies (Figure 1A, Supplementary Figure S4). The
TIRs and transposases of full-length ZB copies exhibited
100% and 99% sequence identity, respectively (Supplemen-
tary Table S4, Figure 1A, Supplementary Figure S4), sug-
gesting again that ZB may be a relatively young component
of the zebrafish genome, and may be potentially active.

High transposition activity of ZB in mammalian cells

A binary co-transfection assay system consisting of both a
donor and a helper plasmid, which has been popularly used
as a transposition test (30,50), was applied to validate ZB
transposition activity and ZB-mediated chromosomal in-
tegration preference in cultured cells. The donor plasmid
contained the ZB elements in which the ZB transposase
(ZBase) coding region was replaced by a drug-selection
marker, while the helper plasmid carried the ZBase ORF,
but lacked the TIR sequences that are required for trans-
position. Furthermore, popular transposons, including SB,
PB and Tol2, were also included for parallel comparison
(42). To minimize the difference between systems and to en-
sure that only the transposon-specific TIR and transposase
sequences are different between the vectors, all the trans-
poson sequences containing an SV40-neo selection cassette
were inserted at the same site in the donor plasmids (42),
and the transposase-coding regions of ZB, SB100X, PB and
Tol2 were cloned into the same expression vectors (42) (Fig-
ure 2A).

To compare the transposition activities of the four trans-
posons in an unbiased fashion and evaluate the putative
overproduction inhibition (OPI) of ZB, a phenomenon that
results in the inhibition of mobility activity by excess trans-
posase expression (51), the amount of transposase helper
plasmid for each transposon system was optimized using
low (10 ng of DNA per 3 x 10° transfected cells) and high
(500 ng of DNA per 3 x 10° transfected cells) dosages of
transposon donor plasmids. First, we generated two inde-
pendent transposition curves for the two different transpo-
son dosages in transfected HepG?2 cells. At the low dose of
transposon donor plasmids, all transposons showed OPI,
and SB and PB reached their peak activities at a transfec-
tion concentration as low as 5 ng of the transposase plas-
mid, while ZB and To/2 required higher amounts (50 ng)
of transfected helper plasmid to obtain their maximal ac-
tivities (Figure 2B, C). At the high amounts of transpo-
son donor plasmids, SB and PB displayed typical OPI and
reached their peak activity at 500 ng and 50 ng of trans-
posase, respectively, while ZB and To/2 did not show OPI
(Figure 2D, Supplementary Figure S5 and Table S5), which
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Figure 2. Transposition activities of ZB, SB, PB and Tol2 in human cells. (A) Donor and helper plasmids used in human cells. Donor plasmids: the
arrows represent transposon terminal inverted repeats (TIRs); SV40, SV40 promoter; neo, neomycin resistance gene. Helper plasmids: CAGGS, CAGGS
promoter; transposase, the transposase (ZB, PB, SB, or Tol2) coding gene. (B) Comparative transposition activities of ZB, SB, PB and To/2 in HepG2 cells
co-transfected with low transposon DNA conditions (10 ng). (C) Stable colonies from HepG?2 cells co-transfected with ZB, SB, PB and To/2 transposons
in low transposon DNA conditions (10 ng). (D-E) Comparative transposition activities in HepG2 and HeLa cells co-transfected with the ZB, SBI100X,
PB and Tol2 transposons in high transposon DNA conditions (500 ng). (F) Excision footprint of ZB. A schematic representation of the donor is shown
on top. The pUC19 vector backbone sequences that flank the element in the donor construct are shown in italics. The transposon footprints are depicted

in the white box.
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was inconsistent with the obvious OPI results of the SB,
PBand Tol2 transposons in HeLa cells (42), and may be at-
tributed to cell differences. To confirm this hypothesis, OPI
in the four transposons was also investigated in HeLa cells.
The results demonstrated that all these transposon systems
displayed obvious OPIs (Figure 2E, Supplementary Figure
S6 and Table S6). In addition, ZB showed the highest trans-
position activity at 500 and 1000 ng of transposase and high
dosages of transposon donor plasmids across the four trans-
posons in both of HeLa and HepG2 cells (Figure 2D and
E), indicating that ZB is a highly active transposon with
great potential for application as a genetic tool. Tcl /mariner
elements generate footprints in the range of 2—4 bp in the
genome in the ‘cut-and-paste’ process (52). Here, we found
that ZB transposition leaves footprints ranging from zero
to three base pairs at the excision site (Figure 2F), similar
to the footprints generated by SB and Frog Prince (33,53).

Genomic insertion preferences of ZB in human HepG?2 cells

To assess the insertion preferences of the ZB transposon
system, we performed a genome-wide insertion site pro-
filing of ZB integrations in human HepG2 cells via high-
throughput sequencing. We found that ZB prefers a palin-
dromic AT repeat for insertion, with the six bases directly
surrounding the insertion site forming a short, palindromic
AT repeat (ATATATAT) in which the central TA is the ac-
tual insertion site (Figure 3A). This was very similar to that
reported for the SB (54) and Bari (55) transposons, which
could be common for 7c/-like elements. Subsequently, we
compared the integration profile of ZB with that of SB in
HepG2 cells using a computationally generated random in-
tegration dataset as a control. 198 048 independent ZB in-
tegration sites were obtained and analysed. Generally, the
insertion preferences of ZB relative to the functional ge-
nomic regions were different from those of SB (Figure 3),
with slight enrichments of ZB insertions in gene bodies,
in genomic segments with histone marks associated with
transcription and with activating gene regulatory regions
and in open chromatin. These findings were in good agree-
ment with those obtained with HepG?2 specific functional
genome segmentation data, which showed the most pro-
nounced enrichments in enhancers and in loci around active
transcriptional start sites. Therefore, ZB insertions display a
more profound preference for transcription-promoting reg-
ulatory regions in the human genome than SB.

