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Abstract

The Tcl/mariner family of DNA transposons is widesl across fungal, plant and animal
kingdoms, and thought to contribute to the evolutbtheir host genomes. To date, an active Tcl
transposon has not been identified within the eagenome of a vertebrate. We demonstrate that
Passport, a native transposon isolated from a fiBle(ronectes platessa), is active in a variety of
vertebrate cells. In transposition assays, we fahatithe Passport transposon system improved stable
cellular transgenesis by 40-fold, has an appanexiégence for insertion into genes, and is sulifgect
overproduction inhibition like other Tcl elemenBassport represents the first vertebrate Tcl element
described as both natively intact and functionadlfive, and given its restricted phylogenetic distiion,
may be contemporaneously active. TRassport transposon system thus complements the available
genetic tools for the manipulation of vertebrataaaes, and may provide a unique system for studying
the infiltration of vertebrate genomes by Tcl elatae

I ntroduction

Mobilization of transposons is hypothesized totdbate to the evolution of genomes by several
mechanisms, including; imperfect repair after ercisinsertional mutagenesis, changes in the réguala
of adjacent gene expression, and gene duplicatieran shuffling (1,2)Tcl/mariner elements are
widely distributed, being found in species fromnaai, plant and fungal kingdoms (3,4). Transposans i
this family contain a transposase gene flankedagried terminal repeats (ITRs) and are mobilized b
cut-and-paste mechanism (3). TFel/mariner transposases belong to a larger family of enzymes,



including bacterial transposases, retroviral irdegs, and V(D)J recombinase, all of which are
characterized by a DDE or in the case of marindrraariner-like elements a DDD moitif that is invaive
in polynucleotidyl transfer reactions (3).

TcUmariner elements can be active in the soma and the gexnilimerefore, regulation of
transposition is required for host viability, angldxtension, transposon persistence (5). Evolutiona
periods of transpositional activity are thus inpersed with periods of stochastic loss (6) anctiwair
inactivation’ of transposons, wherein only defeetirersions are found within the genome, containing
frame-shifts, deletions and missense mutationselhabess, representatives of this family of trasspe
have been demonstrated to be active in nematod®safrd arthropods (6,9,10). In contrast, the lgiplo
of Tcl/ mariner elements in vertebrate cells/genomes is undeedufiespite being present at thousands
of copies per genome, neither actived/mariner transposition, nor functionally intact elementséda
been identified in vertebrate genomes. Insteadjeacertebratd cl/mariner elements have been
synthetically created by phylogeny informed reaniamaof inactive transposons. TBeping Beauty
(SB) transposon derived from salmonid fish represtre inaugural representativeTafl/mariner
transposon reanimation in vertebrates (11), andbees subsequently engineered to hyperactivity for
genetic applications including transpositional sgenesis (TnT) and gene therapy. Additional
transposons from amphibiarfar ¢g Prince) and humansHsMar1) have been similarly reanimated
(12,13).

Leaver previously describedTal-like transposon (PPTN) from flatfish that is pnetsat 200—

300 copies in the plaic®leuronectes platessa) genome (14,15). This element belongs to the teder
repeat/direct repeat (IR/DR) groupTfl-like elements as described by Izsvak et al. (@69, has 74—
81% identity to related but distinct elements reprdged in the genomes of Atlantic salm8alifo salar)
and frogs Rana temporaria). These elements appeared to be absent in thengsnaf other fish species.
The fact that these related mobile elements anedfduthe genomes of phylogenetically distant atsma
yet absent in more closely related species, leddre@ hypothesize that this transposon family was
distributed by horizontal transfer (14,17). Additadly, the identification of structurally intact thze
transposons suggested the tantalizing possihlilitthesdcl-like transposons might be active.

We have developed the native PPTN transposon emgymon-autonomous system, henceforth
referred to as Passport’, and have demonstrated it as functionally compteia transposition. We have
tested thePassport transposon system in multiple vertebrate celldiaed provide molecular evidence of
transposition. Our data indicates tHdssport is active, and when mobilized prefers to integnate the
transcriptional units of genes. An expanded anslysthe phylogeny oPassport reveals that in addition
to the presence of this transposon in other flatfiscluding flounderRlatichthys flesus) and turbot
(Scophthalmus maximus) (18), Passport shares a high degree of similarity with other nélgereported
transposons, includingagle, Glan andBarb (19,20). Combined, these observations suggestttisat
structurally and functionally intact transposon figrmay remain active in vertebrate lineages, andm
a preference for integration into genes, may beetoporaneously active in vertebrate genome evelutio

