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ARTICLE INFO ABSTRACT

Edited by Andre van Wijnen Transposable elements are widespread in all living organisms. In addition to self-reproduction, they are a major
source of genetic variation that drives genome evolution but our knowledge of the functions of human genes
derived from transposases is limited. There are examples of transposon-derived, domesticated human genes that

PGBD lost (SETMAR) or retained (THAP9) their transposase activity, however, several remnants in the human genome

Keywords:

PGBD5 have not been thoroughly investigated yet. These include the five human piggyBac-derived sequences (PGBD1-5)
MER?75 . . . L . . . . .

MERSS which share ancestry with the Trichoplusia ni originated piggyBac (PB) transposase. Since PB is widely used in
Transposon gene delivery applications, the potential activities of endogenous PGBDs are important to address. However,

previous data is controversial, especially with the claimed transposition activity of PGBDS5, it awaits further
investigations. Here, we aimed to systematically analyze all five human PGBD proteins from several aspects,
including phylogenetic conservation, potential transposase activity, expression pattern and their regulation in
different stress conditions. Among PGBDs, PGBDS5 is under the highest purifying selection, and exhibits the most
cell type specific expression pattern. In a two-component vector system, none of the human PGBDs could
mobilize either the insect PB transposon or the endogenous human PB-like MER75 and MERS85 elements with
intact terminal sequences. When cells were exposed to various stress conditions, including hypoxia, oxidative or
UV stress, the expression profiles of all PGBDs showed different, often cell type specific responses; however, the
pattern of PGBD5 in most cases had the opposite tendency than that of the other piggyBac-derived elements.
Taken together, our results indicate that human PGBD elements did not retain their mobilizing activity, but their
cell type specific, and cellular stress related expression profiles point toward distinct domesticated functions that
require further characterization.

Cellular stress

1. Introduction selfish sequences being able to cause harmful mutations, they are also

important evolutionary factors (Cosby et al., 2019). Active LINE-1 ret-

Transposable elements (TEs) are discrete DNA segments that can
move into new chromosomal locations either by a “cut and paste” or by a
“copy and paste” mechanism. They fall into two classes according to
whether their transposition intermediate is RNA (Class I or retro-
transposons) or DNA (Class II or DNA transposons). TEs are ubiquitous
in living organisms and several remnants of them occupy large portions
of genomes (Kidwell, 2002). While they are generally considered as

rotransposon copies continue to produce genetic diversity in human
populations (Kazazian, 1999), and have a potential to contribute to in-
dividual somatic mosaicism (Coufal et al., 2009; Singer et al., 2010).
One of the most direct contributions of TEs to host genome evolution is
the emergence of new genes, also known as “molecular domestication”
or “exaptation,” where TE sequences acquire new functions. This process
can be illustrated by the RAG1 recombinase (Kapitonov and Jurka,
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2005) or the SET histone methyltransferase (Cordaux et al., 2006),
showing domestication examples of a Transib or a Mariner transposon,
respectively. Though domestication is usually associated with the loss of
their mobilizing capacities, there are also examples of genes retaining
their transposase activity, such as the human THAP9, which is able to
transpose the distantly related Drosophila P-element (Majumdar et al.,
2013),

PiggyBac (PB) DNA transposon elements, first characterized in the
cabbage looper moth Trichoplusia ni (Fraser et al., 1983), have then been
identified in a variety of eukaryotes from protozoa to primates (Lander
et al., 2001; Pritham et al., 2005; Bouallegue et al., 2017). A PB element
generally contains a 1.8 kb open reading frame (ORF) encoding a 68 kDa
transposase; the ends of the transposon sequence consist of 13-15 nt
terminal inverted repeats (TIRs), which are flanked by the duplication of
the target site (TSD) sequence ‘TTAA’. Among DNA transposons, the PB
superfamily is peculiar because precise excision of the element restores
the pre-integration site (Mitra et al., 2008), making transposition
mechanism less genotoxic than in case of other families, where resto-
ration of the excision site is an error prone process (Chen et al., 2020).
There are active PB copies even in higher phylogenetic orders like
mammals (Mitra et al., 2013), and domestication can also be observed
for functions such as DNA binding and excision, or recombination of
host DNA in ciliates (Baudry et al., 2009; Cheng et al., 2010) and in
Xenopus (Hikosaka et al., 2007). The PB of the T. ni has been developed
as an effective nonviral gene transfer tool (Ding et al., 2005; Yusa et al.,
2011), with the potential for human gene therapy applications (Manuri
et al., 2010). However, these applications raise concerns about the
presence of ~2000 PB-like elements in the human genome (Mandal and
Kazazian, 2008), especially for PGBD5 (piggyBac derived 5) which was
suggested to have transposase activity for piggyBac TIR sequences
(Henssen et al., 2015) and recently for distantly related piggyBac-like
elements (Helou et al., 2021b), although these findings have later been
challenged (Beckermann et al., 2021). Cross-reactivities of these distant
PB-related elements enhance the possibility of genomic instability dur-
ing transgenesis performed by the T. ni PB transposon system (Ivics,
2016).

The five PB derived elements in the human genome (PGBD1-5) are
variously conserved among vertebrates; PGBD5 dates back to the
cephalochordate/vertebrate split, PGBD1 and PGBD2 are found in
mammals, whereas PGBD3 and PGBD4 are present predominantly in
primates (Lander et al., 2001; Sarkar et al., 2003; Pavelitz et al., 2013;
Bouallegue et al., 2017). Miniature inverted repeat transposable ele-
ments (MITEs) are internally deleted versions of invading transposon
copies which could be spread effectively as nonautonomous variants
throughout the genome (Hartl et al., 1992). They were transposed in
trans by master copies of the complete autonomous transposon being
able to express a transposase. MITEs can be illustrated by their
consensus sequence: MER85 and MER75 have been identified belonging
to PGBD3 and to PGBD4 respectively, because they TIR sequences have
been preserved and is recognizably identical (Lander et al., 2001). In
total, there are 1587 copies of them in the human genome, one-fifth of
which have intact TIR ends and TSDs (Henssen et al., 2015). PGBD3,
PGBD4 and their MITEs are the most recently amplified DNA transposon
families in the human genome as they invaded the primate lineage. For
the other PGBDs, the corresponding recognition TIR sequences can no
longer be identified (Sarkar et al., 2003).