ZB as a tool for enhancer trapping in zebrafish

The ZB transposon was also evaluated as a potential ge-
netic tool for ET in zebrafish, which is an important verte-
brate model. A ZB transposon-based ET vector (pZB-krt4-
GFP) containing an ET box harbouring a mini-promoter
(Krt4), a GFP reporter gene and a B-globin polyA, and
flanked by ZB transposon TIRs (Figure 4A) was designed
and constructed as described in the Materials and Methods
section. The mini-promoter by itself has an extremely low
basal level of activity and must be activated by a trapped en-
hancer to achieve detectable expression of a reporter gene.
The Tol2 transposon, which is popularly used in zebrafish
transgenesis, was used as a control. The transgenic ET lines

were generated by microinjection of the mixture of pZB-
Krt4-GFP and ZB transposase mRNA, which were pre-
pared as described in the Methods section. Embryos that
showed GFP expression at 5 days post-fertilization (dpf)
were raised for further germline transmission and GFP ex-
pression analysis. The embryos that survived to adulthood
(FO) were separately outcrossed with WT fish, to gener-
ate F1 embryos for GFP screening and expression pattern
analysis. The germline transfer efficiency of ZB transposon
was 55.56% (N = 108), which was similar to that of 702
(55.77%, Ngo = 156) (Figure 4B and Supplementary Table
S7). The distribution of the GFP expression pattern in F1
embryos across the two transposon groups was also com-
pared. We found that the transgenic fish generated using the
Z B transposon were most likely to produce offspring with
a single expression pattern, while the transgenic fish gener-
ated using 7o0/2 tended to produce offspring with a greater
number of expression patterns (>2) (this difference was sig-
nificant; P < 0.05, x ? test) (Figure 4C). Ten stable ET lines
(F1) exhibiting distinct patterns of GFP expression (Figure
4D, Supplementary Figure S7) were outcrossed with WT
fish to generate F2 offspring for GFP expression screen-
ing and insertion site annotation, respectively. Four of them
(ZK32, ZK36, ZK47 and ZK68) were annotated success-
fully and mapped to the zebrafish genome (GRCz11), and
they were confirmed as new insertions with different ge-
nomic coordinates from those of native ZB copies. All four
F1 ET lines were confirmed to harbour a single insertion
by linker polymerase chain reaction (PCR) assay using em-
bryos from different outcrossing events (at least in tripli-
cate), with three of them having been inserted into the in-
trons of genes and one in an intergenic region (Figure 4E).
GFP screening from birth to 5 dpf zebrafish embryos re-
vealed that the GFP expression patterns of these ET lines
were similar to those of several neighbouring endogenous
genes (Figure 4D, E), which was determined by gene ex-
pression patterns deposited in zfin (56-59), and verified by
whole mount in situ hybridisation (data not shown). The
GFP signal of ZK32 was detected in the lens, liver and gut,
which was most similar to the expression profiles of the
neighbouring ankrd6b (lens, liver and gut) and rngtt (eye
and gut) genes. ZK36 zebrafish embryos expressed GFP in
the yolk syncytial layer and gut, which was similar to the ex-
pression profiles of two neighbouring genes (khdrbslb and
agr2) (56,57). In contrast, ZK47 displayed GFP expression
in the yolk syncytial layer, which was similar to that ob-
served for the endogenous gene (tmedla) (58). Interestingly,
ZK68 had specific GFP expression in the pharyngeal arches
and gut, which are both highly similar to that of the neigh-
bouring gene foxf1 (59), while the gene at the landing site,
tef25, was expressed in adaxial cells, the lens, mesoderm,
notochord, polster and somites, which suggests that it is un-
likely to be regulated by the same set of trapped enhancers
that act via the long-range regulation of foxf7 and the trans-
gene.

ZB as a genetic tool for sperm mutagenesis in mice

We next explored enhancer trapping by the ZB transpo-
son system in vivo, by directing transposition events in the
male germline of the mouse, similar to the gene trapping
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Figure 3. Distribution of ZBintegration in the genome of HepG?2 cells. (A) The sequence logo shows the consensus sequences at the genomic insertion loci in
a 60 bp window around the target TA di-nucleotides. The value 2 (log2 4) on the y axis stands for maximum possible frequency. The black triangle indicates
the position of the insertion site. (B) Comparison of ZB and SB insertion frequencies in gene-associated features of the human genome. The numbers
indicate fold changes above the random expected frequency, set to 1. Insertion frequencies higher and lower than the random are color-coded in red
and blue background, respectively. ‘Ups’: upstream, ‘dwns’: downstream, “TSS’: transcriptional start site, “TSE’: transcriptional end site. (C) Comparison
of ZB and SB insertion frequencies in genomic segments with various histone modifications of the HepG2 genome. (D) Comparison of ZB and SB
insertion frequencies in functional genomic segments. (E) Comparison of ZB and SB insertion frequencies in open chromatin measured by one or more of
complementary methodologies (DNase-Seq, ChIP-Seq, FAIRE-Seq). The category ‘Open Chrom.” was established by combining DNasel-, and FAIRE-
Seq results. “Validated’ stands for a dataset listing only regions that overlap between any methodologies. The dendrograms are based on the row means.

systems previously established with the SB transposon in
rats (60). Here, two transgenic mouse lines were developed
to create a sperm mutation library. The first was a ZB trans-
posase transgenic mouse, which expressed the ZB trans-
posase specifically in germ cells in testis. To fulfil this re-
quirement, we designed a vector (pSB-PGK2-ZBase) har-
bouring a ZB transposase expression cassette with a hu-
man phosphoglycerate kinase 2 (PGK2) promoter, to drive
Z B transposase expression specifically in germ cells (44).
The ZB transposase expression cassette was flanked by SB
TIRs; thus, this vector (pSB-PGK2-ZBase) can be used
for the generation of transgenic mice mediated by the SB
transposon (Figure 5A). Twenty Z Base transgenic mice, in-
cluding five males, were generated efficiently (20/28 born,
71.4%), based on the microinjection protocol mediated by