MATERIALSAND METHODS

Vector construction

Sequence information, maps and material requesthdee constructs can be found on our web
site [http:// primer.ansci.umn.edu/fahrenkruglgdlTnP-GeN. pPTnP-GeN was produced by cloning a
3.4 kb Xmal to Nhel fragment of pKT2P-GeN (21), aefincontained the human PGK promoter and



miniintron, EGFP, the encephalomyocarditis viruginal ribosome site, neomycin phosphotransferase,
and the rabbit beta-globin poly(A) signal, into pRTSE. pPTn2-SE. Using T3-rev
[TCTCCCTTTAGTGAGGGT TAATT] and T7-rev [TCTCCCTATAGBEAGTCGTAT TA] primers a
102-bp PCR product of pKT2-SE that provides T7 @8golymerase binding sites orientated towards
the ITRs of the PTn transposon and separated hgramultiple cloning site was cloned into the Mscl
site of prePTn1(-1). prePPTn2(-1) was made by ofpai 0.65 kb BamHI to Kpnl fragment of pCR4-
PPTN2A into pK-A3 opened from Kpnl to BamHI. pCRBTMN2A was created by topo cloning a 0.65
kb PCR product amplified from prePPTN2(-2) usingas PPTN-F1 (BamHI)
[AAGGATCCGATTACAGTGCCTTGCATAAGTAT] and PPTN-R2 (Kd
[AAGGTACCGATTACAGTGC CTTGCATAAGTATTC] into pCR4-Top (Invitrogen). prePPTN2(-2)
was created by amplifying the majority of pBIUKSTS (14) with oligos PPTN-OL2 [CCATCTT
TGTTAGGGGTTTCACAGTA] and PPTN-OR1 [CCA GGTTCTACCAARATTGACACA]. The PCR
fragment was then self-ligated to produce an erirptysposon with a single Mscl site in its interior.
pKUb-PTs. pKUb-PTs was made by replacing the SBrlegn pKUb-SB11 with PTs by cloning a 1.0
kb BamHI to Nhel fragment from pCR4-PTs into pKI8B11 from Nhel to BamHI. pCR4-PTs1 was
made by cloning a PCR fragment of pBIuKS-PPTN4 @mplified with primers CDS-PTs-F1
[AAAGCTAGCATGAA GACCAAGGAGCTCACC] and CDS-PTs-R1 [AGGA
TCCTCAATACTTGGTAGAACC] into pCR4-Topo (InvitrogenpKC-PTs. The PTs coding region was
placed behind the mCAGs promoter by cloning a b.0lkel to EcoRI fragment of pKUb-PTs containing
the transposase into pK-mCAG opened from EcoRIhelNoK-mCAG was made by cloning the mCAG
promoter from pSBTMCAG (22) as a 0.96-kb Smal toFdfilled) fragment into pK-SV40(A)x2
opened with Aflll (filled).

pKUb-SB11. The construction of pKUb-SB11 has praslg been described (21).

pKC-SB11. pKC-SB11 was made by cloning a 1.05-kieINd EcoRI fragment from pKUb-SB11 into
pK-mCAG (21) opened from EcoRlI to Nhel.

pCMV-Bgal. pCMV-Bgal is available from Clontech (Mistainview, CA, USA) as pCMVb.

pPTnP-PTK. A 2.7 kb Pvull to Pvull fragment of pKRP_TS (21)was cloned into the EcoRV site of
pPTn-RV to make pPTnP-PTK. pPTn-RV was made byiotpKJC-Adapter 4
[TCTCCCTTTAGTGAGGGTTAATT GATATCTAATACGACTCACTATAGGRAGA] into the Mscl
site of prePPTn2(-1) creating T7 and T3 polymetasding sites orientated out towards the ITR of the
PTn transposon and separated by an ECoRV site.

Cédl culture and transposition assays

HT1080, HeLa, CHO-K1, NIH-3T3 and Vero cells araitgable from ATCC. TT and DF1 cells
were kind gift from the laboratory Dr Douglas Fasténiversity of Minnesota (23,24). The isolatioh o
PEGE cells has been described previously (21). ®dQ@ells were grown in DMEM-F12 while all other
cell lines were @ltured with DMEM. Both mediums were enriched wit?o FBS, T Penn/Strep, and
1r L-Glutamine. PEGE cells were also enriched wiulin at 10 mg/ml. Transposition assays were
carried out after seeding cells in six-well plaiesichieve 60—-80% confluency prior to transfectidtin
DNA complexed with TransIT-LT1 transfection reagéwirus Bio Corporation, WI, USA).



Transfections were carried out according to manufac's instructions with a ratio of 3:1 lipid:DNA.

