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Abstract

The vertebrate piggyBac derived transposase 5 (PGBD5) encodes a domesticated transposase, 

which is active and able to transpose its distantly related piggyBac-like element (pble), Ifp2. This 

raised the question whether PGBD5 would be more effective at mobilizing a phylogenetically 

closely related pble element. We aimed to identify the pble most closely related to the pgbd5 gene. 

We updated the landscape of vertebrate pgbd genes to develop efficient filters and identify the 

most closely related pble to each of these genes. We found that Tcr-pble is phylogenetically the 

closest pble to the pgbd5 gene. Furthermore, we evaluated the capacity of two murine and human 

PGBD5 isoforms, Mm523 and Hs524, to transpose both Tcr-pble and Ifp2 elements. We found 

that both pbles could be transposed by Mm523 with similar efficiency. However, integrations 

of both pbles occurred through both proper transposition and improper PGBD5-dependent 

recombination. This suggested that the ability of PGBD5 to bind both pbles may not be based 
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on the primary sequence of element ends, but may involve recognition of inner DNA motifs, 

possibly related to palindromic repeats. In agreement with this hypothesis, we identified internal 

palindromic repeats near the end of 24 pble sequences, which display distinct sequences.
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Introduction

Transposable elements (TEs) are mobile genetic elements present in almost all organisms. 

Three main types of TEs are found in eukaryote genomes: 1) LTR-retrotransposons and 

2) nonLTR-retrotransposons that encode a reverse-transcriptase to replicate an RNA copy 

into a DNA intermediate which thereafter integrates at a new locus; and 3) transposons 

with terminal inverted repeats (TIR transposon) at their extremities that code for and use a 

transposase to move from one locus to another using a DNA molecule as an intermediate 

[1,2].

Ifp2 is an autonomous TIR transposon, 2,475 bp long, commonly called piggyBac [3]. It 

is the reference element of the piggyBac family and originated from the cabbage looper 

(Trichoplusia ni) genome. Ifp2 and the other members of its family, the piggyBac-like 

elements (pbles), insert into a tetranucleotide TTAA that is duplicated upon insertion [4,5]. 

They are flanked at their extremities by TIRs approximately 13 bp long. Depending on the 

pble “species” they can also display sub-terminal inverted repeats (STIR) which are 19 bp 

in Ifp2 and located internally at 3 and 31 nucleotides distance of 5' and 3' TIR inner ends, 

respectively [6,7]. An open reading frame (ORF) in the inner region of the element , about 

1.8kb long, encodes a pble transposase approximately 600 amino acids long (594 aa in Ifp2 
transposase, a.k.a. PB).
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TEs can have deleterious effects on the genome of their host through mutagenic 

consequences of their mobility. TEs can also have a positive effect on their host at the 

evolutionary scale. They have contributed to the adaptation of gene expression by being 

a source of novelties to rewire networks of cis-regulating elements. ORFs contained in 

TEs may also lead to novel genes and functions in the host [8,9], through a process 

known as molecular domestication or exaptation. While the nucleic acid sequence of the 

original copies of TEs diverge and degenerate by accumulating mutations over time, the 

domesticated ORFs derived from TEs are preserved due to selection on their function. Such 

domesticated ORFs are usually present as single gene copies and conserved at orthologous 

loci in all related species in which the gene has been domesticated in the common ancestor 

of the clade.

In vertebrates there are several cases of domesticated genes originating from TIR transposon 

ORFs [8] and some still encode a transposase that retains its recombinase activity. The 

RAG1/RAG2 DNA recombinase derived from Transib/protoRAG transposases constitutes 

a prototypical example [10,11]. RAG1/RAG2 are both required as key actors in vertebrate 

V(D)J recombination [11-13]. A recent inventory of piggyBac sequences in eukaryotes 

identified 6 well-characterized pgbd genes in vertebrate genomes [6]: pgbd1-5 genes and 

the Kobuta gene (hereafter called pgbd6). Pgbd5 appears to be the most ancient case of 

piggyback ORF domestication and is present in all chordates including cephalochordates 

and vertebrates, while being absent in tunicates [14,15]. This supports the hypothesis 

that pgbd5 was the result of a domestication event in the common chordate ancestor of 

cephalochordates and vertebrates, but was likely lost in the common ancestor of tunicates 

[16,17]. The activities and roles of pgbd genes in vertebrates remain widely unexplored. 

For pgbd5, two PGBD5 isoforms of ~523 and 409 amino acids are expressed in vertebrate 

species (Mm523 and Mm409 in Mus musculus). At least four isoforms are predicted in 

human cells (Hs554, Hs524, Hs455, Hs435). Hs524 was found to function as a mutator in 

various human cancers, but its role in healthy tissues remains enigmatic [18]. Interestingly, 

human Hs524 and Hs455 were found to be transposase isoforms that display a very unusual 

property: they transpose Ifp2, a pble that is one of the most distantly related element to the 

vertebrate pgbd5 gene [6,19]. This raises the question of whether human PGBD5 may be 

more efficient at transposing a pble more closely related to itself than to insect Ifp2.

Here, we investigated this possibility. We first identified the closest pble relative of the 

pgbd5 gene. We then compared its integration features with those of Ifp2 using PGBD5 

as a transposase source. Because no pble close to pgbd5 gene has been deposited so far 

into public databases [6] and due to the presence of ambiguities among pgbd genes, the 

closest pble relative of pgbd5 gene was identified in four steps (supplementary data 1). 

Indeed, identifying the closest pble relatives of PGBD5 was challenging because this gene 

was the most ancient case of pgbd gene domestication in chordate genomes (~600 million 

years). In-depth knowledge of features of other pgbd genes and their pble relatives were 

therefore required to accurately filter sequences. We updated the landscape of pgbd genes in 

vertebrates using comparative analysis and verification of their domestication signatures. We 

found 9 pgbd genes, 3 of them being new with reproducible features. Using public databases 

we identified one to three of the closest pble relatives for each of the 9 pgbd genes. We 

found that 7 of them originated from distinct pbles, except for pgbd1 and 2 genes. We 
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identified the first pble belonging to the same clade as the pgbd5 gene, Tcr-pble. Finally, we 

tested whether PGBD5 could transpose or integrate Tcr-pble more efficiently than Ifp2.

