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ABSTRACT

Identifying factors influencing transposable element activity is essential for understanding how these
elements impact genomes and their evolution as well as for fully exploiting them as functional genomics
tools and gene-therapy vectors. Using a genetics-based approach, the influence of genomic position on
piggyBac mobility in Drosophila melanogaster was assessed while controlling for element structure, genetic
background, and transposase concentration. The mobility of piggyBac elements varied over more than two
orders of magnitude solely as a result of their locations within the genome. The influence of genomic
position on element activities was independent of factors resulting in position-dependent transgene
expression (“position effects”). Elements could be relocated to new genomic locations without altering
their activity if =500 bp of genomic DNA originally flanking the element was also relocated. Local
intrinsic factors within the neighboring DNA that determined the activity of piggyBac elements were
portable not only within the genome but also when elements were moved to plasmids. The predicted
bendability of the first 50 bp flanking the 5" and 3’ termini of piggyBac elements could account for 60% of
the variance in position-dependent activity observed among elements. These results are significant
because positional influences on transposable element activities will impact patterns of accumulation of
elements within genomes. Manipulating and controlling the local sequence context of piggyBac elements

could be a powerful, novel way of optimizing gene vector activity.

RANSPOSABLE elements are ubiquitous compo-
nents of genomes that have played and continue
to play a significant role in shaping the size and
organization of genomes and contribute to genetic
variation within genomes upon which natural selection
can act (KIDWELL and Liscu 2001; KipwerLrL 2002;
PriTHAM 2009; REBOLLO ¢f al. 2010). The contribution
of transposable elements to the dynamic processes that
shape genomes and the biological significance of these
elements to the organisms that harbor them are due
largely to the excision and/or transposition activities of
the elements. Understanding the factors that influence
transposable element activity, therefore, is important
for understanding how transposable elements exert
their influences on the genomes in which they are
found.

Understanding transposable element movement and
regulation is of considerable practical importance
because they have become valuable functional-genomics
tools that aid in the identification, isolation, and analysis
of genes. Transposable elements are also popular
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genetic platforms from which gene vectors are con-
structed for the purposes of creating transgenic cells and
organisms (Ivics et al. 2009; VANDENDRIESSCHE el al.
2009; BouuAERT and CHALMERS 2010; CARLSON and
FAHRENKRUG 2010; MuNOZz-LoPEZ and GARCIA-PEREZ
2010). Recently, the practical significance of transpos-
able elements has been extended to include clinical
applications where these elements are being devel-
oped and used as human gene therapy vectors to
deliver genes to cells and tissues for the purpose of
improving the health of patients (Ivics and Izsvak
2006; VANDENDRIESSCHE et al. 2009; BOUUAERT and
CHALMERS 2010).

Although transposable elements are widely distrib-
uted and abundant, in most genomes few elements are
usually active because most have become defective and
dysfunctional as a result of mutations acquired over time
and during the excision/transposition/repair process.
Not only are active elements rare, relative to the total
number of elements within most genomes, but also the
rates of movement of those that are active are highly
variable. For example, in Drosophila melanogaster the num-
ber of insertions per element per generation has been
estimated from 2 X 107! to 3 X 10~* (ROBERTSON ¢t al.
1988; ENGELs 1989). There are many factors known
to influence element activity, including the concentra-
tion of element-specific transposase, the size, structure,
content, and organization of the element, and the
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presence of regulatory proteins and/or small RNAs
(FEscHOTTE and PriTHAM 2007; MALONE and HANNON
2009; OBBARD et al. 2009). Chromatin structure and
organization are expected to influence the movement
and distribution of transposable elements within ge-
nomes although this aspect of transposable element
movement remains largely unexplored. The distinctly
nonrandom distributions of transposable elements
within genomes probably reflects, in part, constraints
on the ability of transposases to interact with DNA
substrates when they are part of chromatin structures,
although direct evidence for the importance of chro-
matin in modulating transposable element movement
remains largely absent (Pryciak and VArmus 1992;
MULLER and VARMUS 1994; PrusSS ¢ al. 1994; SLOTKIN
and MARTIENSSEN 2007). The clustering of transposable
element insertions around the 5’ region of genes, as is
the case with P elements in D. melanogaster and Mu in
Zea mays, has been taken as evidence for the preference
of these two elements for integrating into DNA associ-
ated with open chromatin configurations (L1Ao et al.
2000; L1u et al. 2009). However, the distribution of class
IT elements within genomes is also a function of the
remobilization activity of elements, i.e., the tendency of
elements to excise and/or transpose from particular
sites within the genome. While little is known about how
element activity is influenced by genomic position,
there is some evidence indicating that the remobiliza-
tion potential of elements is non-uniformly distributed
across the genome.

ENGELs (1989) reported that a nonautonomous
P element inserted at cytological position 17B in the
genome of D. melanogaster displayed very low frequen-
cies of transposition and excision even when high levels
of functional P-element transposase were present.
When a transposition event involving this element
eventually was recovered, resulting in the insertion of
the elementin a new genomic position (22A), the newly
relocated element transposed subsequently at frequen-
cies considered typical of P elements (ENGELS 1989).
Other P elements at different positions within the
genome and resulting from the transposition of the
element at 22A were also readily remobilized. ENGELS
(1989) suggested that the stability of the original P
element at cytological position 17B was due in some way
to its position within the genome. ROBERTSON et al.
(1988) reported excision and transposition frequencies
of a number of Pelements in the presence of a constant
source of transposase and found the rates of movement
to be highlyvariable. Although there was variation in the
structures of the elements tested in some cases, the
variability in element movement was largely a function
of the elements’ positions within the genome. BERG
and SPRADLING (1991), while investigating some of
the factors that affect the mobility of P elements in
D. melanogaster; found that not only the structure of
elements but also the chromosomal position of the