Two days after transfection, cells were isolateanftheir wells with trypsin and collected by
centrifugation. Two replicates of 30 000 cells wpleted on 100mm dishes and selected in the
appropriate selectable media. HT1080 cells weextsd in 600 mg/ml of G418. For puromycin
selection, HT1080, HelLa, Cho-K1, NIH-3T3, Vero, TDF1 and PEGE cells were selected under 0.65,
0.4, 8.0, 1.5, 1.8, 0.35, 0.8 and 0.3 mg/ml puramyespectively. After colony formation, typical®y-12
days under selection, colonies were stained witthytene blue and counted.

Southern hybridization

Genomic DNA from independent clones derived afi@ngfection withPassport transposons
(pPTnP-PTK) andPassport transposase (pKC-PTs) was isolated using stamdatidods. Approximately
10 mg of DNA was digested with Asel and run on@®agarose gel. The DNA was transferred to a
positively charged nylon membrane using 10X SSCsaaddard methods. The membrane was
hybridized with a random primed fragment of pKP-RTR isolated after digestion with Xmal. This
probe contains the bulk of the puromycin—thymidimase gene, about 1.5 kb.

Cloning junction fragments

Blocked linker-mediated PCR was performed as desdr{21) except that DNA was obtained
from colonies of cells that had been dried andhsthiwith methylene blue. Briefly, genomic DNA was
digested with a cocktail of restriction enzymesluding Xbal, Nhel, Avrll and Spel. The DNA was
ligated to a blocked linker made by annealing tigpos primerette-long [CCTCCACTAC
GACTCACTGAAGGGCAAGCAGTCCTAACAACC ATG] and blink-Xbig50P-
CTAGCATGGTTGTTAGG ACTGCTTGC-30P]. Nested PCR wasf@ened on the ligated DNA to
specifically amplify junctions between tHeassport transposon and genomic DNA. The
transposonspecific primers for the primary PCRuded PTn- IRDR(L)-O1
[GTGTTGGTCCATTACATAAACTCAC GATGAA] or PTn-IRDR(R)-Q [GGGTGAATACTT
ATGCACCCAACAGATG], transposon-specific primers fine secondary PCR reactions included PTn-
IRDR(L)- O2 [GCATGACAAAATGTAGAAAAGTCCAAAGG] or PTniRDR(R)-02
[CAGTACATAATGGGAAAAA GTCCAAGGG].

Phylogenetic analysis

The 1626 bp DNA sequence of PPTRassport) was used to query the entire ENSEMBL
(www.ensembl.org) genome database using BLASTNs€asus DNA sequences were derived, as
described by Leaver (14), from a minimum of sevethe most similar sequences from each genome.
Deduced consensus transposase amino acid sequareesligned using ClustalwW and phylogenetic
trees generated as described (14). The Atlantn@alSalmo salar) and rainbow trout (Oncorhyncus
mykiss) EST and tentative consensus cDNA datal{https//compbio.dfci.harvard.edu/tgi/) were also
interrogated with PPTN using BLASTN and sequenssgmbled into consensus polypeptides as
described for genome sequences.

RESULTS

Native Passport is competent for transposition in cells of diverse vertebrateorigin



The SB, Frog Prince and HsMarl transposon systeenacsive in a wide array of vertebrate cells
(11-13), although to differing degrees. In ordeassess the ability and ubiquity Bassport function,
we undertook an analysis of TnT in human (HeLa, 68Q), monkey (Vero), pig (PEGE), hamster
(CHO), mouse (3T3), chicken (DF1) and turkey (Té)j<using aPassport transposon containing a
puromycin thymidine kinase fusion protein (25) érivby the mouse PGK promoter (pPTnP-PTK). Cells
were transfected with the pPTnPPTK transposon aRdsaport transposase expression construct (pKC-
PTs) at a Tn:Ts molar ratio of 1:0.5, or with thelan equivalent of pCMV-bgal. Following transfeatjo
replicates off 30 000 cells were plated and selaatpdromycin, fixed, stained and enumerated. lin al
cases,Passport-dependent TnT resulted in the generation of a rmurabpuromycin-resistant colonies
far exceeding that observed for controls lackiags$posase, in the case of Hela cells reflectitepat a
40-fold enhancement (Figure 1). As with other tpars®n systems (12,26), TnT varied between cellstype
(as did background- resistant colony formatiorth@lgh comparing relative transpositional activity
across cell lines may be confounded by the fadttthasfections were conducted under identical
conditions that may be suboptimal for some ce#idilNonetheless, nativieassport is functional in cells
from a broad sampling of vertebrate species.