Results

Inventory of pgbd genes

Two criteria are used as signatures of domestication: i) the dN/dS ratio of each gene and 

ii) the interspecific syntenic conservation of their flanking chromosomal regions. The dN/dS 

ratio indicates whether a gene evolved under neutral selection (ratio close to 1), purifying 

selection (ratio closer to 0 than 1) or under positive selection (ratio above 1) [20]. For a 

domesticated gene with a physiological function, some form of selection is expected, most 

likely purifying selection. Interspecific syntenic conservation of the flanking chromosomal 

regions of a gene is used to indicate whether its genomic environment was conserved. For a 

domesticated gene, synteny supported chromosomal conservation between species belonging 

to the same clade and in which it was originally domesticated.

Six pgbd genes were inventoried in chordates. Their gene organization places them in two 

distinct classes: i) genes involving the apparent fusion of an ORF coding a host protein 

(Zn-SCAN in pgbd1 gene, an uncharacterized domain in pgbd2 gene, CSB in pgbd3 gene; 

Fig. 1a) with an ORF coding a transposase-derived protein, and ii) genes derived only 

from one ORF coding for a transposase derived protein (pgbd4, 5 and 6 genes ; Fig. 1a). 

These 6 pgbd genes had different numbers of introns. All have been domesticated [6]. The 

dN/dS ratios for pgbd1 through 6 genes were very low (Fig. 1a), indicating that these genes 

were under purifying selection. Graphic representations of syntenic environments of pgbd1 
to 5 genes were found at http://www.genomicus.biologie.ens.fr. Although three amphibian 

genomes were sequenced, orthologous regions containing pgbd6 gene in Xenopus tropicalis 
were not available in the Xenopus laevis and Nanorana parkeri genome models, which 

prevented us from assessing the syntenic conservation of this gene.

Five other potential pgbd gene candidates were reported in vertebrates [6]. Some of them 

were inappropriately identified in databases as genes coding for PGBD2 or PGBD4-like 

proteins; their domestication signatures have not, so far, been fully verified. Here we have 

renamed these 5 genes as follows: pgbd7 gene is specific to Afrotherians, pgbd8 gene 

is specific to Stepsirrhini, and pgbd9, 10 and 11 genes are specific to the Actinopterygii 

species (called G3 or NeoPGBD, G2 and G1 in [6], respectively; all references are supplied 

in supplementary Table 1). We studied the domestication signatures of these five candidate 

genes. One criteria that is sometimes used to identify a domesticated TE is the loss of 

TIRs. However, presence of TIRs in the region containing the pgbd gene is not sufficient to 

exclude domestication. Indeed, the pgbd3 andpgbd4 genes were both flanked by sequences 

corresponding to 5’ and 3’ regions of MER85 and MER75 pble, respectively. This suggests 

that each shares a common origin with one of these two 2 pbles (supplementary data 2).

dN/dS ratios of PGBDs.—Results showing domain conservation as well as dN/dS ratios 

are summarized in Fig. 1a. The dN/dS ratio of the pgbd7 gene was calculated using 4 

afrotherian protein sequences (for references see supplementary Table 1) yielding a value 

of 0.209. The dN/dS ratio of the pgbd8 gene was 0.117 and was calculated from 6 protein 
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sequences (for references see supplementary Table 1), while the values of actinopterygian

specific pgbd 9, 10 and 11 genes were 0.079, 0.146, 0.171 respectively. Two genes had a 

very low dN/dS ratio, 0.052 for the pgbd5 gene and 0.079 for the pgbd9 gene. These genes 

were the two oldest cases of piggyBac domestication in our analysis. In summary, our results 

indicated that the 11 pgbd genes had a dN/dS ratio closer to 0 than to 1 indicating purifying 

selection.

Syntenic conservation of pgbd7 through 11 gene candidates.—Public databases 

were sufficient to analyze pgbd7, 8 and 9 genes. Despite a lack of proper annotation and 

limited number and sizes of contigs, we found that pgbd7 gene was located between two 

genes that code for SCAND3 and TRIM27 in 4 related species (Fig. 2a). For two species 

(T. m. latirosis and C. asiatica) three more genes (coding for ZSCAN23, GPX6, and GPX5) 

were found upstream of the pgbd7 gene and two other genes (coding for ZNF311 and HLA) 

were found downstream. pgbd8 contigs displayed very different sizes as well as many gaps 

filled with Ns. In two species (M. murinus and P.coquereli), we succeeded in identifying 

four genes upstream and downstream of the pgbd8 gene (Fig. 2b). In the other species for 

which shorter contigs were available, we found that the pgbd8 gene was located between 

the same genes. For the pgbd9 gene four genes were identified in upstream and downstream 

regions (Fig. 2c). Some of these were duplicated or even triplicated. Pgbd9 seemed to be the 

only gene among the three potential actinopterygians pgbd genes to display a well-conserved 

genomic environment. Our analyses of public databases for the pgbd10 and pgbd11 gene 

candidates were not consistent enough to achieve similar analyses. It should also be noted 

that the complex situation found in fish genomes, particularly in teleosts, might be due to 

the presence of giant pbles such as “Teratorn” [21,22] (a fusion of a herpesvirus and a 

pble). Indeed, these giant pbles contain numerous host and viral genes that are comprised of 

mobile repeated copies found in the host genome. These results indicated that the pgbd7, 8 
and 9 genes all originated from separate domesticated pble ORFs.

Conclusions.—To date nine vertebrate pgbd genes were shown to display domestication 

signatures (Fig. 1b). We have provided evidence supporting the existence of three new pgbd 
genes. Pgbd7 gene is specific to afrotherian species and encodes a protein characterized by 

the presence of a SCAN domain at its N-terminal and a CRD at its C-terminal (Fig. 1a). The 

pgbd8 gene is specific to strepsirrhinian species and encodes a PGBD that displays a zF-FCS 

domain (MYM-type Zinc finger with FCS sequence motif) at its N-terminal and a partial 

CRD at its C-terminal (noted as CRD-like in Fig. 1a). The pgbd8 gene has been annotated 

as a MYM2 protein in only one species, Microcebus murinus. While the pgbd8 gene 

was specific to Strepsirrhini species, our BLAST analyses showed that genes coding for 

PGBD3 and PGBD4 were not present in all primate species but only in a specific sub-order, 

the Haplorrhini. No trace of these two genes was found in the current Strepsirrhini data, 

although the percentage of protein identity between PGBD8 and PGBD4 was about 30% 

(similarity = 49%). The pgbd9 gene was specific to actinopterygian species.