elements was an important factor affecting transposi-
tion frequency (BErRG and SprabLING 1991). They
found that two identical P elements at cytological
positions 7D and 9AB had a sixfold difference in
transposition activity in the presence of identical levels
of transposase. Similarly, Ds elements in different
locations within the genome of Arabidopsis thaliana were
also found to have different rates of excision/trans-
position in the presence of fixed sources of transposase
(BANcrOFT and Dran 1993; SmitH e al. 1996).
BANCROFT and DEAN (1993) reported that a 10-fold
difference in the excision rates of two identical Ds
elements could be attributed solely to where the
elements were located within the genome (BANCROFT
and DEAN 1993). LiscH el al. reported that both MuDR-1
excision and duplicative transposition rates were influ-
enced by chromosomal position in maize (1995). They
measured a threefold difference in the frequency of
duplicative transpositions between two unlinked ele-
ments and report as unpublished observations that
elements at other positions had an even greater effect
on transposition rates. KiITAMURA et al. (2001) made sim-
ilar observations of the Tam3 element in Antirrhinum
majus (KitAMURA et al. 2001). The frequency of move-
ment of nearly identical 7Tam3 elements varied as a
function of genomic position, but in this case element
activity seemed correlated to the degree of methylation
among the elements. In none of these systems was it
known what the proximal cause for the observed differ-
ences in element mobilities was, but differences in the
conformation of local chromatin were thought to
influence the accessibility of critical cisessential factors
required for excision/transposition (ENGELS 1989;
BANCROFT and DEAN 1993).

Here we examine the role of chromosomal position
on piggyBac activity in D. melanogaster and show that,
in an isogenic genetic background and a constant
source of transposase, piggyBac activity varies over two
orders of magnitude. Position effects influencing
piggyBac activity are distinct from and independent
of position effects affecting transgene expression
from within the element. We show that the observed
variation in element mobility resulted from proper-
ties intrinsic to the local chromosomal DNA extend-
ing no further than 500 bp from the ends of the
piggyBac element. These intrinsic properties are por-
table to new chromosomal locations as well as to
plasmids. The level of piggyBac exision/transposition
activities within the genome of D. melanogaster is
strongly associated with the predicted bendability
of the DNA immediately adjacent to the 5" and 3’
terminal inverted repeats. These results are signifi-
cant because they reveal the importance of local
genomic features in transposable element movement
and provide a rationale by which piggyBacbased gene
vectors could be modified or designed for optimized
transposition activity.
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MATERIALS AND METHODS

Fly stocks: D. melanogaster lines were obtained from the
Bloomington Drosophila Stock Center at Indiana University
and the Exelixis Collection at the Harvard Medical School and
maintained at 25° on a standard cornmeal/yeast-based diet.
The following fly stocks were used (stock number or line ID
followed by genotype):

1-Canton-S: wild type

3605-w'""*: a homozygous recessive spontaneous loss-of-func-
tion mutation in the white gene resulting in white eyes
containing < 1% of normal pigmentation levels.

8285-w'""? CyO, P{Tub - PBac\T}2/wg"": multiple copies of a P
element containing the piggyBac transposase open reading
frame under the regulatory control of the strong constitu-
tive promoter from the D. melanogaster tubulin gene on the
CyO balancer chromosome.

c00169-PBac{PB}CG4061°1%% c00178-PBac{PBj<""%,
c00404-PBac{PB}CG15335*"*;  ¢00747-PBac{RB}"""*";
c01352-PBac{PB}*'">>%  c01384-PBac{PB}CG32549""7%,
c01423-PBac{PB}*""***;  c01465-PBac{PB}*"""”’;  c02335-
PBac{PB}CGI1677°%%; e02382-w"*® PBac{RB}CG224 777
c03178-PBac{PB}CG3600'”'"; {03565-PBac{ WH }pod"">*;
c03764-PBac{PB)""*", c04386-PBac{PB}Ptp10Dc""*,
c04426-PBac{PB}AlstRc"""*%; c04432-PBac{PB}*""*% c05494-
PBac{PB}”*", c05577-PBac{PB}CG3600"°7; c05745-
PBac{PB}CG36387", c06451-PBac{PB}C3G""";
107297-PBac{ WH }mei-21 7" piggyBac-containing lines with
a single nonautonomous element containing the mini-white
gene (w" ") (THIBAULT etal. 2004). All insertions are on the X
chromosome with the exception of c00747, which is on 3L.

24483-y" M{vas-int.Dm}ZH-2A w*; M{3xP3-RIP.attP}ZH-51D:
contains a @C31 attP site on the right arm of chromosome
2 and the @C31 integrase gene under the regulatory control
of the promoter from the vasa gene on the X chromosome
(BISCHOF et al. 2007).

23648-P{ry" 7 *=hsp70-flp} 1, y' w*; M{3xP3-RFP.altP}ZH-86Ib;
M{vas-int. B} ZH-102D: contains a ¢C31 attP site on the right
arm of chromosome 3 and the ¢C3lintegrase gene under
the regulatory control of the promoter from the vasa gene
on chromosome 4 (BiscHOF et al. 2007).

24481~y M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP’} ZH-22A:
contains a @C31 attP site on the left arm of chromosome
2 and the @C31 integrase gene under the regulatory control
of the promoter from the vasa gene on the X chromosome
(BISCHOF et al. 2007).

24485-y" M{vas-int.Dm}ZH-2A w*; M{3xP3-RIFP.attP’} ZH-68L:
contains a @C31 attP site on the right arm of chromosome
2 and the @C31 integrase gene under the regulatory control
of the promoter from the vasa gene on the X chromosome
(BiscHOF et al. 2007). See Table S1 for additional details.

Molecular biology: The piggyBac elements from selected
lines and with various amounts of flanking genomic DNA were
amplified using the polymerase chain reaction (PCR) with
elementspecific primers (see Table S2 for the details of
the primers used). Amplifications were performed under
the following conditions: 1X Phusion buffer (Finnzymes,
Woburn, MA), 0.2 mm of each dNTP, 0.1 um primer forward,
0.1 pm primer reverse, 1 unit Phusion DNA polymerase
(Finnzymes) and 5-20 ng of genomic DNA. The PCR reactions
were performed under the following conditions: 3 min at 98°;
5 cycles of 15 sec at 98°, 30 sec at 62°, and 5 min at 72°; 35 cycles
of 15 sec at 98°, 30 sec at 68°, and 5 min at 72°; 10 min at 72°.
The PCR fragments were ligated into pCR-Blunt II TOPO
vectors according to the manufacturer’s recommendations
(Invitrogen, Carlsbad, CA). This resulted in plasmids that

contained piggyBac elements marked with mini-white and
flanked by various amounts of genomic DNA and containing
a unique Ascl restriction site in one of the PCR primers.