Passport is sensitive to over production inhibition

Overproduction inhibition, where excess transposadeces the rate of transposition, is a
hallmark of Tcl/ mariner elements (5). We thus undertook an analysis efdffect for Passport and
compared its sensitivity to that of the well-chaesized SB transposon system (27,28). A series of
transfections was performed with varying ratiosrahsposase to transposon vector to measure tw eff
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Figure 1. Passport functions in cells from a wide varidtyertebrate sources. (A) A Passport transposdretiaesses
Puromycin phosphotransferaseas co-transfected with a source of Passport toassp pKC-PTs1 (+PTs) or pCMV-Bgal (—
PTs). Cells were selected in puromycin atable colonies were counted. (B) HeLa, CHO, Verd ldT1080 cells displayed an
increase in stable colony formation with the additbf Passpotransposase. (C) 3T3, TT, DF1 and PEGE cells preditewver
colonies under these transfection conditions; hanehe addition of Passparansposase significantly improved colony



formation. The addition of transposase rather theta-galactosidase significantly increased cofonyation in all cell types
(P<0.05, except CHO where P=0.07).

of increasing transposase concentration on theofdtansposition. In addition, two promoters [huma
UbC (29) and mCAG (22,30)] were used to drive espian of thePassport transposase across a broad
range of transposase levels (Figure 2). In HT1@88,cgene expression from the mCAGs promoter is 5-
to 10-fold higher than from the UbC promoter (dat& shown). A constant amount of transposon
(pPPTnP-GeN, 75 fmol) was co-transfected with trasgige vector containing either the UbC or mCAGs
promoter (pKC-PTs or pKUb-PTs at a Tn:Ts molarorafi 1:0.2, 1:0.5, 1:1, 1:2 or 1:5 corresponding to
15, 37.5, 75, 150 and 375 fmol of transposase [hsithe total amount of transfected DNA was kept a
2 mg by supplementing with pCMVbgal DNA. To comptrehe SB transposon system, identical
reactions were performed with an SB transposon @ikGeN) and SB11 transposase expressed from the
UbC and mCAGs promoters (pKU&B11 and pKCSB11). Following transfection, two regties of, 30
000 cells were plated and selected in G418 for 4@ldlys, fixed, stained and the resulting colonies
enumerated. Our previous studies indicated thatlarmmatio of 1:1 SB transposon to SB transposase
expressed from the human UbC promoter resulte@an-aptimal transposition rates for the SB
transposon system. Therefore to correct for aniatian in transfection or selection, a 1:1 ratio of
pKT2P-GeN:pKUb-SB11 was included as in internahdgad for each day of transfection. The relative
sensitivity of the two transposon systems to ovaipction inhibition is presented in Figure 2B and C
where colony formation is expressed relative todietemporary pKT2P-GeN:pKUb-SB11 internal
standard. As shown in Figure 2B, the hyperactivesgilem resulted in more than twice as many
colonies as the nativ@assport system (Figure 2C) at their respective optimalTsrratios. As expected,
the SB transposon system is sensitive to overptamumhibition. The peak transpositional activioy
Passport was observed using a 1.5 ratio of pPTnP-GeN:pKUb1Ror a 1:0.2 ratio of pPTnPGeN: pKC-
PTs1, beyond which increasing transposase expresssalted in reduced transposition, indicating tha
Passport is indeed susceptible to overproduction inhibition

Molecular characterization of Passport transposition

To validate transposition we examined the numbéntefyration events per cellular clone by
Southern analysis. Transposition is supported lyitizing fragments of varying lengths, correspondi
to genomic restriction sites at varying distancemfthe transposon insertionsites (Figure 3A). Non-
transpositional DNA integration results in the fation of multi-copy concatemers (31) that are etgubc
to result in a predictable restriction enzyme fragtrderived from sites within the transposon vector
(Figure 3B). The Southern analysis of DNA isolaftern 15 HT1080 clones revealed thaassport
indeed had transposed into the human genome, withifour integrations per cellular clone
(Figure3C). Clones 4, 5 and 9 also contain a hjtingd band near the predicted size of a concatemer,
although low signal intensity suggests low copeitsnot inconsistent with transposition. To furthe
verify TnT by Passport, and to characterize the insertion target sitelspaeferences within HT1080
cells, junction fragments between the transposornhast genome were cloned and sequenBadsport,
like other Tcl transposons, is expected to integrdab a TA dinucleotide and cause target-site
duplication of the TA sequence at the ITR bounda@aple 1 lists 27 independent insertion events
identified in HT1080 cells, demonstrating integoatof the transposon into a TA within the human
genome, and validating genuine transposition. Trm®mic location of each transposon insertion was
determined by comparison of the cloned junctiorusege to the human genome using Blastn (32).
Insertions were dispersed across the human geribetée(1). However, insertions did not appear to be