Identifying the closest pble transposase relative(s) to PGBD5

We focused on pble transposases close to each PGBD. We analysed databases with 

reciprocal BLAST searches using as a query each PGBD sequence. We then verified 
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the relationship of each pble candidate by plotting phylogenetic trees. Fig. 3 shows a 

phylogenetic tree summarizing our final results. The protein sequence alignment used 

to calculate this tree and their references are provided in supplementary data 3 and 

supplementary Table 1.

We did not find pbles closely related to pgbd1 and pgbd2 genes but we found one element, 

Ota-pble, located at the root of both genes in the phylogenetic tree (Fig. 3). This suggested 

that the pgbd1 and pgbd2 genes resulted from a single domestication event or that a 

single (or two highly related) pble was at the origin of both genes via two closely timed 

domestication events. For the pgbd3 gene, our analysis confirmed that Smi7-pble [6], Hvu
pble and Lfu-pble were the closest relatives of the pgbd3 genes. For pgbd4 gene, two pbles, 
Oab1-pble and Pva-pble were identified as the closest relatives. For the pgbd5 gene, we 

identified a new pble, Tcr-pble, from the genome of the walking stick, Timema cristinae 
(a phasmid species). Phylogenetic investigations showed that Tcr-pble was the only relative 

close to the pgbd5 gene found in public databases and its lineage shares the same root as 

these genes (Fig. 3). Because the pgbd5 gene is the most ancient case of pble domestication, 

the distance between Tcr-pble and PGBD5 is greater than that observed between other pble/

PGBD couples. For PGBD6, two pbles were already identified, Uribo1 and Uribo2 [23]. For 

PGBD7, two pbles were identified, Smi2-pble and Nvi-pble. For PGBD8, three pbles were 

identified, Api1-pble, Atr1-pble and Api3-pble. Finally, we identified a new pble from a 

hemichordate, Ptychodera flava (Pfl-pble), which was the closest relative to PGBD9 together 

with Cgi-pble and Bgl-pble.

In all, we identified pbles sharing a close common ancestor with each of the 9 pgbd genes, 

Tcr-pble being currently the pble encoding a transposase that is closest relative of PGBD5 

available in databases.

Mobilisation of Ifp2 and Tcr-pble for transposition mediated by PGBD5

Ectopic expression of PGBD5 isoforms can be cytotoxic depending on the cell line and/or 

their expression levels [24,25]. In order to manage this issue, two integration assays were 

used to investigate whether PGBD5 would integrate Tcr-pble more efficiently than Ifp2, 

both in terms of integration rates and the precision of integration events at their insertion 

sites. The first assay was done in HeLa cells transiently transfected with two plasmids: 

a source of transposon (pBSK-Ifp2-TIR5'-NeoR-TIR3', pBSK-Tcr-pble-TIR5'-NeoR-TIR3' 

(supplementary data 4a and b), or pBSK-NeoR as a control), and a source of PGBD5, the 

murine isoform Mm523 (94% identical to its orthologous human isoform, Hs524). In this 

assay, the expression of Mm523 was driven by a strong CMV promoter, which can be 

cytotoxic for transfected HeLa cells [25]. However, NeoR clones could be still obtained at 

a rate lower than that of the control done with the GFP as a source of protein. The second 

assay was done by transiently transfecting one plasmid source of transposon in a human 

rhabdoid tumor G401 cell line which expresses Hs524 endogenously [24]. Two clonal G401 

cell lines were used. The first line was lentivirally transduced to constitutively express 

specific shRNA that suppress the expression of Hs524 PGBD5 [13]. The second line was 

modified to constitutively express shRNA to target GFP which is not expressed, thereby 

preserving the endogenous expression of Hs524 and its recombination activities.
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Transposon integration rates in both assays.—Integration assays in HeLa cells were 

monitored separately using transposon-donor plasmids. Two controls were done: the first 

was done in the presence of GFP instead of Mm523; the second using a source of NeoR 

cassette void of any transposon sequences (pBSK-NeoR plasmid).

Results confirmed that Mm523 isoform had a negative effect on obtaining NeoR clones 

since the numbers of clones was one third of the GFP control with pBSK-NeoR (Fig. 

4a), and half of GFP controls when Ifp2 and Tcr-pble were used (Fig. 4b,c). However, a 

significant difference was found between each of both transposons and the NeoR cassette 

void of any transposon sequences (t-test, p<0.00001). In spite of cytotoxicity induced by 

ectopic expression of PGBD5, this suggested that a residual integration activity could be 

detected under these experimental conditions.

Results obtained with the two clonal G401 cell lines and both transposons as donor plasmids 

were monitored separately. They revealed that the rates of integration events for Ifp2 and 

Tcr-pble were seven-fold and nine-fold more elevated than that obtained with a source of 

NeoR cassette void of any transposon sequences, respectively (Fig. 4d). This confirmed that 

PGBD5 actively integrates DNA fragments containing these elements into chromosomes. 

This also suggested that the sequence of Tcr-pble ends would be a bit more efficient 

than those of Ifp2 ends to stimulate integration events (t-test: p<0.0001). We thereafter 

characterized integration events into chromosomes using populations of NeoR clones from 

both assays.

Landscapes of insertion junctions among neointegrated transposons.—To 

prepare chromosomal DNA samples we used ~1800, ~1600, ~1200 and ~1000 NeoR 

clones from integration assays performed with Ifp2-NeoR and Mm523, Tcr-pble-NeoR and 

Mm523, Ifp2-NeoR and Hs524, and Tcr-pble-NeoR and Hs524, respectively. Fragment 

populations of integration junctions were produced by LAM-PCR from NeoR clones 

chromosomal DNA, sequenced using Illumina Miseq technology. About 3 million paired 

Miseq reads (250 nucleotides per read) were obtained for each of the 4 samples. Using 

computer analyses as described in materials and methods we characterized 1,461 and 1,051 

transposon/chromosome junctions produced by integration events mediated by Mm523 or 

Hs524 using Ifp2-NeoR as a transposon source (supplementary Table 3a and 4a) and 1766 

and 210 junctions with Tcr-pble-NeoR (supplementary Table 5a and 6a). Junctions at the 

5’ and 3’ ends of both transposons were not equally represented in sequence data, perhaps 

because of different efficiency during DNA fragment amplification in the LAM-PCR.