the SB transposon system, as described in the Methods sec-
tion. The second was an ET transgenic mouse, which car-
ried the ET vector mediated by the ZB transposon (pZB-
Myc-GFP). The vector harboured an ET box, including a
GFP reporter, a rabbit globin polyA and a human Myc min-
imal promoter, which has been proven to be sensitive to
multiple mammalian enhancers (61), flanked by ZB TIRs
(Figure 5A). Five ET transgenic mice (named as TnEl,
TnE2, TnE3, TnE4 and TnES), including two females and
three males, were generated by microinjection of the ZB
transposon (5/36 born, 13.9%). We chose TnE2, which con-
tained an intact, single-copy ZB insertion and no GFP sig-
nal, as the founder mouse for the following crossing. Subse-
quently, the transposon (TnE2) and transposase (ZBase™)
transgenic lines were selected for breeding to obtain males
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Figure 4. ZB transposon as a transgenic tool in zebrafish. (A) ET constructs used in zebrafish. The arrows represent transposon TIRs; Krt4, Krt4 minimal
promoter; GFP, reporter (green fluorescent protein) gene; pA, B-globin polyA. (B) Comparison of germline transmission efficiency mediated by the ZB
and 7o0/2 transposons by screening GFP expression in the F1 generation. (C) Different GFP patterns of F1 offspring generated from ZB- and To/2-mediated
transgenic zebrafish. (D) Fluorescence microscopy images of four ET lines from ZB-mediated transgenic zebrafish at 12 hpf, 2 dpf and 3 dpf. The arrows
and arrowheads indicate distinct expression domains with resemblance to the activity of genes in the landing site environment. Abbreviations: ba, branchial
arches; sc, spinal cord; g, gut; hg, hindgut; le, lens; 1i, liver; ysl, yolk syncytial layer. (E) Insertion sites of four ET lines. The predicted target genes that are
expressed in similar domains to that shown by the ET lines are underlined.
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of nl5 in multiple tissues and organs at 5 days of age.

that carry both transgenes. These double-transgenic males
were referred to as ‘sperm mutant library’ because they were
the source of sperm carrying new ZB mobilisation events
caused by ongoing transposition in the developing germ
cells of these mice. Subsequently, four double-transgenic
males (named as TnE2/Tp62, TnE2/Tp64, TnE2/Tp68
and TnE2/Tp191, the integration site annotation of which
is summarized in Supplementary Table S8), were bred to

WT females to generate offspring for ET screening. The
general strategy used to carry out this procedure is shown
in Figure 5B. In total, 135 pups from 12 litters were ob-
tained and subjected to PCR analysis and GFP screening.
Among these 135 pups, 53.3% (72/135) were PCR positive,
11 were the result of new mobilization events (Supplemen-
tary Figure S§A) and 61 were identical to the founder (Sup-
plementary Figure S8B). The re-transposition rate (rate of
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Table 1. Sperm mutagenesis efficiency

Mutation PCR positive New insertion ET transmission
library No frequency?® frequency® ET frequency® frequency?
TnE2/Tp62 1 4/8=0.5 1/4=0.25 - -

2 3/9=0.333 2/3 =0.667 - -

3 5/11 =0.455 1/5=0.2 1/11 =10.091 4/8=0.5
TnE2/Tpl91 1 11/15=0.733 1/11 =0.091 - -

2 3/9=0.333 0/3=0 - -

3 10/15 = 0.667 1/10=0.1 - -
TnE2/Tp68 1 9/13 =0.692 1/9=0.111 - -

2 6/10=0.6 1/6 =0.167 - -

3 7/13 =0.538 0/7=0 -
TnE2/Tp64 1 5/12=0.417 1/5=0.2 1/12 =0.083 5/8 =0.625

2 6/13 = 0.462 1/6 =0.167 1/13 =0.077 7/11 =0.636

3 3/7=0.429 1/3=10.333 - -
Total 72/135 =0.533 11/72=0.153 3/135=0.022 -

2GFP-PCR positive per litter.

"New insertion of the GFP-PCR positive.
Cvisible GFP positive (F1) per litter.
dvisible GFP positive (F2) per ET line litter.
No, number of litters.

generation of a new site or transposition) of the ZB (ET)
system was 15.3% (11/72) (Table 1). Moreover, on aver-
age, one new insertion site was found per litter, which was
higher than that reported for SB and PB (about 10%) in rats
(60,62). Three pups (nl5, nl9 and nl11) were GFP positive at
10 days of age, as assessed using fluorescence screening. nl5
stemmed from a litter of 11 pups resulting from the seed
mouse TnE2/Tp62, while nl9 and nll1 were from two lit-
ters of the TnE2/Tp64 seed mouse, with obvious GFP sig-
nals in the eyes and ears of nl5 and nl9, and in the ears of
nll1 at this stage (Figure 5C and Table 1). The insertion sites
of the 11 transgenic mice with re-transposition events were
confirmed using linker PCR, as described in the Methods
section, with eight of them mapping to the genome (the an-
notation results are summarized in Table 2). Four of them
jumped into different chromosomes and four of them were
reinserted into the same chromosomes, indicating that ZB
also tended to exhibit local hopping, which has been re-
ported for SB (63), P element (64), Tol2 (65) and Ac/Ds
(66). Interestingly, we found that the ET transgenes of nl5
and nl9 were reinserted into the same intron of the endoge-
nous gene (Mast4), but with an opposite orientation to that
present in the founder mice (TnE2), which did not show
obvious GFP expression. This phenomenon was also ob-
served in Ciona (67), in which the enhancers were sensitive
to the orientation of the genes. A previous study showed
that an ET vector inserted into the opposite direction to
the endogenous gene can express the reporter gene (67).
Although the mechanism underlying orientation sensitivity
is not known, a plausible explanation is that the enhancer
loses its access to promoters in an orientation-dependent
manner (67). Moreover, the reinsertion of nl5 was remark-
ably close to the original integration site (<400 bp), while
that of nl9 was located upstream (64 197 bp) of the original
integration site (Figure 5D and Table 2). The ET transgene
of nll1 was inserted into exon 2 of the endogenous gene
(Sost) with opposite orientation (Figure 5D and Table 2).
The nl5, n19 and nl11 mice did not carry the ZB transposase
transgene, and the ET transgene can be stable. GFP expres-
sion was detected in multiple organs of the nl5 mouse, in-

cluding the spleen, lung, kidney, stomach, ovary, oviduct,
womb, testis, eye, brain, ear, fore limb, hind limb and tail
(Figure 5E); this was generally similar to the expression pro-
file of the endogenous gene (Mast4), which exhibits ubiqui-
tous expression as reported in NCBI.