The @C31 attB site was amplified from the plasmid
pUASTattB (BiscHOF et al. 2007) using the PCR under the
following conditions: 1X ThermoPol buffer (New England
Biolabs, Ipswich, MA), 0.4 mMm of each dNTP, 0.2 wm primer
AttBFor; 0.2 um primer AttBRev, 5 units Tag DNA polymerase
(New England Biolabs), and 5-20 ng of template DNA. The
PCR reactions were carried out under the following condi-
tions: 5 min at 95°; 25 cycles of 30 sec at 95°, 30 sec at 56°, and
30secat 72°; 5 min at 72°. The resulting fragments were ligated
into a pCR2.1-TOPO vector according to the manufacturer’s
recommendations (Invitrogen). Because the forward and
reverse primers contained Ascl restriction sites, the ~300-bp
attB-containing fragment could be removed from the
pCR2.1plasmid by Asd digestion (Table S2).

@C31 attB sites were added to pCR-Blunt II plasmids
containing isolated piggyBac elements by digesting the plas-
mids with Ascl, dephosphorylating the terminal nucleotides of
the linearized plasmids, and ligating the resulting DNA to
300-bp attB-containing fragments obtained by digesting the
pCR2.1-TOPO with the ¢C31 attB site with Ascl.

Germline transformation of D. melanogaster: Subcloned
piggyBac elements on @C3lattB-containing plasmids were
introduced into @C31lattP-containing lines of D. melanogaster
that were expressing @C31 integrase in the germline as
described (B1scHOF ¢t al. 2007). Preblastoderm embryos were
injected with plasmids at a concentration of 0.25 mg/ml, and
individual adults arising from these embryos were out-crossed
to flies of the opposite sex from line 3605 (w'’’¥). Red-eyed
transgenic progeny of these crosses were used to establish
homozygous lines.

The subcloned piggyBac elements from lines 02382 and
05577 were also used as gene vectors to create transgenic
D. melanogaster via piggyBac transposition. A mixture of pCR-
Blunt 1102382+ 1kb, pCR-Blunt II-05577+1kb, pBac[3xP3-
DsRed] (HorN and WiMmER 2000), and phsp-pBac (HANDLER
and HARRELL 1999), each at 0.2 mg/ml, was injected into
preblastderm embryos of the line 3605 (w''*%), and the
resulting adults were individually crossed to uninjected flies
of the opposite sex from line 3605 (w''’%). Transgenic progeny
from these crosses were recognized by the presence of red-
pigmented eyes.

Measuring piggyBac activity and somatic activity: Males
containing the mini-white gene-containing piggyBac element
to be mobilized were crossed en mass with virgin females of
transposase-expressing line 8285 (w'""® CyO, P{Tub-PBac\T}2/
wg*"). Curly winged, red-eyed progeny were examined for the
presence of clones of ommatidia with no pigmentation
(arising from piggyBac excision) or with levels of pigmentation
more or less than the parental line [arising from piggyBac
transposition and different levels of mini-white expression as a
result of position effects (LEvis et al. 1985)]. Activity was
expressed as the proportion of curly-winged, red-eyed progeny
with eye-color mosaicism. Quantitative analysis of the data
was performed using the R statistical software (R DEVELOP-
MENT CORE Team 2010). Pvalues resulting from pairwise
ANOVA have been adjusted according to the Tukey HSD
method.

Measuring piggyBac activity and germline activity: Females
containing an X-linked, mini-white gene-containing piggyBac
element were crossed en mass with males of transposase-
expressing line 8285 (w'''* CyO, P{Tub-PBac\T}2/wg""). Fifty
curly winged, red-eyed male progeny were crossed individually
to 5-10 virgin females from line 3605 (w''*®), and the presence
of red-eyed male progeny arising from this cross was noted.
Because the piggyBac element was X-linked, red-eyed male


http://www.genetics.org/cgi/data/genetics.110.122168/DC1/2
http://www.genetics.org/cgi/data/genetics.110.122168/DC1/3
http://www.genetics.org/cgi/data/genetics.110.122168/DC1/3

322 C. Esnault et al.

progeny were not expected unless the element was transposi-
tionally active, in which case transposition to an autosomal
chromosome would result in exceptional male progeny
containing the transposable element and transgene. Germline
activity was expressed as the proportion of germlines of curly
winged, red-eyed males that produced exceptional red-eyed
male progeny.

Quantification of mini-white transgene expression: Ten
heads were collected from 4-to 5-day-old adult females homo-
zygous for the mini-white gene-containing piggyBac elements
and wild-type flies from the Canton-S line. Fresh tissue was
preserved immediately in 50 wl of RNAlater RNA Stabilization
Reagent (Ambion, Austin, TX). Three collections were per-
formed for each line of flies analyzed. Total RNA was isolated
from homogenized tissue using the RNeasy Plus Mini Kit
(QIAGEN, Valencia, CA) and used as template for a two-
step reverse transcription—quantitative PCR (RT-qPCR) re-
action utilizing Access RT-PCR System reagents (Promega,
Madison, WI).

First-strand ¢cDNA synthesis: Separate 35-pl first-strand cDNA
reaction mixtures were prepared for analyzing transcript
abundance of the control gene, Ribosomal protein 49 (RP49),
and the target gene, white, using 25 ng of total RNA as
template, nuclease-free water, and 1.0 wl of 2 uM reverse
primers (Table S2). The template-primer mixtures were
heated to 65° for 10 min in a thermal cycler and cooled on
ice for 5 min. A 16-pl aliquot of Promega’s Access RT-PCR
reagents in a master-mix cocktail—consisting of 1X avian
myeloblastosis virus (AMV) buffer, 0.2 mMm of each dNTP, 1 mm
MgSOy, 0.1 unit AMV reverse transcriptase, and 1.6 units
RNase Inhibitor (New England Biolabs)—was added to each
template-primer mixture to make a 50-pl reaction volume.
The first-strand cDNA synthesis reaction was performed at 45°
for 45 min, and reverse transcriptase was inactivated by heating
the reaction to 94° for 2 min.