We further characterized sequence junctions while taking into account the conservation of 

TSD and TIR sequences, two features required to keep the capacity of neo-inserted elements 

to be re-remobilized for a new excision and insertion, i.e. to remain “active in mobility” 

[4,26]. Four kinds of junctions were observed: those displaying i) a full TIR sequence and a 

putative TTAA TSD (Red bars in Fig. 5), ii) a region containing an intact TIR and a TTAA 

TSD juxtaposed with a small piece of plasmid backbone (black bars in Fig. 5), iii) no TTAA 

TSD but a full TIR sequence (blue bars in Fig. 5), and iv) no apparent TTAA TSD and a TIR 

sequence lacking one or several nucleotides at its outer end (grey bars fin Fig. 5). In each 

assay, the relative proportions of each of these 4 categories for each transposon end were 
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evaluated. Because of the read length (250 nucleotides), the parameter of minimal alignment 

used in bwa and lumpy (20 nucleotides) and the window used for both transposons ends 

(180 and 170 nucleotides at the 5’ end and 175 and 150 nucleotides at the 3’ ends of Ifp2 
and Tcr-pble, respectively), these proportions could not be biased by the detection procedure 

for junctions.

Using our analysis procedure for detecting transposon/chromosome junctions, we have 

re-analysed integration assays previously performed in HEK293 cells with transiently 

transfected plasmid sources of transposon (Ifp2) and PGBD5 (Hs455) [18]. We found 202 

breakpoints (supplementary Table7), 66% of them displayed features corresponding to Ifp2 
integration into chromosomes by canonical transposition (i.e. with a perfect duplication 

of the “TTAA” TSD and a full conservation of the TIR sequences). The 33% remaining 

integration events could be considered as resulting from improper transposition events 

or alternative mechanisms of chromosomal integration (PGBD5-dependent integration by 

recombination based on its nuclease activity). When PB was used as a transposase source to 

transpose Ifp2 into chromosomes, 96-98 % of breakpoints displayed a perfect duplication of 

the “TTAA” TSD and conservation of the TIR sequences [26,27,28].

The number of perfect transposon/chromosome junctions in Mm523 assays done with Ifp2 
and Tcr-pble was 6- to 40-fold lower than when Ifp2 was transposed by PB (Fig. 5a 

and b). A similar observation was obtained in G401 cells expressing endogenous Hs524 

(Fig. 5c and d), but with a lower rate of perfect transposon/chromosome junctions. This 

indicated that numerous integration events did not result from canonical transposition events. 

In order to verify the possibility that these profiles mainly resulted from integration events 

due to non-canonical activity, the breakpoint distribution at each end was compared to that 

of a theoretical breakpoint distribution (Fig. 5e and f) using Chi-squared tests. Whatever 

the profile of transposon/chromosome junctions, p-values were all <<0.01, indicating that 

the profiles did not result from random integration events. Interestingly, the numbers 

of breakpoint junctions were found to be dramatically more elevated within transposon 

sequences than in the flanking plasmid regions, except for the 3’ end of Tcr-pble. This 

suggested that numerous events might result from non-canonical transposition events during 

which wounds at transposon ends would occur (Fig. 6). To confirm the occurrence of 

such improper transposition events, we identified 5' and 3' junctions of integration events 

that occurred exactly into the same chromosomal insertion site in each dataset. We found 

24, 5, 12 and 1 chromosomal insertion sites in which pairs of transposon/chromosome 

junctions occurred at both ends and in inverse orientations for IfP2-NeoR and Mm523, Tcr
pble-NeoR and Mm523, IfP2-NeoR and Hs524, and Tcr-pble-NeoR and Hs524, respectively 

(supplementary Table 3b to 6b). Each of these junction pairs putatively described both 

junctions of a single insertion event. Detailed examination of read alignment in the bam 

file using IGV [29] revealed four cases of putative single integration events in which the 

pble-NeoR transposon was inserted into a duplicated TSD corresponding to duplicated 

GATC (2 events), CATG (1 event) or C (1 event) motifs.

Finally, we observed that the rate of junctions resulting from canonical transposition events 

(Fig. 5, red bars) was lower with Tcr-pble than Ifp2 in both transposition assays. This 

suggested that Tcr-pble was not a better substrate for canonical transposition with Mm523 
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and Hs524 than Ifp2. Nevertheless, results of transposition assays (Fig. 4) supported that 

Tcr-pble was a better substrate than Ifp2 to actively stimulate the integration of the NeoR 

cassette by non-canonical transposition and/or alternative mechanisms of DNA integration.

Discussion

The murine and human PGBD5 isoforms Mm523 and Hs524 are able to stimulate the 

integration of Ifp2 and Tcr-pble in HeLa and G401 cells with no apparent differences, at 

least under our experimental conditions. They can do it by canonical transposition, but 

in most cases by other mechanisms, such as PGBD5-dependent recombination based on 

its nuclease activity. Our findings provide new insights into two distinct questions. The 

first concerns the identity of the closest pble relatives at the origin of each pgbd gene in 

vertebrates, with specific attention to those related to pgbd5 gene. The second concerns the 

features of Ifp2 and Tcr-pble ends that stimulate the recombination activities of Mm523 and 

Hs524.

Domestication of pble transposase genes during evolution of vertebrates

Our study of the origins of pgbd genes showed that different elements of the piggybac 
family were domesticated at least 8 or 9 different times over a period spanning over 600 

million years of evolution in vertebrates. All pgbd genes are under purifying selection 

pointing at physiological relevance for species in which they were domesticated. New cases 

of pble domestication should be characterized as further vertebrate genomes are sequenced. 

We do not anticipate any discovery of domestication cases as ancient as pgbd1, 2 and 5 
genes in vertebrate genomes since sufficient data are available to characterize such ancient 

genes. However, more recent domestication cases might well be discovered in specific 

lineages. This was exemplified here with pgbd3 and pgbd4 genes that were previously 

considered specific to the primate lineage [6], while they were in fact specific to a sub-clade 

of the Haplorhini. Interestingly, we identified the Strepsirrhini as another primate sub-clade 

in which pgbd3 and pgbd4 genes were absent. We provided evidence for three new pgbd 
genes, pgbd7, pgbd8, and pgbd9 and identified pbles close to the common ancestor of all 

pbles. We identified Tcr-pble as the closest relative of pgbd5 gene. To summarize, Figure 3 

provides a comprehensive analysis of phylogenetic relationships between all pbles available 

to date.