completely random as chromosome 1, which is twiclwag as chromosome 12, has no integrations,
whereas chromosome 12 has six integration evengldition, the cloned junctions were found in
transcription units in 63% of the cases, whichminsistent with a completely random integration
profile.
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Figure 2. Examination of overproduction inhibition. (A) Bxaminethe effect of transposase dose on transpositi@s rat
constant amourdf pTnP-GeN (75 fmol) was co-transfected with fiiferent molaratios of transposase expression vector
driven by either the humddgbC promoter (pKUb-Ts) or the mCAGs promoter (pK&sTwhereT and Ts generically refer to
either SB or Passport components. IrcaBes the total amount of DNA transfected was &sfjus 2 mg by thaddition of the
appropriate amount of pCMV-Bgal. After transfectaomd selection in G418, colonies were counted aedli#ta compared &n
internal reference transfection of SB at a ratid:dlU. The rawdata for the internal reference transfection cammen fa total of
30replicates and ranged from 68 to 324, with a medfekb0 and anean of 170 (data not shown). The relative tranpos



efficienciesconfirm overproduction inhibition of (B) the SB trsposon system ar{@) demonstrate overproduction inhibition of
the Passport transpossystem. Error bars represent the SE.
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Figure 3. Evaluation of diversity and number of Passportageicintegrations. (A) Transposase-mediated recombinatito
thegenome should result in transposon fragments dédlviarlength aftedigestion with Asel. The sizes of the fragments are
dependent on theroximity of Asel recognition sites in the neighlmgy chromatin, andan be observed following Southern
hybridization. (B) Commonlywhen DNA integrates without the enzymatic activifitransposasdead-to-tail concatemers of
variable length are formed and integriatt® the genome by non-homologous end-joininghla tase, theize of this internal
high-representative fragment (~5.1 kb) is prediethlsed on the location of Asel sites within the $pson donoplasmid. (C)
An image of our Southern hybridization of 15 indegentHT1080 clones is shown. The paired head-to-tadvesrindicatehe
expected position of pPTnP-PTK concatemers thadtiqoatentiallyform during integration by non-homologous end joi
The line with outward facing arrowheads represtrgssize of théransposon and therefore the minimal expectedasiae
hybridizingfragment integrated by TnT. The asterisks markands presernin the HT1080 DNA that hybridize weakly with
the PTK probeised here.

Passport-like transposons ar e present in other fish and amphibian genomes

The availability of sequenced genomes providespgoiunity to compare and categorize all
transposons within a species and derive consersgugsces with a minimum of experimental bias.
While Passport elements were originally isolated from plaice,hemlentical elements have been
identified in other flatfish, including flounder dnurbot (99% and 98% DNA identity). A recent séaot
ENSEMBL revealed the presence of additional rel&taolsposases with high nucleotide identity (>80%)



to Passport in the genomes and EST collections<efiopus tropicalis, and pufferfish Takafugu
rubripes), stickleback Gasterostreus aculeatus), medaka Qryzis latipes), Atlantic salmon $almo salar)
and rainbow trout@ncorhynchus mykiss). Passport-like transposons were absent from all other
ENSEMBL genomes, including those of the zebrafi3anfo rerio), despite the wide range and high
copy number of otheFcl-like elements in this species. Comparison of thebded transposase amino
acid sequences show that relativesdPaisport form a distinct family offc1-like transposons that is
further divided into two subfamilies, includirtgagle/Glan andBarb/SSTN/RTTN (Figure 4). The
salmonids (salmon and rainbow trout) contain mesbéboth subfamilies, whilst. tropicalis,
pufferfish, stickleback and medaka contain onlyhgle/Glan subfamily. The structure dPassport is
somewhat intermediate between thaEafle/Glan andBarb/SSTN/RTTN, in that its ITRs bear a strong
resemblance tBarb/SSTN/RTTN (Figure 5A) whereas its transposase-coding regg@ams to bear more
resemblance to theagle/Glan subfamily. Intriguingly, alignment of the DNA-biimdy domains of the
transposases demonstrates a distinction betagie/Glan and Passport/Barb/SSTN/RTTN (Figure 5B),
a difference that may be functionally connecteth®olTRs of these elements.