Genetic structures of PGBDs are very different. PGBD1, PGBD2 and
PGBD3 are transcribed as extra exons within host genes. The
transposase-derived sequences usually present as one single exon except
for PGBD5 which has six introns in vertebrates. PGBD1 members are the
result of an ancestral fusion between exons containing SCAN domains
(leucine-rich regions) in the N terminal regions and the last exon
encoding for the transposase (Sarkar et al., 2003; Rasko et al., 2021); the
human PGBD1 fusion product was also called as HUCEP-4 earlier.
PGBD2 mRNA is transcribed with three exons, and its translation starts
form the last one. PGBD3 is inserted into the fifth intron of the Cockayne
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Syndrome group B gene (CSB), which is a chromatin remodeling factor
(Citterio et al., 2000; Newman et al., 2006) and also has a role in tran-
scription coupled nucleotide excision repair (Fousteri and Mullenders,
2008; Gray and Weiner, 2010). Unlike other PGBDs, the PGBD3 trans-
poson potentially functions as a natural exon trap and contains a splicing
acceptor site in the 5 region and a polyadenylation signal in the 3’ re-
gion. Thus, an alternative splicing of this region leads to a regular CSB
product or to the CSB-PGBD3 fusion protein, but also to an extra tran-
script starting from the fifth exon and producing a single PGBD3 protein
(Newman et al., 2008). Indeed, closest relatives of PGBD3 from Acyr-
thosiphum pisum and Stegodyphus mimosarum also share exon trap fea-
tures (Bouallegue et al., 2017). Moreover, the authors suggest that these
RNA processing signals were present in the common ancestor of PGBD1,
PGBD2 and PGBD3, and were then lost along the branches leading to
PGBD1 and PGBD2. This might be the reason for utilizing host promoter
for the expression of all of these elements, which is also a characteristic
of PGBD4 but in a different manner. PGBD4 has been inserted near the
ORF of Endoplasmic reticulum Membrane Complex 7 (EMC7), and is
expressed via the bidirectional activity of the shared promoter
(https://www.ncbi.nlm.nih.gov/gene/161779).

Recently, the potential activity of PGBD5, the most ancestral member
of the human PGBD genes has become a very controversial issue. Orig-
inally, its transposase activity was considered to be very unlikely
(Pavelitz et al., 2013; Saha et al., 2015), however, later papers claimed a
transposase (Henssen et al., 2015; Helou et al., 2021b), or rather
moderately, a genome “slicing” activity of PGBD5 (Henssen et al., 2016;
Henssen et al., 2017). On the other hand, a recent systematic study
provided evidence that PGBD5 cannot perform canonical DNA trans-
position (Beckermann et al., 2021). These results clearly awaited further
systematic examinations of all human PGBD variants, and the impor-
tance to investigate their potential reactivity either with the MITEs of
MER75/MERS85, or with the insect derived PB vector system. In the
current study, we have characterized all the five PGBDs present in the
human genome from various aspects. We have analyzed phylogenies and
conservation levels among the primates and investigated their expres-
sion profiles in different cell lines, together with some co-regulated
transcripts produced from the same loci. Potential transposase activ-
ities have been tested with the two-component transposon system,
providing evidence for the lack of bona fide transposition ability. In
addition, we have examined the cross-reactivities between the insect PB
transposase and MER75/MERS85 elements of the human genome, but
these were found to be non-functional. Lastly, to get closer to exploring
the functions of PGBD1-5, we have tested the regulation of expression
levels under different stress conditions. Our results support the hy-
pothesis of human PGBDs being domesticated with a simultaneous loss
of their transposase activity, and the use of the insect-derived PB system
for potential gene therapy applications.

2. Material and methods
2.1. Phylogeny and conservation analysis by Ka/Ks

Human PGBD1-5 protein sequences (NCBI Ref Segs:
NP 001171672.1, NP_733843.1, NP_736609.2, NP_689808.2,
NP_001245240.1) were analyzed in Pfam 33.1 protein families database
(https://pfam.xfam.org/) (El-Gebali et al., 2019) to search for the
transposase domain DDE_Tnp_1.7 (PF13843, transposase 1S4). The
defined sequences and the narrow primate homologous flanking region
(+0/1 amino acids (aa) at start and +4 aa at end) were used as basis
(nucleotide sequences are shown in Suppl. Table 1). Amino acid se-
quences were determined by TranslatorX (Abascal et al., 2010), protein
alignments were done by Clustal Omega program (Sievers et al., 2011).
Phylogenetic tree was visualized by Archaeopteryx (Han and Zmasek,
2009). Nonsynonymous and synonymous substitution rates (denoted as
Ka and Ks, respectively) were estimated using the software KaKs_Cal-
culator (Zhang et al., 2006), with the method of model averaging. Ka/Ks
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calculations are detailed in Suppl. Table 2. Significance levels (p-values)
of differences from the Ka/Ks statistics were calculated by the two tailed
t-test.

2.2. Cell lines, culturing and toxicity assays

Human embryonic kidney cells (HEK-293) and HeLa cells were
maintained as described previously (Kolacsek et al., 2014); the HUES9
embryonic stem cell line was cultured as described earlier (Apati et al.,
2008). The establishment and maintenance of the MSCL-2 mesen-
chymal-like cell line was described in detail previously (Varga et al.,
2011). Maintenance of 62F iPSC cells and differentiation into hippo-
campal neural progenitors (NPCs) were performed as described earlier
(Vofely et al., 2018).

For toxicity assays, 6 x 10* of HeLa or 8 x 10* of HEK-293 cells were
seeded onto 24-well plates and transfected with the FuGENE® 6 reagent,
according to the manufacturer’s instructions (Roche Applied Science).
For the assays, 150 ng of pPB-CAG-GFP transposon donor plasmid
(Kolacsek et al., 2014) and 150 ng of transposase (mPB or PGBD1-5)
expression plasmid were co-transfected into the cells. For controls,
mock transfections (transfection reagents without DNA) or using the
PET41 control plasmid (Merck) instead of the transposase expression
plasmid were applied in the assays. At 48 h posttransfection, cells were
collected by trypsinization and after the addition of propidium iodide
(PL, in the final concentration of 2 pg/ml), cell viability was measured by
the percentage of PI-negative cells using the Attune NxT flow cytometer
(Thermo Fisher Scientific). The use of a GFP-expressing donor plasmid
allowed to determine not only the transfection efficiency, but also to
determine and compare the percentage of viability/toxicity among the
transfected and the non-transfected cells. All transfections were carried
out in duplicates.

2.3. RT-qPCR for gene expression analyses

Total RNA was isolated from cells in near confluent 6-well plates
using RNeasy Plus Mini kit (QIAGEN). Isolated RNA was digested with
DNasel (New England BioLabs) according to manufacturer instructions,
and 1 pg of DNA-free total RNA was reverse transcribed in the volume of
10 pl using random oligonucleotides with the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific). 5 pl ten-fold
diluted cDNAs were used in qPCRs in 20 pl reaction volume, contain-
ing 50 nM of primers and Power SYBR® Green PCR Master Mix (Thermo
Fisher Scientific). Reactions were performed in triplicates on StepOne-
Plus™ real-time PCR platform (Thermo Fisher Scientific) with the
following thermal profile: 95 °C 10 min, 40 cycles of 95°C 15 s and 60 °C
1 min, and melting curve profile was added. With the exception of
PGBD4 all the qPCR primer pairs were designed for intron spanning with
the use of Universal Probe Library Assay Design Center (Roche Applied
Science) and listed in the Suppl. Table 3.