Real-time SybrGreen gPCR: The qPCR reaction mixture using
Access RT-PCR system reagents (Promega) was assembled so
that the final concentration of the components consisted of
1 X reaction buffer, 0.2 mm of each ANTP, 1 mm MgSOy, 0.2 pum
forward primer (Table S2), 0.2 um reverse primer (Table S2),
2.5 units Tl DNA polymerase, and 1 wl of a 1/30,000 dilution
of SybrGreen (Fluka, Buchs, Switzerland) in 100% DMSO.
The reaction mixture was assembled as a master mix to which
was added 1 pg of the appropriate cDNA, which was then
subdivided to accommodate the analysis of three technical
replicates of the white and RP49 genes. Quantitative real time
PCR was performed with the 7300 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA) using the following
thermal cycling conditions: 5 min at 94° followed by 40 cycles
of 30 sec at 94°, 30 sec at 61°, and 20 sec at 72°. Following the
PCR, the reactions were analyzed for the presence of primer
dimers by treating them for 15 sec at 95°, ramping to 30 sec at
60°, and ramping to 95° for 15 sec. The specificity of the
amplification was also checked by analyzing the PCR products
on 1.5% agarose gels. The resulting data were analyzed using
the comparative Ct method (SCHMITTGEN and Livak 2008).
Thresholds and baselines were set manually; thresholds were
chosen within the exponential region of the semilog PCR
amplification plots.

DNA bendability: For a flanking sequence of interest, the
bendability/curvature propensity plot was calculated begin-
ning at base —15 from the end of the element to 200 bp from
the terminal inverted repeats of the piggyBac element with
the bend.it server (http:/hydra.icgeb.trieste.it/dna/bend_it.
html), using the DNasel-based bendability parameters of
BRUKNER et al. (1995) and the consensus bendability scale of
GABRIELIAN and PoNGOR (1996). The mean bendability for
the sequence of interest was calculated, and the association

between mean sequence bendability and element activity was
analyzed using linear regression models calculated using the
method of ordinary least squares. Mean sequence bendability
was calculated over varying lengths of flanking DNA. As
controls, 25 sets of random sequences were generated on
the basis of the combined nucleotide abundance found in the
19, 5" and 3’ 200-bp flanking sequences used in this analysis.
The randomized sequences were arbitrarily associated with
known element activities, and the coefficient of determination
(7*) was calculated using linear models as before. The data
from the analysis of 25 data sets consisting of randomized
flanking sequences were summarized by calculating the mean
and standard deviation of the coefficients of determination.
All calculations associated with this analysis were performed
on programs written and executed in Mathematica 7 (Wolfram
Media, Champaign, IL).

piggyBac integration-site analysis: Using FlyBase version
FB2010_07 (TWEEDIE et al. 2009) piggyBac integration events
were identified in the genome of D. melanogaster and those
sites in which integration events occurred two or more times in
the same orientation were considered “hot spots” and
retained for further analysis. The chromosomal DNA se-
quence flanking the 5’ terminal-inverted-repeat of piggyBac
elements inserted at integration “hot spots” were used for
calculating DNA bendability as described above.

RESULTS

Genomic location greatly influences transposable
element activity: We sampled a collection of transgenic
D. melanogaster in which each individual contained a
single piggyBac element genetically marked with the
mini-white gene in an isogenic genetic background
(THIBAULT et al. 2004) and measured somatic (and in
two cases germline) activities of each element. The
remobilization activity of the piggyBac elements tested
in this study was completely dependent upon the
presence of piggyBac transposase but varied greatly,
with some elements being almost immobile under
these experimental conditions while others were ex-
tremely active. Because the elements tested were
identical or nearly identical (THIBAULT et al. 2004) in
an isogenic background with an invariable source of
transposase, the differences in activities could be
attributed entirely to the effects of the elements’
positions within the genome. The activity of piggyBac
appears to be continuously variable, and we estimate
that the differences in activity levels between the least
active and most active elements in this study were at
least 100-fold (Figure 1, Table S3). In addition to
measuring the activity of piggyBac in somatic cells, the
germline transposition activity of the elements in lines
02382 and 05577 was measured. In both 02382 and
05577, the amount of germline activity reflected the
observed level of somatic activity with the relatively
inactive element in line 02382 producing germline
transposition events in only 4% of the germlines tested
(Mgermlines tested = D0) while the somatically active
element in line 05577 resulted in transposition in
80% of the germlines tested (7germiines tested = D0).
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FIGURE 1.—Activity of piggyBac elements in different lines.
The mean proportion (+SD; n = 3) of flies that are hetero-
zygous for a piggyBac element and a piggyBac transposase gene
with mosaic eye color (element activity) is shown for each
of the lines used in this study. A one-way analysis of variance
(ANOVA) was performed to compare the effect of element
location on element activity. There was a significant effect
of element location on element activity: [{;g357 = 149.66,
P < 0.0001. Post-hoc comparisons of all pairs of means using
Tukey’s HSD test indicated which elements had significantly
different activities (P < 0.05). Elements with significantly dif-
ferent means are indicated with different lower case letters.

Position effects on transposable element activity and
transgene expression are distinct: The level of expres-
sion of the mini-white transgene within the piggyBac
element was measured using qRT-PCR on similarly aged
females homozygous for the piggyBac element under
conditions in which the element is not active. The gene
expression levels from the mini-white gene in the piggyBac
elements were not correlated with the transposition
activities of the elements (Pearson’s correlation coeffi-
cient, 116 = —0.08718, Fj1 16 = 0.1237, P = 0.7296)
(Figure 2). piggyBac elements with high rates of remobi-
lization could have high or low levels of transgene ex-
pression as could piggyBac elements with low rates of
transposition activity.