DISCUSSION

In this study, we identified and characterized a highly active
Tcl /mariner transposon (ZB) in the zebrafish genome, and
evaluated its potential as a genetic tool for ET in zebrafish
and in mice. Generally, ZB shared a similar structural or-
ganization and target site sequence preference, but had a
slightly different integration profile as compared with the
features of SB at the mammalian genome-wide scale (Fig-
ures 1 and 3). Furthermore, we provided strong evidence
that ZBwas a highly active DNA transposon in mammalian
cells and that it could be used as an efficient transgenesis and
mutagenesis tool in vertebrates (Figure 2). Although DNA
transposons display great diversity in nature, and despite
the fact that some of them are functional in their native form
(68), only three of them (SB, PB and To/2) have been well
characterized and applied widely in vertebrate transgenesis
and mutagenesis (8,69-71). Minos was also developed for
transgenesis in vertebrates although it has not been widely
used (72,73). Moreover, SB and PB also display great po-
tential in human gene therapy (74,75). Both PB and Tol2
were originally characterized as active transposons in na-
tive form (16,76), while the SB system was reconstructed
by a computational phylogenetic approach (30). Both the
SBand PB transposases have been optimized and improved
significantly regarding their transposition activities, and ex-
hibit great potential for genome engineering (77-80). Here,
we identified a highly active Z B transposon in native form in
the zebrafish genome based on bioinformatic analyses and
cell-based functional tests. Both the age distribution and se-
quence identities of TIRs and transposase of ZB copies in
the genome support the contention that ZB is a noticeably
young invader in the zebrafish genome and is still putatively
active in the zebrafish genome.
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Within a certain concentration range more transposase
in the cells results in an increase in transposition (81), while
a transposase concentration exceeding an optimal concen-
tration in a given cell leads to an inhibitory effect known as
OPI, which has been described for the popularly used SB,
PB and Tol2 transposons (42). It has been suggested that
OPI operates during assembly of the transpososome and
arises from the multimeric state of the transposase, medi-
ated by a competition for binding sites within the transpo-
son TIRs (82). Here, we demonstrated that all four tested
transposons, including ZB, showed this typical OPI phe-
nomenon under conditions of low donor plasmid (10 ng)
in HepG2 cells and at high donor plasmid (500 ng) in HeLa
cells (Figure 2). However, ZB and To/2 did not exhibit this
trend at high donor plasmid (500 ng) conditions in HepG2
cells (Figure 2), suggesting that OPI differences exist among
these four transposons. These data indicate that the OPI of
a DNA transposon may also be sensitive to cellular factors
in addition to the dosage of the donor and helper plasmids.

The integration site preferences of particular elements, as
an important biological property of DNA transposons, may
depend on primary DNA sequence and chromatin structure
and are substantially different, ranging from essentially ran-
dom to selective at the genome-wide scale, which can greatly
affect the utility of transposon vectors for different applica-
tions (8). Both the Tol2 and PB transposons exhibit pref-
erential integration near transcription start sites and tran-
scriptional regulatory regions (42,83-86), which can be par-
ticularly advantageous for their application in ET. Here, we
investigated the target site preferences and integration site
bias of ZB. ZB, similar to the SB transposon (54), prefers
AT-rich palindromic sequences for integration. However,
unlike SB, the integrations of ZB are slightly biased towards
enhancers, and open chromatin (Figure 3).

Z B was also evaluated regarding its potential for ET in
zebrafish and mice. In zebrafish, the 7o/2 transposon sys-
tem has been widely used to create gene trapping and ET
lines, as well as protein trapping lines with reasonable ef-
ficiencies (22,87). The comparative study of ET efficiency
across different transposons demonstrated that 7o0/2 had the
highest ET efficiency (55.56%) compared with SB (38.36%)
and PB (32.65%) (43). Here, we found that ZB efficiently
generated ET lines at almost the same rate as that reported
for Tol2 (about 56%), indicating the great potential of ZB
for ET application in zebrafish. In addition, comparative
ET in zebrafish with ZB and Tol? transposons indicated
significantly higher frequency of single expression patterns
suggestive of higher frequency of single-copy integration
per genome can be generated by ZB (Figure 4). Single in-
tegration events are preferable for applications such as cis-
regulatory element analysis by transgenesis and may sim-
plify genetic analysis and interpretation of position effects.
It is noted that, on rare occasions, transposition in a target
locus may lead to cryptic splicing between splice sites of tan
endogenous gene and sites in the transgene vector, thereby
leading to translation of a functional reporter if the splic-
ing maintains the reading frame of the reporter. Analysis of
transcription start site of transgene reporter transcript can
identify such spurious splicing mediated transcript fusion.
In mice, we generated a sperm mutant library to evaluate
the ET efficiency by mimicking the gene trapping strategy
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that has been well established in rats (60,62,88). In this pro-
tocol, by generating two lines of transgenic animals, i.e. one
carrying the transposon and another expressing the trans-
posase in germ cells, we were able to obtain double trans-
genic males in which re-transposition occurred in the germ
cells. We found that the frequency of germline remobiliza-
tion of single-copy transposons in the genome mediated
by ZB was 15.3%. However, the remobilization frequency
mediated by the SB transposon in mice was substantially
lower than that (17% to 50%), as reported by Ruf et al.
(89). This may be attributable to differences in the pro-
moter used for transposase expression, and the actual trans-
posase variant used in the experiments. In addition, we ob-
tained three GFP-positive ET pups after screening a to-
tal of 135 pups from 12 litters, yielding a frequency of en-
hancer detection of 2.22% (3/135), which was dramatically
lower than that (about 60%) observed in Ruf’s study (89).
The low efficiency of ET in our experiments may be at-
tributed to the mini-promoter, which has proven to have
a significant effect on ET trapping efficiency in zebrafish
(21). The Myc mini-promoter from mice has been tested
in mammalian cells (90). However, our data suggest that it
may not be suitable for ET screening in vivo. Therefore, the
optimization of a mini-promoter for ET in mice is highly
recommended.

Irrespective of what method is used to deliver a reporter
in ET applications, both the design of the reporter cassette
as well as downstream analysis of interacting enhancers
are important considerations. First, in general, the choice
of promoter in the reporter cassette may influence ET ef-
ficiency (e.g. (91)), and future studies will be required to
identify the sequence determinants in promoters, which de-
fine their interaction capacity with enhancers and inform on
promoter choice for ET applications. Second, it remains a
major challenge to identify the exact enhancer(s) which in-
teract with the reporter cassette at the insertion site of the
reporter, partly due to the potentially very large range of
enhancer-promoter interactions. Recent 3D topology anal-
ysis tools such as CaptureC may allow detection of 3D inter-
actions with multiple enhancers and reduce the potentially
large number of candidates. In addition, advanced genomic
technologies and genome-wide databases like the Encyclo-
pedia of DNA Elements (ENCODE), or the functional an-
notation of the mammalian genome (FANTOM) project
leading to enhancer atlases such as the Ensembl regulatory
build may aid the identification and analysis of candidate
enhancers recovered from ET screens.