Expression levels in different tissue cell lines were determined with
the Ct shift method described previously (Kolacsek et al., 2017). Briefly,
we have constructed plasmid standards for each target as described,
containing PCR amplicon sequences of the target and the Hsp90
endogenous control. Plasmid standards were used as reference samples
containing equal copies of the target and the endogenous control.
Plasmid standard and cDNA samples were measured in qPCRs using the
AACt formula, determining the exact ratio of the target and the
endogenous control. Different targets are comparable by this method as
they are measured in the same endogenous control expression units
plotted on the y-axis.

RNA variants from the CSB locus were detected by three amplicons
(Fig. 1D, left panel). One amplifies the whole CSB-PGBD3 fusion mRNA
splice variant expressed from the canonical promoter (trlsvPG3),
another amplifies the whole CSB mRNA splice variant also expressed
from the canonical promoter (tr1svCSB). The third amplicon detects the
PGBD3 exon splice variant, but measures the sum of the fusion and the
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sole PGBD3 mRNA (trl + 2svPG3), the latter being expressed from a
cryptic promoter located in exon 5 (tr2svPG3). The single PGBD3 can be
calculated by subtracting the appropriate PGBD3 splice variant
(tr1svPG3) from the sum of the transcripts (trl + 2svPG3). This mRNA
gene product is denoted as sPGBD3 and produces a single PGBD3
protein.

Gene expression quantification after stress treatments (see Section
2.6.) were carried out by the standard AACt formula using the untreated
control cells as reference sample and "AACt was plotted. Quantification
of p21 and VEGFA were used as positive controls for controlling the
efficiency of treatments. In hypoxia and UV stress, analysis were
normalized to Hsp90 and HMGBI1 as multiple endogenous controls. For
oxidative stress condition, HMGB1 and B2M endogenous controls were
used for normalization. These endogenous controls were selected from a
panel based on their stable expression levels (Hsp90, HMGB1, B2M,
PolR2A, and RPLPO).

2.4. Plasmid constructs

All PCR primer pairs used for construction of plasmids are listed in
Suppl. Table 3. Structures of the transposon donor plasmids are shown in
Fig. 2A. Donor plasmid sequences are exactly the same except TIR se-
quences and some untranslated regions of the original transposon.
Transposon donors contain a phosphoglycerate kinase (PGK) promoter
regulated puromycin antibiotic resistance expression cassette. Candi-
dates of MER75B and MERS85 sequences with intact TIRs and TSDs were
PCR amplified from gDNA with a short flanking region from 4 and 21
chromosomes, respectively. PCR products were inserted into pGEM®-T
vector (Promega) and verified by Sanger sequencing. MER candidates
were ligated into the excision backbone identical with pPB-puro donor
plasmid. HindIlI restriction site naturally present in the MER85 candi-
date sequence was used to insert the PGK-puromycin cassette. For this
purpose, HindIII site was inserted into the middle region of MER75B by
site directed PCR mutagenesis. As the CSB-PGBD3 protein was shown to
bind the palindromic inner sequence previously (Gray et al., 2012), this
palindromic sequence was reconstituted with PCR mutagenesis in the
cloned MERS85 candidate. Maps and sequences of the puromycin resis-
tance cassette expressing plasmids are shown in Suppl. Fig. 1.

For the construction of transposase expressing helper plasmids, the
coding sequence of PGBD1, PGBD2, PGBD3, CSB-PGBD3, PGBD4, and
PGBDS5 proteins were PCR amplified with Phusion™ High-Fidelity DNA
Polymerase (Thermo Fisher Scientific) from ¢cDNA and inserted into
PGEM®-T vector (Promega). Sequences were verified by Sanger
sequencing. Coding sequences were cloned into CMV promoter driven
PEGFP-C1 or pEGFP-N1 expression vectors from Clontech by replacing
the GFP (pPGBD1, pPGBD2, pPGBD3, pCSB-PGBD3, pPGBD4, pPGBD5).
In pPGBD3, the predicted catalytic amino acid triad DND (Keith et al.,
2008) was reconstituted to DDD by point mutation of aa 352 from N to D
(pPGBD3N/D) by site-directed PCR mutagenesis.

For PGBDS5, apart from the amplified, full length protein encoding
cDNA (identical to the reference sequence of Gene ID #79605), we also
used two other protein species for the transposition experiments. At the
beginning of our studies, expression databases for various Primate spe-
cies listed a PGBD5 protein variant lacking or different in the region
encoded by exon 5. Although some of these entries have recently been
curated in NCBI we still used this exon 5 deletion protein named
PGBD5del as a control. In the pPGBD5del helper plasmid, exon 5 was
deleted from pPGBD5 by the FastCloning method (Li et al., 2011) with
the amplification of the plasmid by primers with overlapping comple-
mentary 5 ends. As a third PGBD5 protein, we requested the plasmid
pRecLV103-GFP-PGBD5 from Addgene which was deposited from the
work of Henssen et al. (2015). The coding sequence of this expression
plasmid differs from that we have cloned (identical to the reference
sequence of Gene ID #79605), as it contains an alternative exon 1 (most
likely an earlier cloning artefact which has been permanently sup-
pressed in the NCBI database, see https://www.ncbi.nlm.nih.gov/nucco
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Fig. 1. Evolutionary analyses and the expression profiles of human PGBDs (A) Ka/Ks statistics of PGBDs based on comparative primate-primate pairwise
analyses. Dark columns represent PGBD1-5, white ones are other endogenous genes; p values are indicated for certain selected cases (see text for explanation). (B)
Gene expression analysis of PGBDs in different human cell lines by RT-qPCR. (C) Comparison of expression levels from the EMC7/PGBD4 loci. Left y-axis scale is for
EMC?7, right scale is for PGBD4. (D) Comparison of expression levels from the CSB/PGBD3 locus. (Left panel) Structure of the locus and primer pairs used for the
analysis. (Right panel) Expression analysis of three different mRNA variants. Arrow depicted as “trx 17 indicates transcription from the canonical gene promoter,
whereas “trx 2” shows transcription starting from a cryptic promoter located in exon 5; pA: polyA signal; “TTAA” sequences are the original target site duplications of
the domesticated PGBD3 transposase; Sv stands for splice variant. Tr1svPG3 primer pair detects mRNA producing CSB-PGBD3; tr1svCSB pair detects mRNA pro-
ducing CSB; tr(1 + 2)svPG3 detects all PGBD3 splice variants including the one from the cryptic transcript. The latter produces a solo PGBD3 protein (SPGBD3)
encoding transcript, which can be calculated from the measurements of tr(1 + 2)svPG3 and tr1svPG3. For the quantification of PGBD3 in Fig. 1B, tr(1 + 2)svPG3

primer pair was used detecting both PGBD3 splice variants. In all graphs, mean values of at least 3 independent measurements are given, and error bars represent
95% confidence intervals.