Intrinsic local properties of element-flanking DNA
determine element activity: piggyBac elements with
known rates of remobilization along with 1 kb of

2.00
1.60

1.20

t 4
+++ r=-0.08718

050 P=0.7296

.+.
R

0.00 0.20 0.40 0.60 0.80 1.00
piggyBac activity (frequency of mosaicism)

0.40

white transgene expression
(relative to wild-type)

F1Gure 2.—Correlation between transgene expression and
piggyBac activity. Mean white-transgene expression (* standard
error; n = 3) in females and mean element activity (*
standard error; n = 3) were plotted, and Pearson’s correlation
coefficient was calculated. Transgene expression was mea-
sured by qRT-PCR and expressed as a proportion of white
gene expression in similarly aged Canton-S (wild-type) fe-
males. Element activity is expressed as the proportion of flies
from a test cross with mosaic eye color. No correlation was
found (r = —0.08718, P = 0.7296).

genomic DNA immediately flanking the 5’ and 3’
terminal inverted repeats were amplified using the
PCR, cloned into a plasmid containing the attB site of
the bacteriophage C31 (9C31), and reintegrated into
the genome of D. melanogaster containing the attP site of
¢C31 at known locations (GROTH et al. 2004; BiscHOF
et al. 2007; F1sH el al. 2007) (Figure 3; Table 1). The
transposition/excision activities of the relocated trans-
posable elements were measured (Figure 4). Transpos-
able elements relocated to new chromosomal positions
along with 1 kb of the original flanking chromosomal
DNA had activity levels that were not significantly
different from the transposable elements in their initial
chromosomal locations, with one exception (Figure 4,
Table S3). Elements that had very low rates of remobi-
lization from their original chromosomal location (e.g.,
lines 06451, 04432, 02382) also had similarly low rates of
remobilization when they were relocated to one of three
positions within the genome (Figure 4, Table S3).
Likewise, when elements with very high rates of remobi-
lization (e.g., lines 03764, 05577) were transplanted to
the same positions within the genome, they largely
retained their original remobilization characteristics
(Figure 4, Table S3). In only one case did the relocated
element have a remobilization rate statistically different
from the element in its original location. When the
element in line 03764 was relocated to cytological
position 86Fb, it had a somewhat, but statistically
significant, lower level of activity [X (mean) mosaicism =
0.8588, SD (standard deviation) = 0.0388, 7experiments =
3, Npies = 499] than the element at the original location
(Ymosaicism = 0.9626, SD = 0.0340, Nexperiments — 3, Nies =
293) (Figure 4, Table S3).
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Frcure 3.—Structure of local chromosomal environments
of relocated piggyBac elements. Transgenic D. melanogaster flies
were created by site-specific recombination between
¢@C3lattB-containing plasmids (dashed line) that have the
mini-white gene-containing piggyBac element being relocated
(blue arrow with white box) with varying amounts of genomic
DNA from the original integration site (orange, yellow, red,
green, and blue rectangles) and @C3lattP sites (light blue
and gray rectangle) that were placed in the genome of D.
melanogaster (thin black line) using a MosI gene vector with
a 3xP3DsRed marker gene (thick black line with white box)
(BrscHOF et al. 2007). The element labeled “piggyBac” was
the element from line 02382 without any neighboring chro-
mosomal DNA. The element labeled “piggyBac-NPV” was
the element from the plasmid PB{RB} with 1 kb of DNA flank-
ing each terminal inverted repeat (gray rectangle) (THIBAULT
et al. 2004). PB{RB} was used to create most of the lines used in
this study. The first 150 bp of the DNA flanking the 5" and 3’
terminal inverted repeats of the element in plasmid PB{RB}
originated from the nuclear polyhedrosis virus from which
piggyBac was originally isolated (CARry et al. 1989). The fea-
tures represented in this diagram were not drawn to scale.

The results reported here demonstrate that local,
intrinsic properties of the element-flanking DNA in-
fluence the ability of piggyBac transposable elements to
be remobilized and that all of the information re-
sponsible for position-dependent variation in transpos-
able element activity lies within 1 kb from the terminal
inverted repeats of the element. To estimate the
minimum length of flanking DNA that can be relocated
with piggyBac elements without altering the remobiliza-
tion behavior of the element, we repeated the relocation
experiment using the element in line 02382 that had a

low rate of remobilization in its original chromosomal
position and included 500, 250, 20, and O bp of the
original chromosomal DNA (Figure 5). When the ele-
ment was relocated without any of the original flanking
chromosomal DNA (i.e., 0 bp of the original chromo-
somal DNA), the element was then flanked by sequen-
ces from the PCR-cloning vector used for cloning the
element (Figure 3, Table 1). Under these conditions,
the element became highly active, yielding ~ 85%
mosaic individuals during remobilization assays (at
51D: X mosaicism = 0.8561, SD = 0.0440, Nexperiments = 3
Npies = 327; at 86Fb: X osnicism = 0.8419, SD = 0.0313,
Nexperiments = 3 Npies = 275) (Figure 5A). Relocating
the element with 500 bp of the original chromosomal
DNA to position 86Fb resulted in no significant change
in the element’s activity with the element remaining
inactive (X nosaicism = 0.0915, SD = 0.0152, Nexperiments =
3, Npies = 278) relative to the element in its original
genomic position (X osaicism = 0.0279, SD = 0.0119,
Nexperiments = 3> Miies =469) (Figure 5A). When only
250 bp of chromosomal DNA was included with the
relocated element, the element was only moderately
active (Ymosaicism =0.5829, SD = 0.0367, Nexperiments = 3,
Niies = 218) (Figure 5A). Relocating the element with
only 20 bp of the original chromosomal integration site
to cytological position 86Fb resulted in an element with
high remobilization activity (X imosaicism = 0.9938, SD =
0.0106, nexperiments = 3, Ngties = 280) (Figure 5A). This
activity was statistically different from the activity of the
element that completely lacked any chromosomal DNA
from the insertion site of the element from line 02382
(Figure bA).