Table 1. Passport junctions from integration into the harganome

(L) Integration Site ( R Chrm Pos GCene ID
ATGATGCAGCTGGATCCGAT TA ATCGGTACCATTTAAATCTG -- VECTOR
CTACCCAGACTCATTTGATT TA act gggaaagtctcttggta 2 p21 I ntergenic
TTTCAATTCTTTTGAATGTA TA cct acgaat agaat t gct gg 2 q24 PLA2R1
gttgggaactt aactt gaac TA GTATAGAAAGGATGTCCGAA 2 q37 I ntergenic
GTCCAGAAGT GAGT TCAGAT TA gat caattctgttagcacct 3 g25 I ntergenic
GITTTTATTTATCTTGAGTA TA  taccatgaattggcactgct 4 32 (hmMmmB072864)
gat ggttgcattaaacaatt TA TGTCCTAAATTATGCACAAT 5 p13 I ntergenic
agacat agatgttacatata TA GATTTAGTGTATTGTAGATA 6 p21 SUPT3H
tacatggtagtttaaaatta TA CATCACTTTGTATATGGAGC 6 ql4 I ntergenic
catctttttatattgttagg TA GTAAGTGTATATTTCAAACC 6 g21 FYN
GCAGAGGCCTGTGTCAGGTT TA aat gt gagct gcaggcagag 6 26 TULP4
TCAAAGCAAGAAAGATTTAT TA gct cgagt ct ct gcaacaaa 7 q32 PODXL
gagt ggct aagt aggat at t TA GGTTCTCAAAGCTAATAGAG 9 p24 PCD1L&
TGTTGTCAAGTTTATTGATA TA catcctttaataatgctttt 9 g22 FANCC
CGCACCAAGTCGATAGTATT TA t gct aaagt ct ct ct gaaat 11 q24 ETS1
GTACGTATAGATTTGACTGG TA tacaaccttcct ggggcggc 12 pl1 PPFI B1
gat gct agagaat caacttt TA ATTCCAAAACTTGGTACATT 12 pl2 PLEKHAS
TAATAGTGATGAGTGGTATC TA tct ccact caagaaaaat gg 12 p13 (hm15010263)
gcat ccccacagacacacct TA  CCTGITCAGTGCAGGCACCT 12 p13 I ntergenic
CAGCTCTCCCTCTGCCTCCC TA ttat aagaacact gatgatt 12 q13 I ntergenic
TCTATCATTACCCCATGGECC TA gat cat gaaactgagtctta 12 gq24.1 (hm1230274)
AGAGGAGAGAAGCGACGCTTT TA at acagctttcggt caaaag 13 ql4 RCBTB1
TCCCTATAAGCTCTACCATG TA cct acagt cct agggcaga 14 q22 I ntergenic
GCAAACCACCATGCCATATG TA t agct at gt aacaaacat gc 15 g11 I ntergenic
ttggtttgaataactggttt TA GITCAATGTCAACCCTGCAA 15 q26 ALDH1A3
CCCAGAAACCAGCCATAATC TA ctcatttagcaaaaatcatg 17 g21 NBR1
TAGITATTTATACTAAGGTG TA  aatgattgctgtcccactca 18 pl1 (hmml912534)
ttacacat at gat gccat gc TA TCTTTATTGITCTGTACGCTT 22 q13 I ntergenic

The integration sites show the sequence outsideethE' R (L), the TA that is duplicated upon intagjon, andhe sequence
outside the right ITR (R). The first sequence iatls the sequence found in the donor plasmid (nddle the remaining



represent 27 Passport integrations sites all oflwbecurred by transposition as indicatedhsyexact junction at the ITR with a
TA dinucleotide from the genome. In each case dogience represented@APS was cloned by blocked LM-PCR and the
sequence in lower case was derived from genomeegegqudataln many cases, the Passport transposon integratednown or
(predicted) genes (Locus). The transpasegrations targeted a wide variety of chromosagpaaitions (Chrm Pos).
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Figure 4. Phylogeny of Passport-like transposons and ttests.(A) Neighbor-joining plot of multiply aligned trapesase
consensuamino acid sequences. Sequences were aligned wiska@®, and plotteavith NJplot. Numbers represent the
percentage frequencies withhich the tree topology was returned after 100@itens. The tre& rooted to Tcl from C. elegans.
Transposon designation is prefixedhmst species identifier; om, rainbow trout; ol, mlea; ga, sticklebackt, pufferfish; ss,
Atlantic salmon; ce, C. elegans; rt, Rana tempaffog); xt, Xenopus tropicalis. Passport, Frog Beiland SleepinBeauty
were isolated from Pleuronectes platessa, Ranadyls, andh variety of salmonid species, respectively. (Bylégeny of host
speciesadapted from Nelson (50). The colored dots assigairing theransposons shown in A with the species from B.
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DISCUSSION

We have shown for the first time that a vertebddgved transposon from tAgl family is
active in its native formPassport promotes TnT into vertebrate cells, with up tdafdld increase in
Hela cells and a 20-fold increase in HT1080 cellemvcompared to transgenesis without transposase.
This corresponds to a rate of transposition upatbthe level we observed for SB11, itself a hyptva
mutant that is about 3-fold more active than thgioally reanimated SB10 (27). Reanimation of SB,
Frog Prince andHsMar1 relied on phylogeny-informed reconstruction ofiest elements (11-13).
Efforts to develop hyperactive transposases foliegimn to TnT and gene therapy have applied both
structure-based (33,34) and phylogenetics-infor(@&g35,36) approaches. Indeed, the nafassport
transposase sequence has been considered in imq@otgeto SB and it contains several residues that
have been synthetically introduced to generateagpee SB mutants, including; L205 and VR207/8
(35), and R130 and Q243 (27). Changes have alsorbade in the cis-acting ITR (36,37), as well &s th
spacer sequence between the ITRs of the SB trams|f®6,36), resulting in the development of
improved transposons, and evidence that only ftamkR/DR are required to constitute an effective
transposon, a finding recapitulated in our study.