The paradigm of specific interactions of PGBD5 with Ifp2 and Tcr-pble ends.

In spite of very limited sequence identity between the terminal motifs (Fig. 7) and regions 

at ends of Ifp2 and Tcr-pble, both Ifp2 and Tcr-pble ends can stimulate PGBD5 for 

recombination, including transposition. Since specific recognition by PGBD5 of both pble 
ends may not rely on their primary sequence, it might be guided by another feature located 

within the terminal regions. For more than a decade, it has been known that there is 

another conserved motif in each pble terminal region, an inner inverted repeat (IIR) [30,31]. 

Here, we observed in the 24 pbles used in Fig. 3 that they display little identity between 

their terminal motifs (supplementary data 5a), but 100% of them have IR of at least 6 

nucleotides and separated by at least 4 nucleotides at both ends (supplementary data 5b). 

The distance between these IRs and TIR varied at both ends from 0 to 360 nucleotides, 
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with one of both IRs per pble always being close to TIR. Each pble could display the same 

IR sequence at both ends, thus corresponding to what was previously called subterminal 

inverted repeats (STIR; Fig. 8a), or different IR sequence corresponding to internal IR (IIR; 

Fig. 8b). Previous studies have demonstrated that the regions spanning from the outer end 

to the complete STIR at both ends of Ifp2 were required to obtain a minimal Ifp2 element 

that can be actively transposed by PB [32,33,34]. These STIR and IIR might therefore be 

an important component for the binding of pble and PGBD transposases to their cognate 

DNA targets. An interesting property of these IRs is that they could extrude a non-B 

cruciform structure when a DNA torsion, such as a negative superhelicity, was applied to 

DNA [35-37]. This could be correlated with the fact that Ifp2 has substantially decreased 

transposition efficiency when integration assays were monitored using a linear Ifp2 donor 

plasmid rather than in a circular and negatively superhelical configuration [38].

Further investigation will be required to determine whether other pbles are able to stimulate 

transposition and recombination events mediated by PGBD5, to define the critical role of 

inner IRs within pble ends, and whether STIR and IIR can switch between a B and non-B 

DNA configuration. If non-pbles sequences displaying such features are interspersed in 

chromosomes, a part of them might be bound by PGBD5 and trigger various recombination 

events such as deletions, inversions or fusion of chromosomal arms. Elucidating how IRs 

and their secondary structure affect the binding of PGBD5 to chromosomal DNA will 

require detailed structural and biochemical studies.

Materials and Methods

Data mining

The identification of pbles was done with a suite of tools. To annotate pbles, we used 

reciprocal blast searches to find homologous sequences, taking into account both the 

length of the alignment, its identity and e-value to filter results. This was used to launch 

BLASTP and TBLASTN. The query set consisted of 7 sequences: human PGBD1-5, 

PGBD5 from the cephalochordate Branchiostoma floridae (Bfl-PGBD5), PGBD5 from the 

lamprey Petromyzon marinus (Pma-PGBD5), and KOBUTA from the Xenopus sp. We 

performed BLASTP against the NCBI nr and transcriptome shotgun assembly (TSA) nr, 

RepBase [39] and protein data supplied in Bouallègue et al., 2017. TBLASTN was used on 

NCBI WGS, NT/NR and TSA databases. Due to the large number of sequenced genomes, 

an important number of orthologues and paralogues of each PGBD was present in databases. 

In order to manage this issue, two queries per search were used for TBLASTN analyses: 

all species except mammals for pgbd1-2 and all species except primates for pgbd3-4. To 

identify the closest pble to pgbd5, we targeted as subject all species except vertebrate 

genomes. For TBLASTN only sequences with an e-value between 0 and 1e-80 and with a 

complete transposase were retained. To verify if sequences belong to the piggyBac family, 

we performed HMM searches (hmmsearch) with HMMER 3.2.1 and translation following 

by Pfam domain searches. After verification, nucleotide hits were extended to 3 kb on each 

side and extracted with EFetch. TIRs were identified using custom scripts. These sequences 

were translated using the ExPASy Translate tool (https://web.expasy.org/translate/).
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Sequence alignment and phylogeny

In order to determine the relationships between pbles and PGBDs, and because the DD[D/E] 

domain of the Tnp_1_7 transposase displayed an elevated divergence between the most 

distantly related piggyBac transposases, the alignment was done taking into account the 

secondary structure, residue type, position conservation, position reliability and residue 

hydrophobicity of the protein sequences using the PRALINE pipeline [40]. We choose 

PRALINE because structure is more conserved than sequence [41,42]. Junctions between 

conserved blocks in the alignment were verified and corrected in some case by hand. For 

the visualization (supplementary data 3), the alignment was shaded using BoxShade server 

(http://www.ch.embnet.org/software/BOX_form.html). The phylogenetic tree is based on 

an alignment covering approximately 400 residues. The tree was generated by a Pthreads 

version called raxmlHPC-PTHREADS-SSE3 Version 8.2.12 of RaXML [43]. One thousand 

bootstraps were used to infer branch support and we used the model of amino acid 

substitution PROTGAMMABLOSUM62.

Substitution rate analyses

Amino acid alignments were performed using MAFFT [44] Version 7.407 (--reorder -- 

adjustdirection settings). Nucleotide sequences of protein-coding genes were extracted and 

were aligned by using PAL2NAL Version 14 [45] according to the corresponding amino 

acid alignment. A phylogenetic tree was constructed using the protein sequence alignments 

with RaxML. To estimate the selection pressure on pgbd genes, we estimated the ratio (ω; 

so-called dN/dS) of the rate of nonsynonymous substitutions to the rate of synonymous 

substitutions using PAML version 4.9 [46]. We used different parameters in the CODEML 

control file: CodonFreq = 2 for estimating the codon frequencies using F3X4 model, 

runmode = 0 for evaluation of the tree topologies and model = 0 for a single ω value 

across all branches, model = 0 is for one omega ratio for all sites.