The deletion experiment described above was re-
peated, in part, using the elements from lines 04432
and 06451, which also have low rates of remobilization
when in their original genomic locations. Both ele-
ments were relocated to position 86Fb along with 200 bp
of flanking chromosomal DNA. Like the element from
line 02382, the element from line 04432 had a signifi-
cantly higher activity when it was relocated with only 200
bp of its original flanking chromosomal DNA
(Xmosaicism = 0.3159, SD = 0.0459, Nexperiments = 35
Npies = 201) compared to the element in its original
genomic location (Xmosaicism = 0.0031, SD = 0.0053,
Nexperiments = 35 Npies = 219) and at 86Fb along with 1 kb
of flanking genomic DNA (X, osaicism = 0.0.0613, SD =
0.0193, Nexperiments = 3, Nies = 442) (Figure 5B). The
element from line 06451, when relocated to position
86Fb with 200 bp of its original flanking chromo-
somal DNA, had a somewhat higher remobilization
activity (Xmosaicism = 0.0736, SD = 0.0733, Nexperiments =
3, npies = 217) compared to the element in its original
genomic location (X mosaicism = 0.0255, SD = 0.0126,
Nexperiments = 95 Nies =190) and relocated with 1 kb of
flanking chromomal DNA (at 51D: X, osaicism = 0.0174,
SD = 0.0213, fexperimentss = 3, Maies = 470; at 86Fb:

Xmosaicism = 002757 SD = 002057 nexperiments = 37 Nflies =
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TABLE 1

Transgenic lines obtained

Name Chromosome Cytology Construction Left DNA (bp)“ Right DNA (bp)“
piggyBac (86Fb) 3R 86Fb pigayBac 0 0
piggyBac (51D) 2R 51D piggyBac 0 0
piggyBac—NPV (86Fb) 3R 86Fb piggyBac-NPV 966" 1084"
02382 — 1 kb (51D) 2R 51D 02382 — 1 kb 1009 997
02382 — 1 kb (22D) 2L 22D 02382 - 1 kb 1009 997
02382 — 500 bp (86Fb) 3R 86Fb 02382 — 500 bp 498 520
02382 — 250 bp (86Fb) 3R 86Fb 02382 — 250 bp 264 328
02382 — 20 bp (86Fb) 3R 86Fb 02382 — 20 bp 21 20
03764 — 1 kb (86FDb) 3R 86Fb 03764 — 1 kb 935 1083
03764 — 1 kb (51D) 2R 51D 03764 — 1 kb 935 1083
04432 — 1 kb (86FDb) 3R 86Fb 04432 — 1 kb 1027 973
04432 — 200 bp (86Fb) 3R 86Fb 04432 — 200 bp 210 207
05577 — 1 kb (68A4) 3L 68A4 05577 -1 kb 1032 1013
06451 — 1 kb (51D) 2R 51D 06451 — 1 kb 996 899
06451 — 1 kb (86Fb) 3R 86Fb 06451 — 1 kb 996 899
06451 — 200 bp (86Fb) 3R 86Fb 06451 — 200 bp 219 223

“Amount of neighboring chromosomal DNA from original integration site accompanying piggyBac.
’ Amount of plasmid DNA from nuclear polyhedrosis virus sequence accompanying piggyBac.

438), but these differences were not statistically signif-
icant (P> 0.05) (Figure 5C).

Position effects are portable to plasmids: To test
whether the intrinsic local properties of piggyBac-
flanking chromosomal DNA had similar effects on
element mobility when elements were residing on
plasmids, two elements with widely differing activity
levels as a result of their local chromosomal context
(low-activity element in line 02382 and high-activity
elementin line 05577) were cloned into plasmids along
with 1 kb of flanking chromosomal DNA and used as
gene vectors to create transgenic D. melanogaster using
routine germline transformation methods. For compar-
ison, each experimental vector was co-injected with a
commonly used piggyBac vector with the Enhanced Green
Fluorescent Protein gene under the regulatory control of a
central nervous system-specific promoter (3XP3)
(HorN and WiMMER 2000). As expected, after analyzing
the germlines of 355 and 292 fertile G( adults arising
from embryos injected with high-and low-activity ele-
ments, respectively, along with the reference vector, we
observed no significant difference in the frequency of
transformation with the reference vector (x* = 3.5844,
P = 0.0583) (Table 2). However, the two experimental
vectors had distinctly different activities. The high-
activity vector resulted in ~ 10-fold more transformed
germlines than the low-activity vector, showing that the
elements retained the same relative activity levels
as when the elements were integrated into chromo-
somes (0.121 (955777 = 0.033 959 c. 1.5 0.014 (09382 =
95% c. 1.1; X> = 90.0775, P= 0.0000) (Table 2).

piggyBac elements flanked by nuclear polyhedrosis
virus sequences are suboptimal: We have shown that
the local genomic neighborhood influences the activity

of piggyBac elements whether they are integrated within
chromosomes of D. melanogaster or within plasmids.
Most, if not all, piggyBac vectors in use currently are
derived from the original [FP2 transposable element
isolated from the FP locus of a nuclear polyhedrosis
virus following passage through Tricoplusia ni cells
(CARrY et al. 1989). These piggyBac gene vectors are
flanked on each end by ~ 150 bp of nuclear poly-
hedrosis virus DNA. In light of the profound effects
flanking DNA can have on element mobility, we tested
the remobilization activity of the piggyBac element on
the gene vector PB{RB} (THIBAULT et al. 2004), which
was used to create the transgenic lines used in this study,
by cloning the element along with 1 kb of the flanking
plasmid DNA, including the 150 bp of nuclear poly-
hedrosis virus DNA, and integrated the plasmid into
cytological position 86Fb. The activity of this element
was measured by determining the frequency of eye-color
mosaicism in the presence of the standard source of
piggyBac transposase used in this project. This common
form of piggyBac showed moderate-to-high levels of
aCtiVitY (Ymosaicism = 0.7811, SD = 0.0358, Nexperiments —
3, naies = 398); however, 5 of the 19 piggyBac elements
tested in this study had flanking DNA sequences that
resulted in significantly higher levels of piggyBac activity,
indicating that PB{RB}, and probably all piggyBac vec-
tors currently in use, are suboptimal, at least for use in
D. melanogaster as a consequence of the influence of the
DNA sequences flanking the element.