In summary, the current study showed that ZB1is a notice-
ably young invader of the zebrafish genome, and is highly
active in zebrafish as well as mammalian cells. Our experi-
ments provided the first step towards the establishment of a
highly efficient mutagenesis tool in zebrafish and mice and
suggest that the ZB system could be used as a powerful tool
for genetic manipulations.

DATA AVAILABILITY

The sequencing data generated from this study are available
at NCBI: SRR13212054.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Baozhu Wang from Yangzhou University for
technical support with the transgenic mice. We thank all
members of the Chengyi Song Laboratory for their hard
work and thoughtful insights.

FUNDING

National Genetically Modified Organism Breeding
[2018ZX08010-08B]; Natural Science Foundation of China
[31671313]; Priority Academic Program Development of
Jiangsu Higher Education Institutions; High-end Talent
Support Program of Yangzhou University (to C.S.); EM.
was supported by a Wellcome Trust Investigator Award.
Funding for open access charge: National Genetically
Modified Organism Breeding [2018ZX08010-08B].

Conflict of interest statement. None declared.

REFERENCES

1. McClintock,B. (1950) The origin and behavior of mutable loci in
maize. Proc. Natl. Acad. Sci. U. S. A., 36, 344-55.

2. Kojima,K.K. (2020) Structural and sequence diversity DNA
transposons: evidence for intense activity in the primate lineage of
eukaryotic transposableelements. Genes Genet. Syst., 94, 233-252.

3. Hickman,A.B., Chandler,M. and Dyda,F. (2010) Integrating
prokaryotes and eukaryotes: DNA transposases inlight the human
genome of structure. Crit. Rev. Biochem. Mol. Biol., 45, 50-69.

4. Koonin,E.V. and Krupovic,M. (2017) Polintons, virophages and
transpovirons: a tangled web linking viruses, transposons and
immunity. Curr. Opin. Virol., 25, 7-15.

5. Thomas,J. and Pritham,E.J. (2015) Helitrons, the eukaryotic
rolling-circle transposable elements. Microbiol. Spectr., 3,
doi:10.1128 /microbiolspec. MDNA3-0049-2014.

6. Yuan,Y.W. and Wessler,S.R. (2011) The catalytic domain of all
eukaryotic cut-and-paste transposase superfamilies. Proc. Natl. Acad.
Sci. U.S.A., 108, 7884-7889.

7. Bourque,G., Burns,K., Gehring,M., Gorbunova,V., Seluanov,A.,
Hammell,M., Imbeault,M., Izsvak,Z., Levin,H.L., Macfarlan,T.S.
et al. (2018) Ten things you should know about transposable
elements. Genome Biol., 19, 199.

8. Kawakami,K., Largaespada,D. and Ivics,Z. (2017) Transposons as
tools for functional genomics in vertebrate models. Trends Genet., 33,
784-801.

9. Weber,J., de la Rosa,J., Grove,C., Schick,M., Rad,L., Baranov,O.,
Strong,A., Pfaus,A., Friedrich,M., Engleitner,T. ez al. (2019)
PiggyBac transposon tools for recessive screening identify B-cell
lymphoma drivers in mice. Nat. Commun., 10, 1415.

10. Friedrich,M., Bronner.I., Liu,P,, Bradley,A. and Rad,R. (2019)
PiggyBac transposon-based insertional mutagenesis in mice. Methods
Mol. Bio., 1907, 171-183.

11. Ruiz,L. and van Sinderen,D. (2019) Implementation of transposon
mutagenesis in Bifidobacterium. Methods Mol. Biol., 2016, 51-62.

12. Choi,K. and Kim,K. (2009) Applications of transposon-based gene
delivery system in bacteria. J. Microbiol. Biotechnol., 19, 217-228.

13. Conte,E., Mende,L., Grainge,I. and Colloms,S. (2019) A
mini-ISY 100 transposon delivery system effective in y
proteobacteria. Front Microbiol., 10, 208.

14. Munoz-Lopez,M. and Garcia-Perez,J. (2010) DNA transposons:
nature and applications in genomics. Curr. Genomics, 11, 115-128.

15. Ivics,Z., Li,M.A., Matés,L., Boeke,J.D., Nagy,A., Bradley,A. and
Izsvak,Z. (2009) Transposon-mediated genome manipulation in
vertebrates. Nat. Methods, 6, 415-422.

16. Koga,A., Suzuki,M., Inagaki,H., Bessho,Y. and Hori,H. (1996)
Transposable element in fish. Nature, 383, 30.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab045#supplementary-data

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Locke,J., Hanna,S. and Kong,D. (1993) Evidence for mobilization of
hobo transposons in a P-element mutagenesis screen. Genome, 36,
1138-1147.

Sarkar,A., Coates,C.J., Whyard,S., Willhoeft,U., Atkinson,P. and
O’Brochta,D. (1997) The Hermes element from Musca domestica can
transpose in four families of cyclorrhaphan flies. Genetica, 99, 15-29.
Li,X., Ewis,H., Hice,R., Malani,N., Parker,N., Zhou,L.,
Feschotte,C., Bushman,F., Atkinson,P. and Craig,N. (2013) A
resurrected mammalian hAT transposable element and a closely
related insect element are highly active in human cell culture. Proc.
Natl. Acad. Sci. U.S.A., 110, E478-87.

Jiang,X., Du,X., Tian,Y., Shen,R., Sun,C. and Zou,S. (2012)
Goldfish transposase Tgf2 presumably from recent horizontal
transfer is active. FASEB J., 26, 2743-2752.

Chan,S., Shen,D., Sang,Y., Wang,S., Wang,Y., Chen,C., Gao,B. and
Song,C. (2019) Development of enhancer-trapping and-detection
vectors mediated by the Tol2 transposon in zebrafish. PeerJ, 7, €6862.
Zhong,Y., Huang,W., Du,J., Wang,Z., He,J. and Luo,L. (2019)
Improved Tol2-mediated enhancer trap identifies weakly expressed
genes during liver and cell development and regeneration in zebrafish.
J. Biol. Chem., 294, 932-940.