Synteny analyses

The annotations available at NCBI were used to recover annotated genes around 

pgbd genes in the selected species. From these genes, proteins were recovered to run 

TBLASTN against selected contig/genomes. Only hits displaying more than 80% of the 

protein length with an identity percentage greater than 60 were used. For pgbd7 gene, 

we used the genome annotations of Trichechus manatus latirosis (GCF_000243295.1, 

TriManLat1.0), Orycteropus afer afer (GCF_000298275.1, OryAfe1.0), Loxodonta 
africana (GCF_000001905.1, Loxafr3.0) and Chrysochloris asiatica (GCF_000296735.1, 

ChrAsi1.0). For pgbd8 gene, only two genomes were annotated : Microcebus 
murinus (GCF_000165445.2, Mmur_3.0) and Propithecus coquereli (GCF_000956105.1, 

Pcoq_1.0). For pgbd9 gene we used genome annotations of Austrofundulus limnaeus 
(GCF_001266775.1, AstBur1.0), Clupea harengus (GCF_000966335.1), Haplochromis 
burtoni (GCF_000239415.1), Oreochromis niloticus (GCF_001858045.2), Pundamilia 
nyererei (GCF_000239375.1, PunNye1.0), and Takifugu rubripes (GCF_901000725.2, 

fTakRub1.2).
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Searches of introns and loss of TIR

The presence of introns was analysed by BLAST analyses between the proteins available in 

public databases and their coding genes. The analysis of the presence of TIR was done with 

an in-house script (https://github.com/Leelouh/G2TIR).

Sequence analysis of the pble

For each PGBD, pble TIR were analysed. For PGBD3 we used TIRs from Smi7-pble, 
Hvu-pble, Lfu-pble, and MER85, for PGBD4, those of Oab-pble, Pva-pble, Pxu1-pble, and 

MER75. For PGBD5 we compared Tcr-pble and Ifp2 (supplementary data 6). For PGBD7 

we used Smi2-pble and Nvi-pble. For PGBD8 we used Api1-pble, Atr1-pble and Api3-pble. 

For PGBD9 we used Pfl-pble, Cgi-pble, and Bgl-pble. For each element, 70 bp were 

extracted from both pble extremities. These were aligned using GLAM2 [47] a tool that 

can discover conserved sequence motifs containing indels. The ends of each pble were also 

analysed with non-B DB [48] that predicts the presence of DNA structure from a primary 

sequence. The identity between all pairs of pble sequences (supplementary Table 2) was 

calculated by global pairwise alignment "end to end" using stretcher [49].

Cloning of cDNA coding for the Mm523 PGBD5 isoform

A single mouse brain (strain C57Bl6) was used for total RNA extraction using Tri-reagent 

(Sigma-Aldrich, St-Louis, MO, USA). cDNA synthesis was carried out using Omniscript 

RT kit and oligo dT primers (Qiagen, Valencia, CA, USA). PCR primers with appropriate 

flanking restriction sites were synthesized by Eurofins Genomics, Ebersberg, Germany. PCR 

was performed with Phusion High-Fidelity PCR Master Mix (ThermoScientific). Following 

agarose gel electrophoresis, PCR fragments were extracted (QIAquick gel extraction kit, 

Qiagen), submitted to enzyme restriction (EcoRI/XbaI for the long N-term isoform and 

EcoRI/XhoI for the short N-term isoform), purified (QIAquick PCR purification kit, Qiagen) 

and kept for cloning. Their sequence identity was verified by Sanger sequencing (Eurofins 

Genomics, Ebersberg, Germany). The primers used to amplify Mm523 (Accession N°: 

XM_006530804.1) were supplied in supplementary data 4d.

Integration assays

Plasmid expression for transposases.—The plasmid pCS2-Mm523 encodes two myc 

tagged PGBD5 isoforms different in size (523 and 409 amino acid residues, respectively). 

The cDNA was inserted into the multi-cloning site of a modified pCS2 vector with an 

in-frame N-term 5XMyc tag [50].

Plasmids donors of transposons.—The plasmid pBSK-Ifp2-TIR5'-NeoR-TIR3' 

(supplementary data 4b) was built by introducing the Ifp2 5’ and 3’ terminal regions 

(262 and 400 bp, respectively) into the pBluescript SK plasmid (pBSK). A cassette 

(NeoR) containing a simian virus 40 (SV40) promoter, the neomycin phosphotransferase 

ORF and a terminator was cloned between both transposon ends as described [51]. The 

transposon Tcr-pble (2467 bp) was synthesized by ATG:biosynthetic, Merzhausen, Germany 

(supplementary data 4c). NeoR was cloned using a BamHI site that was added into its 
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sequence during the DNA synthesis. The plasmid pBSK-NeoR was built by cloning the 

NeoR cassette into the multi-cloning site of a pBSK plasmid was as described [52].

Integration assay in HeLa cells.—Assays were monitored as described [51]. Briefly, 

each sample of 100000 cells in a well of a 24-well plates of plaque assays was co-transfected 

with JetPEI (Polyplus- transfection, Illkirch-Graffenstaden) and 400 ng DNA plasmid and 

with equal amounts of donor of NeoR cassette included or not within a transposon and 

transposase sources (1:1 ratio). Two days post-transfection, each cell sample was transferred 

to a cell culture dish (100 mm diameter) and selected with a culture medium containing 

800 μg/mL G418 sulfate (Eurobio Scientific, Les Ulis) for 15 days. After two washing 

with 1X saline phosphate buffer, cell clones were fixed and stained overnight with 70% 

EtOH-0.5% methylene blue and colonies > 0.5 mm in diameter were counted. Experiments 

were performed at least twice in triplicate.

Integration assay in G401 cells.—Assays were monitored as described [13]. Two 

clonal cell G401 lines were used. The first line was lentivirally transduced to constitutively 

express specific shRNA suppressing the expression of Hs524 PGBD5 [13]. The second 

line was modified as a control to constitutively express shRNA to target GFP which is not 

expressed, thereby preserving the endogenous expression of Hs524 PGBD5. Briefly, each 

sample of 100000 cells in a well of a 24-well plates of plaque assays was transfected with 

jetOptimus and 500 ng DNA plasmid (pBSK-IFP2-TIR5'-NeoR-TIR3', pBSK-Tcr-pble

TIR5'-NeoR-TIR3' or pBSK-NeoR) as recommended by the supplier (Polyplus- transfection, 

Illkirch-Graffenstaden). Two days post-transfection, each cell sample was transferred to 

a cell culture dish (100 mm diameter) and selected with a culture medium containing 

2 mg/mL G418 sulfate (Eurobio Scientific, Les Ulis) for 15 days. After two washing 

with 1X saline phosphate buffer, cell clones were fixed and stained overnight with 70% 

EtOH-0.5% methylene blue and colonies > 0.5 mm in diameter were counted. Experiments 

were performed at least twice in triplicate.