A

gaEAGLE TACAGTGCCTTGCGAAAGTATTCGGCCCCCTTGAACTTTTCGACCTTTTGCnnn. .
omGLAN TACAGTGCCTTGCGAAAGTATTCGGCCCCCTTGAACTTTGCGACCTTTTGCnnn . .
OlEAGLE TACAGTGCCTTGCGAAAGTATTCGGCCCCCTTGAACTTTTCAACCTTTTGCnnn. .
xtEAGLE TACAGTGGCTTGCAAAAGTATTCGGCCCCCTTGAACTTTTCCACATTTTGTnnn. .
omBARB TACAGTGCCTTGCRAGAGTATTCATCCCCCTTG. CGTTTTTCCTATTTTGTnnn. .
88SSTN TACAGTGCCTTGC GTATTC CCCCCTTG GTTTTTCCTATTTTGTnnn. .

rtRTTN TACAGTGCCTTGC GTATTCACCCCCCTTGGCTTTTTACCTATTTTGTnnN . .
Passport.TACAGTGCCTTGC GTATTC CCCCTTTG CTTTTCTACATTTTGTnnn. .
*% * %%

gaEAGLE ..nnnAAAA..CTGAAAAATTGGGCGTGCAAAATTATTCAGCCCC.TTTACTTTCA
omGLAN . .nnnAAAA. .CTGAAAAATTGGGCGTGCAAAATTATTCAGCCCC. TTTACTTTCA
OlEAGLE . .nnnAAAAA.CTGAAATATTGGGCGTGCAAAATTATTCAGCCCC.TTTACTTTCA
xtEAGLE ..nnnATAA..CTGCAAAGTGGGGTGTGCGTAATTATTCAGCCCCCTTTGGTCTGA
omBARB .nnnAA. .. ... GGIGCGTGCAT TATTCACCCCC.TTTGCTATGA
8s8SSTN . .nnnAAACTMCAG TGG GCGTGCAT TATTCACCCCC.TTTGCTATGA
rtRTTN . .nnnAAA. .ACTGAT. TGG ATGTGCGT TATTCACCCCC.TTTGTTATGA
Passport ..nnnAAAT..CTG. GAGTGCAT TATTCACCCCC. TTTACTGTGA
B

gaEAGLE MENKEH] RQVRDTVVEKF%IGFGYKKIS§|LNIPRSTVQAIILKWKEYQTTANLQRPGRP
OmMGLAN MKNKEHERQVRDTVVKKFKEGFGYKKISQELNIPRSTVQAIILKWKEYQTTANLPRPGRP
OlEAGLE MKNKEHERQVRDTVVEKFKRGFGYKKISQALNIPRSTVQAIILKWKEYQTTANLQRPGRP
xtEAGLE MKSKEHBRQVRDKVIEKFKBGLGYKKISKBLNIPRSTVQATIQKWKEYGTTVNLPRQGRP
OmBARB MRTKEBSKQVRDRVVERERSGLGYKKISETLNIPQS IIRKWKEYGTTTNLPKEGRP
SSSSTN MKTKE, SIQVRDKVVEKIRSGLGYKKI SETLNI PRS! IIKLKEYGTTTNLPREGRP
rtRTTN MKTKEHBSKQVRDNVVEK¥KSGLGYKKISKSLMIPRS IEKWKEHGTTANLPRDGRT
Passport METKEHNEKQOVRDKVVERYEBGLGYKKISRELNISLS IRKWKEYGTTANLPRGGRP

Figure5. Comparison of repeat sequences and transposaaebiPing domains of Passport-like transposons.GaAmparison
of terminal andnternal 50 repeats of the left ITR. Host speciesiifier as for Figure 4 prefixes transposon degtign. Gray-
shaded residues are common tortiggority of sequences. Bars below the line indithéeconserved repeat units from within the
inverted repeats. Pink highlighted sequences deluifferences between the Eagle/Glan and SSTN/Bamiliés. For the ITR
sequences, Passport clearly aligns more closelythit SSTN/Barlfamilies within the direct repeats, but evidence of
convergence towards Eagle/Glan sequences are ellgest outside of these direct repeatmdiated by the asterisks. (B)
Comparison of the putative DNA-binding domains eg§port and related transposases. Pink-shadedessidlicatehe amino
acids that distinguish members of the Eagle/Glamiljafrom SSTN/Barb. Residues shaded red indidateconvergence of the
activePassport sequence towards the Eagle/Glan familihich it is more closely related over the lengthiaf entire protein,
whereas blue residues sheame convergence of the X. tropicalis Eagle elertmmards the SSTN/Barb subfamily. Residues
shaded in yellow seem to be unique within Passpaitmay be important for its activity.