Sato,M., Inada,E., Saitoh,l., Watanabe,S. and Nakamura,S. (2020)
Piggybac-based non-viral in vivo gene delivery useful for production
of genetically modified animals and organs. Pharmaceutics, 12, 277.
Yusa,K. (2015) piggyBac transposon. Microbiol. Spectr., 3,

doi:10.1128 /microbiolspec. MDNA3-0028-2014.

Wu,M., Sun,Z.C., Hu,C.L., Zhang,G.F. and Han,Z.J. (2008) An
active piggyBac-like element in Macdunnoughia crassisigna. Insect
Sci., 15, 521-528.

Daimon,T., Mitsuhiro,M., Katsuma,S., Abe,H., Mita,K. and
Shimada,T. (2010) Recent transposition of yabusame, a novel
piggyBac-like transposable element in the genome of the silkworm,
Bombyx mori. Genome, 53, 585-593.

Bonasio,R., Zhang,G., Ye,C., Mutti,N.S., Fang. X., Qin,N.,
Donahue,G., Yang,P., Li,Q., Li,C. et al. (2010) Genomic comparison
of the ants Camponotus floridanus and Harpegnathos saltator.
Science, 329, 1068-1071.

Hikosaka,A., Kobayashi,T., Saito,Y. and Kawahara,A. (2007)
Evolution of the xenopus piggyBac transposon family TxpB:
domesticated and untamed strategies of transposon subfamilies. Mol.
Biol. Evol., 24, 2648-2656.

Ray,D., Feschotte,C., Pagan,H.J. T., Smith,J.D., Pritham,E.J.,
Arensburger,P., Atkinson,P. and Craig,N. (2008) Multiple waves of
recent DNA transposon activity in the bat, Myotis lucifugus. Genome
Res., 18, 717-728.

Ivics,Z., Hackett,P,, Plasterk,R. and Izsvak,Z. (1997) Molecular
reconstruction of sleeping beauty, a Tcl-like transposon from fish,
and its transposition in human cells. Cell, 91, 501-510.

Clark,K., Carlson,D., Leaver,M., Foster,L. and Fahrenkrug,S. (2009)
Passport, a native Tcl transposon from flatfish, is functionally active
in vertebrate cells. Nucleic. Acids. Res., 37, 1239-1247.

Miskey,C., Izsvak,Z., Plasterk,R. and Ivics,Z. (2003) The Frog
Prince: a reconstructed transposon from Rana pipiens with high
transpositional activity in vertebrate cells. Nucleic. Acids. Res., 31,
6873-6881.

Miskey,C., Papp,B., Matés,L., Sinzelle,L., Keller,H., Izsvak,Z. and
Ivics,Z. (2007) The ancient mariner sails again: transposition of the
human Hsmarl element by a reconstructed transposase and activities
of the SETMAR protein on transposon ends. Mol. Cell. Biol., 27,
4589-4600.

Pujolar,J.M., Astolfi,L., Boscari,E., Vidotto,M., Barbisan,F.,
Bruson,A. and Congiu,C. (2013) Tanal, a new putatively active
Tcl-like transposable element in the genome of sturgeons. Mol.
Phylogenet Evol., 66, 223-232.

Guo,X., Zhang,Q., Sun,Y., Jiang,X. and Zou,S. (2015) Tcl-like
transposase Thm3 of silver carp (Hypophthalmichthys molitrix) can
mediate gene transposition in the genome of blunt snout bream
(Megalobrama amblycephala). G3, 5, 26601-26610.

Palazzo,A., Moschetti,R., Caizzi,R. and Marsano,R.M. (2014) The
Drosophila mojavensis Bari3 transposon: distribution and functional
characterization. Mob. DNA, 5, 21.

Nguyen,L., Schmidt,H., Von Haeseler,A. and Minh,B. (2015)
IQ-TREE: a fast and effective stochastic algorithm for estimating
maximume-likelihood phylogenies. Mol. Biol. Evol., 32, 268-274.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SL.

52.

53.

54.

55

56.

57.

58.

59.

Nucleic Acids Research, 2021, Vol. 49, No. 4 2139

Kazutaka,K. and Standley,D.M. (2013) MAFFT multiple sequence
alignment software version 7: improvements in performance and
usability. Mol. Biol. Evol., 30, 772-780.

Kimura,M. (1980) A simple method for estimating evolutionary rates
of base substitutions through comparative studies of nucleotide
sequences. J. Mol. Evol., 16, 111-120.

Tarailo-Graovac,M. and Chen,N. (2009) Using RepeatMasker to
identify repetitive elements in genomic sequences. Curr. Protoc.
Bioinformatics, doi:10.1002/0471250953.b10410s25.

Fu,B., Chen,M., Zou,M., Long,M. and He,S. (2010) The rapid
generation of chimerical genes expanding protein diversity in
zebrafish. BMC Genomics, 11, 657.

Grabundzija,l., Irgang,M., Matés,L., Belay,E., Matrai,J.,
Gogol-Doring,A., Kawakami, K., Chen,W., Ruiz,P., Chuah,M. et al.
(2010) Comparative analysis of transposable element vector systems
in human cells. Mol. Ther., 18, 1200-1209.

Shen,D., Xue,S., Chan,S., Sang.Y., Wang,S., Wang,Y., Chen,C.,
Gao,B., Mueller,F. and Song,C. (2018) Enhancer trapping and
annotation in zebrafish mediated with sleeping beauty, piggybac and
Tol2 transposons. Genes (Basel), 9, 630.

Robinson,M., McCarrey,J. and Simon,M. (1989) Transcriptional
regulatory regions of testis-specific PGK2 defined in transgenic mice.
Proc. Natl. Acad. Sci. U.S.A., 86, 8437-8441.

Monjezi,R., Miskey,C., Gogishvili,T., Schleef,M., Schmeer,M.,
Einsele,H., Ivics,Z. and Hudecek,M. (2016) Enhanced CAR T-cell
engineering using non-viral sleeping beauty transposition from
minicircle vectors. Leukemia, 31, 186-194.

Langmead,B., Trapnell,C., Pop,M. and Salzberg,S. (2009) Ultrafast
and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol., 10, R25.