Recovery of integration sites.

LAM-PCR and Illumina libraries.—Integration assays were done to produce cell 

populations containing integrated copies of the donor transposon. Fifteen days post

transfection, cell clones were harvested for genomic DNA preparation using the DNeasy 

kit (Qiagen, Hilden, Germany). Linear amplification-mediated PCR (LAM-PCR) was 

performed to amplify the vector-genomic DNA junctions of Ifp2 and Tcr-pble vectors as 

described [53]. All PCRs were done using the high fidelity Q5 DNA Polymerase (New 

England Biolabs, Ipswich, MA). For both approaches, 1 μg DNA was used for two rounds 

of 50 linear amplification using a biotinylated primer anchored near one end of the NeoR 

cassette to enrich DNA species containing transposon-chromosomal DNA junctions (for 

sequences of (B)-NeoR 5’ and 3’ primers, supplementary data 4e). One reaction was done 

per ends. The single-stranded products were immobilized on streptavidin-coated magnetic 

beads (Dynabeads M-280 Streptavidin, Invitrogen, Carlsbad, CA). All subsequent steps 

were performed on the magnetic bead-bound DNA. Two washes with water followed each 

step. Second strand synthesis was performed with random hexamer primers (Roche, Basel, 

Switzerland) using Klenow DNA polymerase (New England Biolabs, Ipswich, MA). The 
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double-stranded DNA was split into two batches and subjected to restriction digests with 

DpnI for the first one and PciI, NcoI and BspHI for the second one using restriction 

enzymes. The DNA fragments with a CG-3’ or a CATG-3' overhang ends were ligated 

to linkers displaying appropriate overhang ends and made from annealed oligonucleotides 

(supplementary data 4e).

To increase the specificity of the full process, a first PCR was done using one biotinylated 

primer anchored within the 5’ or 3’ region of the transposon donor and one primer 

anchored within the linker (for sequences of (B)-TIR-UTR 5’ and 3’, and LC1 primers, see 

supplementary data 4e). PCR products were immobilized on streptavidin-coated magnetic 

beads and purified as described above. Next, the bead-bound DNA was subjected to a 

nested PCR using nested primers anchored within transposon ends and within linkers 

(supplementary data 4e). Final PCR products were purified, quantified and gathered in 

equimolar DNA amounts for each transposon vector (4 populations of LAM-PCR products) 

before to be used to make Illumina libraries using NEBNext® Ultra™ II DNA Library 

Prep Kit for Illumina® and NEBNext Multiplex Oligos for Illumina (New England Biolabs, 

Ipswich, MA). Fragment size selection, library-quality control and Illumina sequencing 

(MiSeq 250 nucleotides, TruSeq SBS Kit v3) were achieved at the Plateforme de 

Séquençage Haut Debit I2BC (Gif-sur-Yvette, France). DNA quantities were monitored 

at various steps in the procedure with the Qubit® dsDNA (Molecular Probes, Eugene, USA).

Computer analysis.—Trimmomatic [54] was used to filter Miseq reads using default 

parameters, excepted for SLIDINGWINDOW:5:20 and MINLEN:100. The purpose of 

the following steps was to recover chromosome-inserted DNA fragment junctions taking 

into account the plasmid backbone regions located 100 bp upstream and downstream the 

pble-NeoR transposon. Filtered reads were first mapped against the sequence of plasmid 

backbone less the 100 bp regions flanking on both sides the pble-NeoR transposon with 

bwa-mem using default parameters [55]. The unmapped reads were then extracted using 

SAMtools view with parameters -b -f 4 [56] and bamToFastq from the BEDTools suite 

using default parameters [57]. Recovered unmapped reads were aligned using bwa-mem 

against a bwa bank gathering the sequences of hg38 chromosomes plus those of the 

Ifp2-NeoR or Tcr-pble transposons flanked by the 100 bp plasmid backbone regions 

on both sides (supplementary data 4e). Default parameters were used except for -w 

1 and -r 1. The bam file resulting from each dataset alignment was analysed with 

Lumpy in order to identify split reads [58] . The used parameters were -e -mw 2 -tt 0.0 

and back_distance:20,weight:1,id:lumpy_v1,min_mapping_threshold:20. Structural variants 

(SV) characterized by “BND” for the broken end notations and displaying for each of them 

an SV with two positions, one genomic and one on the transposon, were extracted using a 

house python program (https://github.com/Leelouh/lumpy2site). Results were filtered taking 

into account a difference below 3 between the transposon breakpoint calculated by Lumpy 

and the maximal spread of read alignments in the transposon donor sequence for each 

integration event. Each TSD nucleotide motif at the insertion site was obtained after 

extracting 10 bp sequences before and after the breakpoint in the chromosome sequences.

Helou et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2022 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/Leelouh/lumpy2site


Statistical analysis

Values in graphics were medians, quartiles 1 and 3 and spread of experiments done in 

triplicate. Shapiro-Wilk test was used to confirm the normality of each set of samples, 

t-test to analyse distribution differences between experimental samples, Chi2 tests to analyse 

differences between an experimental distribution and a theoretical one, and logarithmic 

distribution test to analyse enrichment using free tools and tutorials available at http://

www.anastats.fr/outils.php.