We demonstrated th&assport transposons display overproduction inhibition agals to
other Tcl/mariner elements (5). Interestingly, desysing identical promoters in the SB aRessport
transposase expression constructs, optimal traitigpoand the emergence of overproduction inhihbitio
for Passport occurred under conditions expected to corresposibnificantly higher levels of
transposase expression. We can estimate that éptanaposition forPassport requires more than
double the amount of transposase expression asil®, their maximal transposition occurred at Tn:Ts
molar equivalents of 1:5 and 1:2, respectivelysTdould result from differences in the translatlona
efficiency or stability of the encoded transposadéferences in the affinities of the transposdsesheir
corresponding transposons, or from innate variamt@nspositional activity (disparities not unegjesl
when comparing native and hyperactive transposstess).

We conducted a limited survey &fassport integration sites and observed a significant
preference for integration into genes (likelihoatlo >5000:1). This characteristic has also beeseted
for the piggyBac transposon system, a non-Tcl eiei38), but contrasts sharply with the random



integration site preferences for the SB transpagsitem (39), suggestinBassport may be especially
suitable for functional genomics applications. kediethere are a variety of transposons useful in
vertebrate cells, includingB (11), Frog Prince (12), Tol2 (40), minos (41,42),piggyBac (43,44),Ac/Ds
(45,46),Toll (47),HsMar1 (13), Harbinger (48) and nowPassport. The unique transposon ITRs and
preferences for target sites provides a toolbokaha be implemented in response to a variety efise
Particularly relevant applications include the aldritroduction of multiple transgenes into celtéfaals
without disturbing previously integrated transpasand enhanced insertional mutagenesis scredns tha
capitalize on differences in integration site prefees (49).

An examination of genome-sequence data for divenganisms shows thatl elements related
to Passport are also present in X. tropicalis and in othen fipecies. IiX. tropicalis these transposons
have been termdghgle (20) and in rainbow troulan andBarb (19). Members of theagle/Glan
family are phylogenetically widespread and thedtritbution is generally in agreement with the atedp
phylogeny for these species (50), indicating vattimnsmission. On the other haBdyb/ SSTN/RTTN
family members are restricted to salmonid fish Rada frogs (14), likely representing horizontal
transmission.

Passport transposons appear to be an intermediate betwe&agdle/Glan group and the
Barb/SSTN/ RTTN group of transposons, with ITRs bearing a strasgmblance tBarb/SSTN/RTTN but
a transposase more akin to fegle/Glan subfamily. Perhaps transposon ‘hybridization’ remulted in
the genesis oPassport in Pleuronectid genomes. Regardless, the corréspoe of differences in the
DNA-binding domains of these closely related trarssises and their cognate ITRs provides a rationale
for future investigations focused on the evolutam engineering of transposase specificity.

Passport represents the first opportunity to study thedmglof a native functionally intact
vertebratelcl element. As such, it may provide important infotimabout transposon function and
regulation that could have been lost or modifiedrdpsynthetic reanimation or subsequent hyperagtiv
mutagenesis. Provided suitable culture conditi@mshe developed for plaice celBassport may also
provide the seminal opportunity to study evolvegutatory or accommodating interactions between
vertebratelcl transposons and the host genome, perhaps mishiey @lements are artificially
introduced into a naive genome.

The functional integrity and phylogenetic restdantof Passport sequences suggest
contemporaneous activity. Further studyR#ssport integration sites by high throughput sequencing
could provide important information about the higtof transposition in flatfish, contributing toou
understanding of the roles of DNA transposons itelate genome evolution (51). The prevalence and
genomic location ofPassport transposons among geographically diverse plaideeated natural fish
populations may be helpful in determining the ticoeirse and extent dPassport infiltration. Of
particular interest is the potential to addresspeothesis that transposon activity may increase i
response to stress (52), a phenomenon recentlpgapdy observations in other teleosts (19). Altito
speculative, perhapBassport activity could prove a useful indicator for maraggeographically
disperse flatfish fisheries in the face of ecolagand fishing pressures.

SUPPLEMENTARY DATA Supplementary Data are available at NAR Online.
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