Sarver,A.L., Erdman,J., Starr,T., Largaespada,D.A. and
Silverstein,K.A.T. (2012) TAPDANCE: an automated tool to identify
and annotate transposon insertion CISs and associations between
CISs from next generation sequence data. BMC Bioinformatics, 13,
154.

Ivics,Z., Matés,L., Yau,T., Landa,V., Zidek,V., Bashir.,S.,
Hoffmann,O.1., Hiripi,L., Garrels,W., Kues,W. et al. (2014) Germline
transgenesis in rodents by pronuclear microinjection of sleeping
beauty transposons. Nat. Protoc., 9, 773-793.

Daji,S., Chen,H., Chang,C., Riggs,A. and Flanagan,S. (2000)
Ligation-mediated PCR for quantitative in vivo footprinting. Nat.
Biotechnol., 18, 1108-1111.

Gilbert,C., Schaack,S. and Feschotte,C. (2010) Mobile elements jump
between parasites and vertebrate hosts. Med. Sci., 26, 1025-1027.
Kunze,R., Behrens,U., Courage-Franzkowiak,U., Feldmar,S.,
Kiihn,S. and Liitticke,R. (1993) Dominant transposition-deficient
mutants of maize Activator (Ac) transposase. Proc. Natl. Acad. Sci.
U S. A.,90, 7094-7098.

Luo,G., lvics,Z., Izsvak,Z. and Bradley,A. (1998) Chromosomal
transposition of a Tcl/mariner-like element in mouse embryonic stem
cells. Proc. Natl. Acad. Sci. U.S.A., 95, 10769-10773.

Plasterk,R., Izsvak,Z. and Ivics,Z. (1999) Resident aliens: the

Tcl /mariner superfamily of transposable elements. Trends Genet., 15,
326.

Vigdal, T.J., Kaufman,C.D., Izsvak,Z., Voytas,D.F. and Ivics,Z.
(2002) Common physical properties of DNA affecting target site
selection of sleeping beauty and other Tcl/mariner transposable
elements. J. Mol. Biol., 323, 441-452.

. Palazzo,A., Lovero,D., D’Addabbo,P., Caizzi,R. and Marsano,R.M.

(2016) Identification of Bari transposons in 23 sequenced Drosophila
genomes reveals novel structural. PLoS One, 11, e0156014.

Wang,S., Yang,Q., Wang,Z., Feng,S., Li,H., Ji,D. and Zhang,S.
(2018) Evolutionary and expression analyses show Co-option of
khdrbs genes for origin of vertebrate brain. Front. Genet., 8, 225.
Flasse,L.C., Stern,D.G., Pirson,J.L., Manfroid,I., Peers,B. and
Voz,M.L. (2013) The bHLH transcription factor Asclla is essential
for the specification of the intestinal secretory cells and mediates
Notch signaling in the zebrafish intestine. Dev. Biol., 376, 187-197.
Thisse,B. and Thisse,C. (2004) In: Fast release clones: a high
throughput expression analysis. ZFIN Direct Data Submiss. ZFIN
Direct Data Submission. http://zfin.org.

Xu,P, Balczerski,B., Ciozda,A., Louie,K., Oralova,V., Huysseune,A.
and Gage Crump,J. (2018) Fox proteins are modular competency


http://www.zfin.org

2140 Nucleic Acids Research, 2021, Vol. 49, No. 4

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

factors for facial cartilage and tooth specification. Development, 145,
dev165498.

Kenryo,F., Chuan-Wei,J., Chen,D.W., Ningna,X., Overbeek,P.A. and
Behringer,R.R. (2012) Insertional mutagenesis by a hybrid piggyBac
and sleeping beauty transposon in the rat. Genetics, 192, 1235-1248.
Lovén,J., Hoke,H.A., Lin,C.Y., Lau,A., Orlando,D.A., Vakoc,C.R.,
Bradner,J.E., Lee, T.I. and Young,R.A. (2013) Selective inhibition of
tumor oncogenes by disruption of super-enhancers. Cell, 153,
320-334.

Lu,B., Geurts,A.M., Poirier,C., Petit,D.C., Harrison,W.,
Overbeek,P.A. and Bishop,C.E. (2007) Generation of rat mutants
using a coat color-tagged sleeping beauty transposon system. Mamm.
Genome, 18, 338-346.

Horie,K., Yusa,K., Yae, K., Odajima,J., Fischer,S.E.J., Keng,V.W.,
Hayakawa,T., Mizuno,S., Kondoh,G., Ijiri,T. ez al. (2003)
Characterization of sleeping beauty transposition and its application
to genetic screening in mice. Mol. Cell. Biol., 23, 9189-9207.
Tower,J., Karpen,G.H., Craig,N. and Spradling,A.C. (1993)
Preferential transposition of Drosophila P elements to nearby
chromosomal sites. Genetics, 133, 347-359.

Keng,V.W., Ryan,B.J., Wangensteen,K.J., Balciunas,D., Schmedt,C.,
Ekker,S.C. and Largaespada,D.A. (2009) Efficient transposition of
Tol2 in the mouse germline. Genetics, 183, 1565-1573.

Bancroft,I. and Dean,C. (1993) Transposition pattern of the maize
element Ds in Arabidopsis thaliana. Genetics, 134, 1221-1229.
Sasakura,Y. (2018) The enhancer trap in Ciona. Adv. Ex.p Med. Biol.,
1029, 121-129.

Hickman,A.B. and Dyda,F. (2016) DNA transposition at work.
Chem. Rev., 116, 12758-12784.

Ivics,Z. and Izsvak,Z. (2015) Sleeping beauty transposition.
Microbiol. Spectr., 3, doi:10.1128 /microbiolspec. MDNA3-0042-2014.
Pettitt,S.J., Tan,E.P. and Yusa,K. (2015) Piggybac transposon-based
insertional mutagenesis in mouse haploid embryonic stem cells.
Methods Mol. Biol., 1239, 15-28.

Kawakami,K., Asakawa,K., Muto,A. and Wada,H. (2016)
Tol2-mediated transgenesis, gene trapping, enhancer trapping, and
Gal4-UAS system. Methods Cell Biol., 135, 19-37.