DNA bendability is associated with position-dependent
piggyBac activity: Because local bending of transposable
element DNA is known to be important during some
transposition reactions and because DNA-bending pro-
teins are also known to be involved in the transposition
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F1cure 4.—Activity of relocated piggyBac elements with 1 kb
of neighboring chromosomal DNA. Activity (mean = SD; n =
3) is expressed as the proportion of flies with mosaic eyes in a
remobilization testcross. The cytological positions of the
transplanted elements are indicated in parentheses. A one-
way ANOVA was performed to compare the effect of element
location on element activity. There was a significant effect of
element location on element activity: Fj598) = 1213.6, P <
0.0001. Post-hoc comparisons of all pairs of means using Tu-
key’s HSD test indicated which elements had significantly dif-
ferent activities (P < 0.05). Elements with significantly
different means are indicated with different lower case letters.

of some transposable elements, we tested, using linear
regression modeling, the association between predicted
bendability of DNA flanking the piggyBac element and
element activity (MAKRIS et al. 1990; vaN GENT et al.
1997; SEwITZ et al. 2003; ZAYED et al. 2003; WARDLE el al.
2005). Because we did not know how much of the
flanking DNA sequence to consider when calculating
average bendability, we considered all lengths ranging
from 1 to 200 bp from the terminal inverted repeats and
the TTAA target-site duplication. For a given length of
flanking DNA, the average bendability was calculated
for each element (see MATERIALS AND METHODS) and, in
conjunction with the activity measurements for each
element, Pearson’s coefficient of determination, 7°, was
calculated (Figure 6). As a control, 25 sets of random
sequences were associated with each element-activity
measurement and »* was calculated considering the
average bendability of all lengths of randomized flank-
ing DNA from 1 to 200 bp. Prior to constructing the data
sets with randomized sequences, the nucleotide content
was calculated over 1 kb of DNA flanking the elements
in this analysis. The resulting nucleotide abundance
table was used to construct the randomized sequences.
Thus the average nucleotide abundance of the random-
ized DNA sequences was the same as the experimental

A 02382 (10D)
02382 - 1kb (22A)

02382- 1kb (51D)

02382 - 500bp (86Fb)
02382 - 250bp (86Fb)
02382 - 20bp (86Fb)
piggyBac - Obp (51D)

piggyBac — Obp (86Fd)

B 04432 (15E)
04432 — 1kb (86Fb)

04432 —200bp(86Fb)
piggyBac — Obp (51D)
piggyBac — Obp (86Fd)

C 06451 (6D)
06451 - 1kb (51D)

06451 — 1kb (86Fb)

06451 — 200bp (86Fb)
piggyBac - Obp (51D)
piggyBac — Obp (86Fd)

0 0.25 0.50 0.75 1
piggyBac activity (frequency of mosaicism)

F1GURre 5.—Deletion analysis of piggyBacneighboring DNA.
The piggyBac elements in lines 02382 (A), 04432 (B), and
06451 (C) were relocated to new genomic positions (shown
in parentheses) with progressively less neighboring chromo-
somal DNA, beginning with 1 kb of neighboring DNA. The
mean proportion (£ SD; n = 3) of flies in a remobilization
testcross with mosaic eye color is shown. A one-way ANOVA
was performed to compare the effect of the amount of element-
flanking DNA on element activity. “piggyBac-Obp” refers to a
piggyBac element relocated in the same way to the positions
indicated but without any of the original neighboring chro-
mosoml DNA. There was a significant effect of the amount
of element-flanking DNA on element activity: F7 16 =
875.32, P < 0.0001 (A ); Fiq10) = 472.18, P < 0.0001 (B );
and I519; = 341.47, P < 0.0001 (C). Post-hoc comparisons
of all pairs of means using Tukey’s HSD test indicated which
elements had significantly different activities (P < 0.05). Ele-
ments with significantly different means are indicated with
different lower case letters.

data. From the randomized data sets, the means and
95% critical values of Pearson’s coefficients of deter-
mination were calculated and plotted (Figure 6). A
significant positive association was seen between the
activity of elements and the predicted bendability of the
sequences flanking the 5’ terminal inverted repeat of
the piggyBac element. This association was maximal
when the predicted bendability of the first ~ 50 bp
were considered (r* = 0.3065, I}y 177 = 7.5146, P =
0.0139). A similar trend in the association between the
activity of elements and the predicted bendability of
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TABLE 2

Flanking DNA affects piggyBac elements on plasmids

Fertile G, germlines

germlines producing germlines producing

Vector mixture” tested w' progeny DsRed progeny
02382::1000” + PB{3xP3DsRed)} 292 4 42
05577::1000” + PB{3xP3DsRed)} 355 43 77

xX° 90.0775 3.5844

P 0 0.05832

“ A mixture of two vectors and a transposase-expressing plasmid. Each plasmid is at 0.25 mg/ml.
"The piggyBac elements in these vectors were flanked by 1 kb of their original chromosomal insertion

site DNA.

approximately the first 50 bp flanking the 3’ terminal
inverted repeat of the piggyBac element (¥ = 0.1158,
I = 2.2259, P = 0.1540), although the association
was much weaker than that seen at the 5’ end and was
not statistically significant. A multiple linear regression
analysis using the predicted bendability of the first ~
50 bp of DNA flanking the 5" and 3’ terminal inverted
repeats of piggyBac as predictor variables accounted for
60.34% of the variance observed among the elements at
different genomic positions (73gjusiea = 0.6034).

DNA bendability is not associated with the target-
potential of sites: To begin to examine the relationship
between the characteristics of sites that determine the
propensity of piggyBac elements to excise/transpose
and the characteristics that determine whether they will
be preferred targets for piggyBac integration, 460 “hot
spots” for piggyBac integration in the genome of D.
melanogaster were analyzed in a manner similar to that
described above. Sites in which piggyBac integrations
have been reported two or more times in exactly the
same site and orientation were selected and the average
bendability of the first 50 bp flanking the 5’ terminal-
inverted-repeat was calculated as described (see MATE-

2= 0.3065
Fpyim = 7.5146
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RIALS AND METHODS). Using a linear model, Pearson’s
coefficient of determination, r? was calculated and
found to be insignificantly different from zero (r* =
0.0003, Fi;4s5) = 0.1336, P = 0.7149) revealing no
association between the “hotness” of a site (number of
independent integrations) and the predicted bendabil-
ity of the region of DNA found to be associated with
remobilization activity.