O. Kolacsek et al. Gene 834 (2022) 146609

(A) Structure of the transposon constructs
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Fig. 2. Transposition assays of PGBDs in HEK-293 cell. (A) Three different transposon donors were tested: MER75B, MER85, and PB. They carry an antibiotic
selection cassette, and their structures differ only in the specific transposon TIRs. The helper constructs express either the piggyBac transposase or the different PGBDs
to be tested (x = 1-5). L-TIR: left-TIR; R-TIR: right-TIR; PGK: phosphoglycerate kinase promoter; CMV: cytomegalovirus promoter; cds: coding sequence; pA signal:
polyadenylation signal. (B) Cells transfected with the two components (the selected donor and transposase expressing helper plasmids) were then selected by pu-
romycin, and the surviving transgenic cells were stained and counted by the colony assay. (Left panel) Selected representative photos of the colony assays with the
appropriate controls, showing two technical replicates for each assay. (Right panel) Quantifications of colony assays represented by the means of at least three
independent experiments, error bars indicating standard deviations. *: The shown positive control mPB/PB-puro co-transfections were selected from fivefold di-
lutions. (C) Transfected cells were tested for excision events by PCR, where the product (381 bp, ‘exc.’) indicates the excised and repaired donor plasmid copies.
Assay control was the ampicillin sequence, present on the donor constructs, with a 340 bp PCR product. (D) Sensitivity of the excision assay was tested by three SB
variants with different activities, and compared to the PGBD5alt variant (a GFP-tagged construct used by Henssen et al., 2015) in parallel transfections. A repre-
sentative result of several independent experiments is shown. NTC: non-template (water) control.
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re/NM_024554) and N-terminally fused GFP; hence we named this
variant as PGBD5alt (pPGBDb5alt). The plasmid also contains a puro-
mycin selection cassette but since our transposon donor system is based
on puromycin selection, we partially deleted the puromycin cassette in
this plasmid by Sacll digestion and re-ligation. This was a necessary
modification, otherwise random integration of the pPGBD5alt helper
plasmid would increase colony numbers during the transposition assay.

The following transposase protein variants were used as positive and
negative controls: for the PB system, the original piggyBac in a
mammalian codon-optimized form, denoted as mPB (Cadinanos and
Bradley, 2007); for the Sleeping Beauty (SB) system, the SB11, SB32,
SB100X and mutSB variants (Mates et al., 2009). Transposon donor for
SB was identical to pPB-puro except TIR sequences (pSB-puro) (Kolacsek
and Orban, 2018). To construct a negative control for the PB system, we
generated the Asp268Gly mutant at the DDD catalytic site of mPB by
PCR mutagenesis (mutPB).

2.5. Transposition assay and Western blotting

Transfections were carried out in duplicates. 2 x 10° of HEK-293 or
HelLa cells were seeded onto 12-well plates, and transfected with
FuGENE® 6 according to the manufacturer’s instructions (Roche
Applied Science). Next day, 200 ng transposon donor and 400 ng
transposase expressing helper plasmid and 200 ng GFP expressing
PEGFP-C1 transfection control plasmid from Clontech were transfected
(the optimal ratios were chosen based on our previous study (Kolacsek
et al., 2014)). In the case of pPGBD5alt helper plasmid that expresses
GFP as an N-terminal fusion, the transfection control plasmid was
replaced with pET-41 (Novagen). At 48 h post-transfection, cells were
harvested and one tenth of them were analyzed by Attune NxT flow
cytometer (Thermo Fisher Scientific) for GFP expressing cells to control
transfection efficiency. Transfection efficiencies were between 53 and
59%. For antibiotic selection, 1% of the transfected cells were seeded
onto cell culture Petri dishes, selected for two weeks in 1 pg/ml puro-
mycin (Sigma-Aldrich), then surviving cells were fixed in ice cold
methanol and stained with 0,04% Crystal Violet (Sigma-Aldrich) in 25%
methanol. Colonies were quantified with the Universal Hood Gel Imager
Model # 758, using the Quantity One 4.4.0 software (BioRad).

After processing the transfected cells for colony assays and for flow
cytometry measurements at 48 h post-transfection, the remaining cells
were used for excision assay. Duplicated transfections were pooled and
plasmids were isolated from the cells using a modified protocol of the
QIAGEN plasmid Miniprep Kit, applying 250 pl of 1.2% SDS supple-
mented with 50 pg of Proteinase K for cell lysis step and protein removal
from the DNA. 10 ng of isolated plasmid DNA was used in a two-round
nested PCR assay where primers were specific to the plasmid backbone
and resulted in a PCR product only from the excised and repaired
plasmid copies due to large transposon cassettes. PCRs were carried out
in 50 pl reaction volumes using 200 nM primers with 2xPCR master mix
(Promega) and with the following thermal profile: 95 °C 5 min, 35 cycles
of 95°C 30 s 60 °C 30 s and 72 °C 1 min, 72 °C 5 min. 5 ul of 200-fold
diluted first round product was used for the second round. Ampicillin
sequence presenting in all donor construct was used as assay control,
PCR conditions were the same as for the first round PCR of excision.
Products were separated in a 2% agarose gel and visualized by ethidium
bromide staining. PCR primers for excision analysis are listed in Suppl.
Table 3.

Separate wells were transfected for Western blotting to detect tran-
sient PGBD protein expression. Cells were lysed at 48 h post-transfection
by the addition of TE sample buffer (0.1 M TRIS-PO4, 4% SDS, 40 mM
Na-EDTA, 40% glycerol, 0.04% bromophenol blue, and 4% p-mercap-
toethanol; materials from Sigma-Aldrich). Samples were sonicated to
shear DNA and equal amounts were loaded on a 7.5% acrylamide gel
(SDS-PAGE) (Sigma-Aldrich). Proteins were transferred to a 0.2 um
PVDF membrane (BioRad). Blots were probed with the following pri-
mary antibodies: anti-PGBD1 (Abgent, cat. AP17268C), anti-PGBD2
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(Biorbyt, cat. o0rb519701), anti-PGBD3 (Sigma-Aldrich, cat.
HPA025825), anti-PGBD4 (Sigma-Aldrich, cat. HPA040896), anti-
PGBD5 (Biorbyt, cat. orb13159), and anti-p-actin (Sigma, cat. A3854)
HRP conjugate. Donkey anti-rabbit IgG (H + L) HRP conjugate sec-
ondary antibody (Jackson ImmunoResearch, cat. 711-035-152) were
used to visualize the results. Detection was performed with Pierce™ ECL
Western Blotting Substrate (BioRad, cat. 32106).