Zagoraiou,L., Drabek,D., Alexaki,S., Guy,J.A., Klinakis,A.G,
Langeveld,A., Skavdis,G., Mamalaki,C., Grosveld,F. and Savakis,C.
(2001) In vivo transposition of Minos, a Drosophila mobile element,
in mammalian tissues. Proc Natl Acad Sci U.S.A., 98, 11474-11478.
Pavlopoulos,A., Oehler,S., Kapetanaki,M.G. and Savakis,C. (2007)
The DNA transposon Minos as a tool for transgenesis and functional
genomic analysis in vertebrates and invertebrates. Genome Biol.,Suppl
1, S2.

Siew,S.M., Cunningham,S.C., Zhu,E., Tay,S.S., Venuti,E., Bolitho,C.
and Alexander,l.E. (2019) Prevention of cholestatic liver disease and
reduced tumorigenicity in a murine model of PFIC type 3 using
hybrid AAV-piggyBac gene therapy. Hepatology, 70, 2047-2061.
Holstein,M., Mesa-Nuiiez,C., Miskey,C., Almarza,E., Poletti,V.,
Schmeer,M., Grueso,E., Ordonez Flores,J.C., Kobelt,D., Walther,W.
et al. (2018) Efficient non-viral gene delivery into human
hematopoietic stem cells by minicircle sleeping beauty transposon
vectors. Mol. Ther., 26, 1137-1153.

Ding,S., Wu,X., Li,G., Han,M., Zhuang,Y. and Xu,T. (2005) Efficient
transposition of the piggyBac (PB) transposon in mammalian cells
and mice. Cell, 122, 473-483.

Ye,L., Park,J.J., Dong,M.B., Yang,Q., Chow,R.D., Peng,L., Du,Y.,
Guo,J,, Dai,X., Wang,G. et al. (2019) In vivo CRISPR screening in
CD8 T cells with AAV-sleeping beauty hybrid vectors identifies

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

membrane targets for improving immunotherapy for glioblastoma.
Nat. Biotechnol., 37, 1302-1313.

Querques,l., Mades,A., Zuliani,C., Miskey,C., Alb,M., Grueso,E.,
Machwirth,M., Rausch,T., Einsele,H., Ivics,Z. et al. (2019) A highly
soluble sleeping beauty transposase improves control of gene
insertion. Nat. Biotechnol., 37, 1502-1512.

Wang,P, Qin,W.,, Liu,T., Jiang,D., Cui,L., Liu,X., Fang,Y., Tang,X.,
Jin,H. and Qian,Q. (2020) PiggyBac-engineered T cells expressing a
glypican-3-specific chimeric antigen receptor show potent activities
against hepatocellular carcinoma. Immunobiology, 225, 151850.
Hazelbaker,D.Z., Beccard,A., Angelini,G., Mazzucato,P.,
Messana,A., Lam,D., Eggan, K. and Barrett,L.E. (2020) A
multiplexed gRNA piggyBac transposon system facilitates efficient
induction of CRISPRi and CRISPRa in human pluripotent stem
cells. Sci. Rep., 10, 635.

Izsvak,Z., Ivics,Z. and Plasterk,R.H. (2000) Sleeping beauty, a wide
host-range transposon vector for genetic transformation in
vertebrates. J. Mol. Biol., 302, 93-102.

Bouuaert,C.C., Lipkow,K., Andrews,S.S., Liu,D. and Chalmers,R.
(2013) The autoregulation of a eukaryotic DNA transposon. Elife, 2,
€00668.

Gogol-Doring,A., Ammar,l., Gupta,S., Bunse,M., Miskey,C.,
Chen,W., Uckert,W., Schulz, T.F., Izsvak,Z. and Ivics,Z. (2016)
Genome-wide profiling reveals remarkable parallels between insertion
site selection properties of the MLV retrovirus and the piggyBac
transposon in primary human CD4+ T cells. Mol. Ther., 24, 592-606.
Huang,X., Guo,H., Tammana,S., Jung,Y.C., Mellgren,E., Bassi,P.,
Cao,Q., Tu,Z.J., Kim,Y.C., Ekker,S.C. et al. (2010) Gene transfer
efficiency and genome-wide integration profiling of sleeping beauty,
Tol2, and PiggyBac transposons in human primary T cells. Mol.
Ther., 18, 1803-1813.

Vrljicak,P, Tao,S., Varshney,G.K., Quach,H.N.B., Joshi,A.,
LaFave,M.C., Burgess,S.M. and Sampath,K. (2016) Genome-wide
analysis of transposon and retroviral insertions reveals preferential
integrations in regions of DNA flexibility. G3, 6, 805-817.
Quach,H.N., Tao,S., Vrljicak,P., Joshi,A., Ruan,H., Sukumaran,R.,
Varshney,G.K., Lafave,M.C., Team,D.S. and Burgess,S.M. (2015) A
multifunctional mutagenesis system for analysis of gene function in
zebrafish. G3, 6, 1283-1299.

Stahl,B.A., PeuB3,R., McDole,B., Kenzior,A., Jaggard,J.B.,
Gaudenz,K., Krishnan,J., McGaugh,S.E., Duboue,E.R., Keene,A.C.
et al. (2019) Stable transgenesis in astyanax mexicanus using the Tol2
transposase system. Dev. Dyn., 248, 679-687.

Liu,M., Ru,Y,, Gu,Y., Tang,J., Zhang,T., Wu.J., Yu,F, Yuan,Y.,
Xu,C., Wang,J. et al. (2018) Disruption of Ssp411 causes impaired
sperm head formation and male sterility in mice. Biochim. Biophys.
Acta. Gen. Subj., 1862, 660-668.

Ruf.S., Symmons,O., Uslu,V.V,, Dolle,D., Hot,C., Ettwiller,L. and
Spitz,F. (2011) Large-scale analysis of the regulatory architecture of
the mouse genome with a transposon-associated sensor. Nat. Genet.,
43, 379-386.

Kim,D.W., Gazourian,L., Quadri,S.A., Romieu-Mourez,R.,
Sherr,D.H. and Sonenshein,G.E. (2000) The RelA NF-kappaB
subunit and the aryl hydrocarbon receptor (AhR) cooperate to
transactivate the c-myc promoter in mammary cells. Oncogene, 19,
5498-5506.

Zabidi,M.A., Arnold,C.D., Schernhuber,K., Pagani,M., Rath,M.,
Frank,O. and Stark,A. (2015) Enhancer-core-promoter specificity
separates developmental and housekeeping gene regulation. Nature,
18, 556-559.