Data repository

All raw and processed data are available through the European Nucleotide Archive 

under accession number PRJEB36229, PRJEB36230, PRJEB41045 and PRJEB41052. Files 

describing the annotation of insertion sites copies in the hg38 release are supplied as 

Supplementary Tables 3 to 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Human cytomegalovirus

CRD
Cystein-rich domain
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green fluorescent protein

LTR
long terminal repeats

NeoR
Neomycin resistance

ORF
Open reading frame
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pble 
piggyBac-like element

PGBD or pgbd
“piggyBac derived transposase” protein or gene

STIR
sub-terminal inverted repeats

SV40
simian virus 40

TE
transposable element

TIR
terminal inverted repeats

TSD
target site duplication
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Highlights

Nine domesticatedpiggyBac transposases of different ages are present in vertebrates

The closestpble relatives of these 9 domesticated transposases were identified

The closestpiggyBac-like transposon relative was Tcr-pble

We confirm that the domesticated piggyBac transposase PGBD5 triggers Ifp2 mobility

PGBD5 mediates proper and improper transposition events with Ifp2 and Tcr-pble
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Fig. 1. Characteristics of PGBDs in vertebrates.
(a) Domain organization in PGBD proteins. For each domesticated sequence, colored boxes 

represent domains. Yellow is for Zn-SCAN domain, gray is for an unknown domain, red 

is for CSB domain, light blue is for SCAN domain and green is for zF-FCS. The orange 

circle is for CRD or CRD-like domains. Blue is for the catalytic triad with the composition 

of the residues. The catalytic triad is in pink for PGBD5 because it is not aligned with other 

domesticated sequences. (b) Distribution of PGBDs in vertebrates. Each coloured square 

represents a PGBD. PGBD1 and PGBD2 are found in mammals, PGBD3 and PGBD4 are 

found in haplorrhinis, PGBD5 is present in all vertebrates and cephalochordates but not in 

tunicates. PGBD6 is specific to anura, PGBD7 is found in Afrotheria, PGBD8 is specific to 

Strepsirrhini and PGBD9 is found in Actinopterygii.
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Fig. 2. Syntenic conservation around pgbd genes 7, 8 and 9.
Schematic representation of syntenic conservation in the neighbouring genes of pgbd7 (a), 

pgbd8 (b), and pgbd9 (c) across genomes. The names are those of the proteins encoded by 

the genes. Orthologous genes are colour-coded similarly. Some genomic regions have been 

drawn in reversed order for visual purposes – designated “reverse”.
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Fig. 3. Phylogenetic tree of PBLE and PGBD transposases.
Named in bold refers to domesticated piggyBac transposases (PGBD), names in italics to 

pbles. The colour of each pble refers to the classification and the grey blocks refer to the 

PGBDs. Bootstraps above 60 are indicated in red.
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Fig. 4. Graphic representations of integration assay results.
(a) rates of chromosomal integration in HeLa cells that were mediated by GFP or Mm523 

for a NeoR cassette void of transposon sequences ; (b) rates of chromosomal integration in 

HeLa cells that were mediated by GFP or Mm523 for a NeoR cassette contained or not 

in Ifp2 ; (c) rates of chromosomal integration in HeLa cells that were mediated by GFP 

or Mm523 for a NeoR cassette contained or not in Tcr-pble ; (d) rates of chromosomal 

integration between both G401 lines (shGFP/shPGBD5) that were mediated by Hs524 for a 

NeoR cassette contained or not in Ifp2 or Tcr-pble. In each plot, the red lines represented the 

median and black symbols, the value of each replicate.
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Fig. 5. Features of transposon breakpoints.
Distributions in Ifp2 and Tcr-pble inserted in the presence of Mm523 (a and b) and Hs524 (c 

and d), and theoretical distribution whether insertions of fragments containing Ifp2-NeoR or 

Tcr-pble-NeoR occur at random (e and f). Black and grey bars correspond to percentages of 

breakpoints located within the plasmid backbone flanking the transposon and those located 

within inner transposon regions (from the position 2 in TIR to the primer used for the 

LAM-PCR), respectively. Four kinds of junctions were observed: those displaying i) a full 

TIR sequence and a putative TTAA TSD (Red bars from positions 101 to 104 and 2222 to 

2225 in supplementary Table 3a and 4a and 101 to 104 and 731 to 734 in supplementary 

Table 5a and 6a), ii) a region containing an intact TIR and a TTAA TSD juxtaposed with 

a small piece of plasmid backbone (black bars from positions 1 to 100 and 2226 to 2301 

in supplementary Table 3a and 4a and 1 to 100 and 735 to 833 in supplementary Table 5a 

and 6a), iii) no TTAA TSD but a full TIR sequence (blue bars from positions 102 to 105 

and 2218 to 2221 in in supplementary Table 3a and 4a and 102 to 105 and 727 to 730 

in supplementary Table 5a and 6a), and iv) no apparent TTAA TSD and a TIR sequence 

lacking one or several nucleotides at its outer end (black bars from positions 107 to 178 

and 2147 to 2217 in supplementary Table 3a and 4a and 106 to 173 and 669 to 726 in 

supplementary Table 5a and 6a). In (d), n. a. indicates that data were “not available” because 

the number of transposon/chromosome junctions was too small to perform statistics.
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Fig. 6. 
Signatures of proper and improper DNA integration in a pble transposition system (graphic 

derived from Figure 1 in https://doi.org/10.1101/015289). piggyBac transposition is initiated 

by nicks at the transposon ends. The exposed 3’OHs then attack the complementary strand 

4 nt inside the flanking donor DNA to form the hairpins on the transposon end. The 

hairpins on the transposon ends are nicked at the 3’ transposon ends. In a proper integration 

event (pathway 1), transposon ends thereafter attack the TTAA target sequence at staggered 

positions, forming covalent links between the 3’ end of the transposon and the 5’ ends of 

the target site. The single strand gap between the 3’ ends of the target DNA and the 5’ ends 

of the transposon are repaired to generate the four bp TTAA target sequence duplication. In 

an improper integration event, transposon ends thereafter attack a random target sequence 

at staggered positions, forming covalent links between the 3’ end of the transposon and the 

5’ ends of the target site. The single strand gap between the 3’ ends of the target DNA 

and the 5’ ends of the transposon are repaired to generate a non-canonical target sequence 

duplication (pathway 2). This process can also lead to wounds at transposon ends (pathway 

3).
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Fig. 7. Gapped local alignment of the 5’ and 3’ extremities of Tcr-pble and Ifp2.
The alignment was performed by GLAM2, and the logo was generated by Skyline. The 

black rectangles indicate similar nucleotides between the two ends. The stars indicate the 

similarities between the two pble.
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Fig. 8. IR organization at pble ends.
(a) IR organization in pbles displaying TIRs (black triangles) and STIR (double triangles 

in green). (b) IR organization in pbles displaying TIRs (black triangles) and IIR (double 

triangles in orange or purple).
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