2.6. Stress conditions

1.5 x 10° HEK-293 and 1 x 10° HeLa cells were seeded onto 24-well
plates. Treatments were carried out in 6 parallels. Next day medium was
replaced with 50 uM deferasirox (DFX) (MedChem Express) or 4 mM
KBrOs3 (Sigma-Aldrich) for inducing hypoxic or oxidative stress,
respectively. Concerning KBrOs, we chose the higher possible concen-
tration without severe cell loss (Luan et al., 2007). After 24 h cells were
harvested, and parallels were pooled for total RNA purification, reverse
transcription and RT-qPCR (see 2.3). For UV light exposure, the medium
was removed and cells were rinsed with 40 ul PBS. UV irradiation was
performed using the Stratalinker UV Crosslinker Model 1800, delivering
20 J/m? dose of UV light. Cells were recovered by adding back the
culture medium, and samples were harvested after 6 h or 18 h
posttreatment.

3. Results
3.1. Evolution of human piggyBac-derived sequences

Active TEs spread throughout the genome but protection of genome
stability acts as a selective pressure and mutations can eventually
inactivate the TE copies. However, several examples reveal that by
gaining new functions, domesticated copies can also be preserved in the
evolution by purifying selection. While classical TEs are present in
multi-copies within and between species, domesticated elements are
generally found in single orthologous copies. The PB DNA transposon
family is unique in that domestication for useful function exemplifies the
retention of some transposase-like aspects such as the targeted removal
of endogenous DNA fragments by the cut and paste mechanism (Hiko-
saka et al., 2007; Baudry et al., 2009; Cheng et al., 2010).

The first part of our study focuses on the evolution of the human
PGBD elements. As described earlier (Sarkar et al., 2003), the N-terminal
region (positions 1-130, using T. ni transposase as reference) is not well
conserved, therefore as opposed to other phylogenetic analyses, we have
restricted our conservation analysis to primate sequences and to the IS4/
5 transposase-like domain (Suppl. Table 1). The phylogenetic tree
inferred from 24 species and 111 PGBD sequences (Suppl. Fig. 2)
revealed that PGBD1 and PGBD2 are more closely related, and they are
found mostly in mammals (Sarkar et al., 2003; Bouallegue et al., 2017;
Rasko et al., 2021). PGBD3 is clustered closest to them (Suppl. Fig. 2),
invaded into the primate lineage, but relatives of PGBD3 can also be
found in the aphid Acyrthosiphum pisum and in the spider Stegodyphus
mimosarum, although they do not appear to be domesticated copies
(Bouallegue et al., 2017). PGBD4 is also widespread among primates but
clustered separately from PGBD3, PGBD1 and PGBD2 (Suppl. Fig. 2).
The closest relatives of PGBD4 are in bat flying fox Pteropus vampyrus, in
aphid Acyrthosiphon pisum, and in moth Spodoptera frugiperda (Boual-
legue et al., 2017). Inconsistencies between the transposase tree and the
species phylogeny suggest that the PB family might be frequently and
successfully horizontally transferred. In addition, PGBD4 is more related
to domesticated elements in lower phyla: PGM and TPB2 found in cili-
ates, and KOBUTA in Xenopus (Bouallegue et al., 2017). PGBDS5 is the
most ubiquitous member present in a large spectrum of species and is
clustered quite distinctly from the other PGBDs (Suppl. Fig. 2). As pre-
viously described (Pavelitz et al., 2013), this reflects an early domesti-
cation event of PGBD5 in the cephalochordate lineage. Moreover, no
sequence similarity of the PGBD5 flanking regions can be found in
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hemichordates, echinoderms, and urochordates, supporting the con-
servation of the entire region, including the flanking sequences
(Bouallegue et al., 2017).

During evolution if a new function has been acquired, low ratio (Ka/
Ks < 1) of nonsynonymous (Ka) to synonymous (Ks) nucleotide substi-
tution rates suggests that the sequence is under strong purifying selec-
tion, while a high ratio (Ka/Ks > 1) indicates that adaptive peak is not
yet reached (Hurst, 2002). Earlier calculations of the Ka/Ks ratio of
PGBDs provide arguments in favor of domestication of these sequences
(Newman et al., 2008; Bouallegue et al., 2017). Here we analyzed the
level of conservation of the primate PGBD elements, comparing them to
some endogenous genes, including those expressed from the same loci
(sequences are in Suppl. Table 1, Ka/Ks calculations are in Suppl. Table
2). Comparison of Ka/Ks statistics revealed that PGBD5 is the most
conserved among PGBDs, it is subjected to a higher selective pressure
than the conserved cell cycle regulator gene CDK4 (Fig. 1A). Values of
other PGBDs were found to be comparable to endogenous genes like the
DNA repair factor XRCC3, falling into the category of protein coding
genes under strong purifying selection (Hurst, 2002). PGBD4 and EMC?7,
regulated by the same promoter, are similarly conserved, however, the
sequence of PGBD3 is under much higher selective pressure than the
coding region of the CSB “host” gene. The latter one has been described
to have DNA repair activity (Sarker et al., 2005), yet it seems less
conserved than the other analyzed endogenous repair factor, XRCC3
(Fig. 1A). Another notable result is that there is a three-fold difference
between the conservation of the separately clustered and closely related
PGBD1 and PGBD2 (Fig. 1A), suggesting that PGBD2 is also a strongly
conserved, domesticated gene with a currently unknown function. Our
analysis may differ from the previous ones (Sarkar et al., 2003; Boual-
legue et al., 2017; Helou et al., 2021b), because it is restricted to primate
lineage and is limited strictly to the DDD transposase-derived domain
omitting the N-terminal regions.

3.2. Cell type specific expression profiles of human PGBDs

When obtaining information on the expression profiles of PGBDs in
online databases, such as BioGPS (Wu et al., 2013) or the Human Protein
Atlas (https://www.proteinatlas.org/), PGBD5 shows strong neural-
specific expression, which was confirmed by Pavelitz et al. (2013) by
in situ hybridization. Concerning the other PGBD genes, however, they
show more diverse expression patterns. We have developed a qPCR-
based quantification method (the Ct shift method) to accurately
compare the levels of different nucleic acids (Kolacsek et al., 2017) (see
also section 2.3.). Using this method, we measured expression levels of
all PGBDs in six cell lines: HEK-293, HeLa, a human embryonic stem cell
line (HUES9), a mesenchymal stem cell-like cell line (MSCL-2, differ-
entiated in vitro from HUES9 (Varga et al., 2011)), an induced pluripo-
tent stem cell line (62F), and hippocampal neural progenitor cells
(differentiated in vitro from the 62F iPSC line (Vofely et al., 2018)).
Comparing to the Hsp90 as a reference gene, the PGBD expression levels
were consistently found to be two orders of magnitude lower (Fig. 1B).
This magnitude may indicate a general expression level that is well
tolerated by the cell in regard of this type of external sequences. While
PGBD1 and PGBD2 are similarly expressed in all cell lines examined,
PGBD3, PGBD4 and PGBD5 show more cell line specific differences
(Fig. 1B). Interestingly, the expression profiles of PGBDs in NPCs were
similar to those in HUES9 and iPS cell lines: PGBD3 and PGBD4 are
expressed at a relatively low level, whereas PGBD5 is similarly abundant
as PGBD1 and PGBD2. Our result supports the Primary Cell Atlas dataset
of the BioGPS database in relation of PGBD5 (Mabbott et al., 2013),
where in addition to neural expression, embryonic stem cells and some
iPSs also show elevated expression levels. Our data suggests that PGBD5
might function in pluripotent cells, and also in differentiated cells of the
neural lineage.

We compared mRNA levels expressed from shared loci in cases of
PGBD4 and PGBD3 (Fig. 1C and D). We have measured EMC7 mRNA as
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one order of magnitude higher than PGBD4 (Fig. 1C), which confirmed
that the promoter shared with PGBD4 induces transcription originally in
the direction of EMC7. Expression differences between EMC7 and
PGBD4 were ranging from ~ 20- to ~ 50 fold, with the exception of cell
line MSCL-2 where difference was ~ 130 fold. These results indicate the
regulated promoter directionality but post-transcriptional regulation (e.
g. mRNA stability) may also contribute to this high difference between
EMC7 and PGBD4 mRNA steady state levels.

Human PGBD3 is of special interest, because its host gene, CSB is
mutated in the Cockayne Syndrome (CS) that is a rare genetic disease
characterized by neurological problems, growth failure and premature
ageing. The study of Newman et al. (2008) showed that the mutation
spectrum of CSB gene in CS in general prevents the production of the full
length CSB but allows to express the fusion CSB-PGBD3 gene product.
However, the complete absence of the CSB locus products does not cause
severe progeria of CS, only mild UV sensitivity (Horibata et al., 2004).
Thus, the exclusive presence of CSB-PGBD3 may play a causative role in
CS (Weiner and Gray, 2013). Nevertheless, it is possible that CSB-PGBD3
fusion protein is important in both health and disease, because it may
confer a metabolic advantage presumably in DNA damaging stress, but
exerts this effect only if CSB-PGBD3 is co-expressed with CSB (Bailey
et al.,, 2012). The complex nature of the locus results in a complex
pattern of mRNA and protein isoforms, with the solo PGBD3 expressed
from a cryptic promoter located in exon 5 (Fig. 1D, left panel) (Newman
et al., 2008; Kolacsek et al., 2017). Examining all the gene products
separately by the Ct shift method, we could reveal that both PGBD3
splice variants are expressed in a significant amount as compared to the
canonical CSB mRNA (Fig. 1D, right panel). These PGBD3 splice variants
are present in lower amounts than the CSB transcript in all cell types, but
the extent is different, suggesting tissue specific differences in splicing
regulation. Post-transcriptional regulation cannot be ruled out, but
correlation between the fusion and solo PGBD3 mRNA product rather
indicates the regulation of splicing (Fig. 1D, right panel). Overall, when
compared to the CSB transcript, the dose of the PGBD3 containing
mRNAs is the highest in HeLa and MSCL-2 cell lines which may confer
the metabolic advantage described earlier for the co-presence of CSB
and CSB-PGBD3 (Bailey et al., 2012).

Taken together, our data indicate that all human PGBDs are regu-
lated distinctly from each other and in a cell type specific manner. These
results are in favor of the hypothesis that these transposase-originated
genes represent individual domestication events. Nevertheless, it is a
crucial question whether they retained their transposase activity,
therefore we continued to systematically investigate this issue for all
PGBDs.

3.3. Lack of transposase activity of all PGBDs

Concerning the human of the PB superfamily, the predicted DDD
catalytic aspartate amino acids at positions of 268, 346, and 447 of the
T. ni PB transposase are not conserved among the domesticated PGBD
sequences (Sarkar et al., 2003; Newman et al., 2008; Pavelitz et al.,
2013). However, mutation analysis revealed a fourth aspartate amino
acid (D450) that is also essential for transposition of T. ni PB, but it has a
tolerance for a glutamate substitution (Keith et al., 2008). Intriguingly,
we have found the fourth D to be conserved among all the primate PGBD
orthologs and paralogs (data not shown), so the position is likely to play
an essential role in the function of these PB family members. PGBD3 and
PGBD4 are the youngest domesticated elements, and presumably have
acquired only a few inactivating mutations. Nevertheless, only PGBD4
retained all the essential catalytic amino acids DDDD, so it cannot be
excluded to have transposase activity (Mitra et al., 2008). PGBD3 has
gained a D to N point mutation at position 352, so it has a DNDD motif
(Sarkar et al., 2003; Newman et al., 2008). On the other hand, Gray et al.
observed that CSB-PGBD3 is capable of binding to the TIR of PGBD3
transposon and of its residual MER85 elements in vitro and in vivo,
providing a hint that MER85 could have been the integral part of an
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ancient PGBD3-like functional transposon (Gray et al., 2012). This
prompted us to test the presumably active, “reconstituted” PGBD3
mutant having the expected DDDD motif. Apart from testing the reac-
tivity with the insect-derived PB system, we also tested the MER75 and
the MERS85 elements of recognizable PB origin present in the human
genome, the potential substrates of ancient PGBD4 and PGBD3 trans-
posases, respectively. We have cloned representative copies of these
MER sequences from the human genome, and constructed transposon
donor plasmids by inserting a selection marker of puromycin resistance
into the internal region (Fig. 2A). The two component transfection
system was used in HEK-293 cells, where helper plasmids expressed the
appropriate human PGBD variant proteins. After two weeks of antibiotic
selection, transgenic efficiencies were tested by colony counting. As a
result, neither PGBD3 nor PGBD4 showed any indication of trans-
position when compared to the background control (the insect PB cat-
alytic mutant, Fig. 2B).

To continue with the systematic evaluation of all piggyBac-related
transposition activity in the human genome, we tested all human PGBD
proteins for their potential interaction with either the insect PB vector
system or the two MER elements. This was also urged by a somewhat
stunning previous study showing that PGBD5 has significant classical
transposase activity for the TIR of T. ni PB transposon, in spite of this
ortholog being the oldest among human PGBDs, clearly lacking recog-
nizable flanking TIR sequences. The authors also claimed that it is not
the components of the originally predicted ‘DDD’ motifs but rather
amino acids in different positions were the ones responsible for this
unexpected activity (Henssen et al., 2015). However, due to the ambi-
guity of the encoded protein prediction this group used, we tested not
only their GFP-tagged version (PGBDb5alt), but also the currently avail-
able updated sequence variant (PGBD5, Gene ID: 79605), as well as an
alternative variant lacking exon 5 (PGBD5del) which also appeared
earlier in expression databases (see section 2.4.). Successful transient
exogenous expressions of all human PGBD proteins were confirmed by
Western blot (Suppl. Fig. 3). As a result of the colony assays, none of the
PGBDs showed reactivity with either the insect PB vector system or the
MER elements: the colony counts produced by all PGBDs and their
variants were far below the mPB activity (Fig. 2B). On the other hand,
we detected somewhat elevated colony numbers in case of PGBD1 (see
details in our concurrent publication, (Rasko et al., 2021)), and to a
lower extent, for PGBD5. This prompted us to test whether the first step
of transposition occurs in case of any combinations, therefore we per-
formed excision assays detecting the capability of the human PGBDs to
cut out the transposon cassettes. However, with the exception of the
positive control (the insect mPB), no excision events were detectable by
a two round nested PCR (Fig. 2C), indicating the lack of transposition
mediated by the human PGBDs or their variants. To test the sensitivity of
our excision PCR, we have made parallel transfections by the Sleeping
Beauty transposon variants with different activity (Kolacsek et al., 2014)
and the PGBD5alt used by Henssen et al. (2015), for which authors
detected transposase activity. Based on this, it can be concluded that
even the low excision activity of the SB11 variant is still well-detectable
by this PCR assay but we were unable to reproduce the result of Henssen
et al. (2015) for their used PGBD5alt variant (Fig. 2D).

Another potential explanation for not detecting transposition activ-
ity would be the toxicity caused by the expression of PGBDs: in that case,
the death of the transfected cells would prevent transposition to occur.
To exclude that, we performed a cell viability assay comparing the
overexpression of all PGBDs to the effect of mock transfection and to the
expression of other unrelated expression vectors in both HeLa and HEK-
293 cells. As a result, no elevated toxicity could be detected for over-
expressing any of the human PGBD proteins as compared to the controls
or to the insect mPB transposase (Suppl. Fig. 4). Taken together, all these
results indicate the lack of bona fide transposition activity for all human
PGBDs, including all the tested PGBD5 variants.
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3.4. Expression changes of PGBDs in stress conditions

It is likely that PGBD transposases have been conserved due to their
interactions with various cellular factors, thus we can assume that they
also retained their expression pattern regulation. Several transposases
interact with DNA repair factors to increase their efficiency, or to
modulate the cell cycle, often depending on the environmental condi-
tions (Zayed et al., 2003; Izsvak et al., 2004; Walisko et al., 2006). We
hypothesized that PGBDs may still have these cellular connections,
therefore we investigated the main cell cycle regulating circumstances,
the DNA damaging stress conditions, whether they can influence the
expression patterns of the domesticated primate PGBD proteins. What is
common in hypoxia, oxidative stress and UV stress is that they cause
DNA damage, and by activating p53 responsive genes like p21, they
regulate cell cycle progression (Bunz et al., 1998; Pan et al., 2004; Pires
et al., 2010). Expression studies were carried out in two cell lines, HEK-
293 and HeLa, and hypoxic conditions resulted in similar induction of all
domesticated PGBD elements in both cell lines (Fig. 3A, left panel).
Expressions of mRNAs from the shared loci of PGBD3 and PGBD4 were
concordantly induced, but to different extents (Fig. 3A, right panel).
Induction of CSB was two times higher than PGBD3, which again con-
firms strong regulation difference between the two splicing products
expressed from the same promoter. Induction of EMC7 also differed
from PGBD4 in HEK-293 cells, but not in HeLa cells, suggesting that
posttranscriptional regulation may also contribute to their expression
profiles.

In oxidative stress conditions, PGBD3 and PGBD4 expressions
responded concordantly in the two cell lines, both being reduced
(Fig. 3B, left panel), but the effect on PGBD3 in Hela cells was more
pronounced, producing an eight-fold reduction (-AACt ~ -3). Measuring
the effect on CSB revealed that the entire locus seems to be down-
regulated in Hela (Fig. 3B, right panel), but not in HEK-293 cell line
where only the level of the PGBD3 splice variant is reduced. Concerning
the other locus with a shared promoter, the expression level of EMC7 in
oxidative stress conditions was not significantly changed in either cell
line, in contrast to PGBD4 (Fig. 3B, right panel). However, in UV stress
conditions, only PGBD5 showed a significant response of 4-5-fold
downregulation (Fig. 3C), that was an immediate effect after 6 h of
treatment (data not shown). The distinct expression patterns indicate
that these domesticated genes may be involved in completely different
cellular processes.

4. Discussion

There are several piggyBac-related elements present in the human
genome and both the transposase-derived protein coding genes and the
repetitive TIR sequences raised concerns about the safe applications of
the widely used insect piggyBac-based genetic tools. An intense debate
was therefore initiated when the PGBD5 protein was recently claimed to
have transposase activity (Henssen et al., 2015; Ivics, 2016). Based on
this unexpected result, we have decided to systematically investigate
this issue by examining whether these piggyBac-related elements still
have transposase activity or to the contrary, whether we can provide
indications for them being domesticated endogenous genes.

Focusing on the PGBD copies present in primates, our phylogenetic
analysis supports the hypothesis about the frequent horizontal transfer
of PB elements also in this lineage (Pagan et al., 2010), with PGBD5
being the most ancient homolog without obvious flanking TIR se-
quences, pointing towards a domesticated function, rather than towards
a conserved transposase activity. Our results are in line with the study of
Pavelitz et al, concluding that PGBD5 protein is a neuron specific
endogenous element, and also claiming that it is unlikely that it can bind
DNA in brain nuclei, which would be necessary for transposition
(Pavelitz et al., 2013). Analyzing the gene structures of the other ho-
mologs, the lack of TIR sequences and the examples of fusion transcripts
with endogenous protein coding genes are also in favor of the
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(A) Expression changes upon hypoxia (DFX)
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Fig. 3. Expression changes of PGBDs upon different stress conditions. Stress treatments were carried out in HEK-293 and HeLa cells, mRNA levels were
measured by RT-gPCR. (A) Cells were treated with deferasirox (DFX) to induce hypoxic response. (Left panel) PGBD1-5 expression changes were measured, p21 and
Vascular Endothelial Growth Factor A (VEGFA) were used as stress condition controls. (Right panel) Expression changes shown for the shared loci of CSB/PGBD3 and
EMC7/PGBD4. (B) Cells were treated with KBrO3 to induce oxidative stress. (Left panel) PGBD1-5 expression changes were measured, p21 was used as stress
condition control. (Right panel) Expression changes shown for the shared loci of CSB/PGBD3 and EMC7/PGBDA4. (C) Cells were radiated with UV light, and PGBD1-5
expression changes were measured 18 h after treatment; p21 was used as stress condition control. For the analysis of PGBD3, the tr(1 + 2)svPG3 primer pair was used
to detect both PGBD3 splice variants (see Fig. 1D, left panel). Mean values of at least three independent measurements are given, error bars represent 95% confi-
dence intervals.
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domestication hypothesis. Only PGBD3 seems to have preserved the
structure of an active ancient transposon with MER85 TIR sequences
present on both flanking regions; however, the mutation present in the
DDD motif indicates the inability to perform the “canonical” cut-and-
paste transposition reaction. When examining the expression profiles
of human PGBDs in several types of cell lines, the selective and carefully
regulated expression patterns also argue for specific endogenous func-
tions. Our conclusion was that PGBDs have most likely been domesti-
cated in primates but their functions are unlikely to be associated with
canonical transposase activity.

To directly examine the ability of human PGBDs to perform trans-
position, we tested each transposase-like proteins for mobilization of the
insect transposon sequence, as well as for the MER85 and the MER75
sequences. The most striking result was that we could show the lack of
transposase activity for all five human PGBD genes. Even the best
candidate, PGBD3 and CSB-PGBD3 fusion product gave negative results:
although both were shown to bind to MER85 sequences (Bailey et al.,
2012; Gray et al., 2012), our “restored” catalytic domain variant
(PGBD3N/D) was not able to perform transposition either. This result
shows that even the “youngest” PGBD homolog has lost the canonical
DNA transposase activity. In addition and of most importance, we could
not detect transposase activity for any of the tested PGBD5 variants,
even in various cell lines (e.g. in HeLa, data not shown). Although in a
later publication, Henssen et al. presents a more careful interpretation of
PGBD5 having “only” some genome-cutting ability, possibly causing
oncogenic mutations (Henssen et al., 2017), our results are in contrast
with two recent papers claiming a lower but detectable transposase
activity of PGBD5 (Helou et al., 2021a; Helou et al., 2021b). On the
other hand, a more recent study is in agreement with our results, pre-
senting the lack of cross-reactivity among the insect piggyBac, the bat
piggyBat transposase and human PGBD5 (Beckermann et al., 2021). They
found no evidence of PGBD5 transposase activity, moreover, they
showed that the two other transposases have restricted activity toward
their own cognate sequences, showing no cross-mobilization of each
other’s transposon elements (Beckermann et al., 2021). Similarly to our
approach, this group also failed to reproduce the results of Henssen
et al., either using the original GFP-tagged PGBD5 or the corrected
PGBD5 transposase sequence variant. Our and their results are all in
favor of PGBD5 being a domesticated endogenous gene, having lost the
ancient transposase activity.

In an earlier study, Saha et al. have found a few solo 14-16 bp se-
quences in the human genome that are identical with the end of the TIR
of T. ni PB transposon sequence (Saha et al., 2015). Authors examined
whether the insect PB transposase used in gene delivery is able to
mobilize elements with these genomic sequences. Their result showed
that the PB vector system is safe in this aspect. Here we examined the
MER?75 and the MERS85 elements in a similar manner and our MER
donor constructs do not show reactivity with the mPB transposase. Our
results confirm the safety of the application of PB system for gene
transfer in all aspects: neither endogenous PGBDs can remobilize PB
vectors integrated in the genome, nor the PB transposase can react with
endogenous residual PB-like sequences of the human genome. Both
scenarios would pose a risk of genetic instability, however, increasing
number of observations suggests that it should not be feared of.

In spite of their inability to perform a cut-and-paste reaction, we still
detected somewhat elevated colony numbers resulting from the co-
transfection of PGBDs and donors, as compared to the background
values obtained with the inactive variant, mutPB (Fig. 2B, right panel).
We hypothesize that high exogenous PGBD expression may aid the
random integration of donor sequences, especially given the number of
MER sequences in the human genome. This view is supported by the fact
that PGBDs with the most elevated background (PGBD1 and PGBDS5)
lack the C-terminal cysteine rich domain (CRD) responsible for sequence
specific DNA binding of the T. ni PB transposase (Keith et al., 2008;
Morellet et al., 2018; Chen et al., 2020), making it unlikely that these
would mobilize any transposon in a sequence-specific manner
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(concerning PGBD1, see our concurrent paper (Rasko et al., 2021)). The
two recently published works on PGBD5 showed similar results (Helou
etal., 2021a; Helou et al., 2021b): cotransfecting the human PGBD5 and
PB transposon substrates, they obtained a few fold elevation in the
background level of colony numbers; however, the authors evaluate
these results as transposase activity of the domesticated PGBD5. On the
other hand, these may be explained alternatively: as a general behavior
of transposases, sequence specific or nonspecific DNA binding, together
with oligomerization may facilitate the formation of transposase-like
synaptic complexes, resulting in enhanced repair of randomly
damaged regions by integrating unrelated DNA sequences, including
transfected plasmid templates.

In the last part of our study, we aimed to investigate the potential
cellular functions of the human PGBDs. In general, transposon activity
and expression are sensitive to and regulated by stress conditions,
therefore we tested if this response have been retained for the domes-
ticated PGBDs. There were some indications for that: in the case of the
co-regulated CSB and PGBD3, the former one plays a central role in the
cellular response to stress as a chromatin remodeling factor through
modulating transcriptional changes, e.g. response to hypoxia, DNA
damage, and also response to insulin-like growth factor-1 (Filippi et al.,
2008; Velez-Cruz and Egly, 2013). Also, in the promoter of the CSB gene
there are two hypoxia response elements where the HIF-1a transcription
factor can bind (Filippi et al., 2008). In addition, the elevated random
integration of donor constructs with co-transfection of certain PGBDs
raises the possibility that the transposase originated proteins could
interact with DNA repair factors during processing of randomly
damaged plasmid DNA. We tested stress conditions causing potential
DNA damage and in response to hypoxia, we detected elevated expres-
sion levels for all PGBDs, although to a different extent. On the other
hand, no common expression changes were found under oxidative stress
and UV stress conditions: as opposed to the other homologs, PGBD3 and
PGBD4 responded with a decrease to oxidative stress in all cell types
examined, while PGBD5 was upregulated in oxidative stress but down-
regulated in UV stress conditions. These opposite behaviors indicate that
these domesticated genes may be involved in different cellular pro-
cesses, however, the distinct and often cell type specific expression re-
sponses support the hypothesis that all PGBDs are domesticated genes
with precise endogenous regulations.

In conclusion, our systematic investigations revealed that none of the
human PGBD elements retained their original ability for transposition.
On the other hand, several pieces of evidence support the hypothesis
that these elements have been “co-opted” during evolution and serve
distinct domesticated functions. The low Ka/Ks values for many of them
indicate that they are under a strong purifying selection, and in some
cases, they seem more conserved that the co-regulated transcripts of the
same locus (e.g., PGBD3 vs CSB). In addition, for such co-regulated
transcripts for PGBD3 and PGBD4, the splicing and the transcription
pattern is markedly different and actively regulated in a cell type specific
manner, indicating endogenous functions. Finally, the expression profile
changes of all human PGBDs in various stress conditions also point to the
fact that the roles of these genes can likely be placed in different cellular
pathways. Taken together, although the exact and distinct domesticated
functions of human PGBDs still require further investigations, the lack of
their transposition ability provides a necessary safety background for
using the piggyBac gene delivery system for potential gene therapy ap-
plications in the future.
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