DISCUSSION

We have shown that the location of piggyBac transpos-
able elements within the genome of D. melanogaster is a
major determinant of their activities and have begun to
elucidate how this position effect occurs. In this study we
used a somatic remobilization assay that estimated
element excision and/or transposition activity by mea-
suring the frequency of eye-color mosaicism in transgenic
lines containing a single mini-white gene-containing
piggyBac element in the presence of a constant source
of piggyBac transposase. Because each eye of adult D.
melanogaster is composed of ~ 800 ommatidia, even
excision and/or transposition events that resulted in a

FIGURE 6.—Association between pre-
dicted bendability of piggyBacneighboring
DNA and element activity. The associa-
tion between the activity of piggyBac el-
ements and the bendability (predicted)
of all lengths of piggyBacneighboring
DNA up to 200 bp from the terminal in-
verted repeats was calculated using lin-
ear regression analysis. The coefficient
of determination, 7, was calculated and
plotted against the length of DNA used
in the analysis (red line). A set of 25

r?=0.1158
Fp.17= 2.2259

5 40 4.5
Bendability

200 150 100 50

base pairs

50 0 0

100
base pairs

random sequences was generated as de-
scribed in MATERIALS AND METHODS,
and the association between piggyBac ac-
tivity and predicted bendability of the

150 200

randomized flanking DNA was determined for each of the data sets. The mean coefficient of determination (+°) was plotted
(dashed line; n = 25) along with the 95% critical value (gray shaded area). The strength of the association depended upon
how much neighboring DNA was considered in the analysis. Where #* is maximal, the bendability and activity data are shown
with the results of the linear regression analysis (inset graphs). The location of the flanking DNA relative to the piggyBac element

(blue double arrow) is indicated by “5’” and “3'.”
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qualitative change in pigmentation in a small number of
ommatidia (i.e., resulting from a remobilization event
that took place late in the development of the eye) could
be detected, making eye-color mosaicism a sensitive
means for measuring piggyBac movement. The least
active element in this study was in line 04432 with a
frequency of mosaicism of only 0.3% while the most
active element was in line 05577 with a frequency of
mosaicism of 99.5%. This large difference in activity is
significant because essentially all of the variance in
element activity measured in this experiment can be
attributed to the difference in the genomic position of
the elements. All piggyBac elements analyzed in this
study were identical with the exception of the elements
in lines 02382 and 03565, which differed only slightly
from the other elements (THIBAULT et al. 2004). Fur-
thermore, we estimate that the difference in activities of
the elements in lines 04432 and 05577 to be 100-fold
although we think that this is probably an underesti-
mate. Flies were scored as having mosaic eyes if they had
a single detectable patch of ommatidia of any size with
pigmentation different from the parental line. In this
experiment, no attempt was made to count the number
of clones within mosaic eyes, which varied among
the lines. For example, line 05577 displayed not only a
high frequency of mosaicism but also evidence of mul-
tiple remobilizations in those eyes that were mosaic—
numerous clones of ommatidia with differing levels of
pigmentation resulting from element excision or trans-
position. The difference in element activity between the
elements in lines 05577 and 04432 therefore exceeded
two orders of magnitude. While elements 05577 and
04432 represented the extremes recorded in this ex-
periment, they were not exceptional. Four other ele-
ments had high levels of activity that were not resolvable
statistically from 05577, and five other elements had
levels of activity similar to 04432 (Figure 1). These data
show that, in the presence of functional piggyBac
transposase, position is a major, or perhaps the ma-
jor, determinant of piggyBac element activity in D.
melanogaster.

Others have reported differences in transposable
element activity as a function of an element’s position
within a genome, but this is the first study to tightly
control for other factors that could also affect mobility,
including differences in element sequence, content and
structure, and genetic background. For example, BERG
and SPRADLING (1991) reported a sixfold difference in
the germline transposition activity of two identical
Pelements in different locations on the X chromosome.
While BANcROFT and DeaN (1993) reported that Ds
elements in different positions in the genome of
A. thaliana had varying amounts of somatic and germ-
line activity. SMITH et al. (1996) found no significant
difference in the activity of 5 Ds elements inserted at
different locations within A. thaliana (BANCROFT and
DEAN 1993; SMI1TH et al. 1996). The excision and trans-

position rates of MuDR-I elements in maize are also
sensitive to chromosomal position (LISCH et al. 1995).
The magnitude of the differences among position-
dependent remobilization rate reported here is partic-
ularly notable in light of this earlier work and that
essentially all of the observed variance in activity could
be attributed to position.

The influence of neighboring DNA has been re-
ported in a number of other recombination reactions.
ViGpAL el al. (2002) tested the effects of altering the
sequence of DNA directly flanking the terminal inverted
repeats of active Sleeping Beauty elements on element
excision activity. They altered only the sequence of the
first six base pairs adjacent to the TA targetsite
duplication, and of the 17 sequence variations tested,
only 2 resulted in significantly different excision rates of
the Sleeping Beauty element, leading the authors to
conclude that sequences directly flanking excision sites
have no significant effect on Sleeping Beauty transposi-
tion (VIGDAL et al. 2002). In contrast to this, CuoMoO et al.
(1996) reported that recombination involving the trans-
posable elementlike recombination signal sequences
(RSS) during immunoglobulin and T-cell receptor gene
assembly was sensitive to changes in the flanking
sequence (CuoMo et al. 1996). Changes involving only
the first few nucleotides of flanking DNA in coding
sequences immediately adjacent to the heptamer had
large effects on the efficiency of recombination in vitro.
Recombination frequencies could be reduced as much
a 1000-fold when a polythymidylate tract flanked the
RSS (Cuomo et al. 1996). The authors speculated that
RAG protein-mediated distortion involving the flanking
DNA was necessary for subsequent trans-esterification
reactions, and this could account for the sensitivity of
this recombination reaction to sequences outside the
RSS.

Liu et al. (2006) found that the removal of integration
host factor and the unfolding of the 7TnI0 transposo-
some during the transposition reaction was dependent
upon the presence of terminal-inverted-repeat-flanking
DNA. Indeed, they suggested that the energy needed to
drive transposition comes in part from the distorted
DNA sequences flanking the ends of the element (Liu
et al. 2006) . More recently, MizuucHI et al. (2007) found
that DNA flanking the phage Mu and its configuration
played a critical role in determining the enzymatic
activity of Mu transposase. Previous foot-printing experi-
ments demonstrated that the transpososome included
flanking DNA (LavoiE et al. 1991; MizuucHi and
Apzuma 1991; CreLLIN and CHALMERS 2001) and
MizuucHI et al. (2007) suggest that the configuration
of this flanking DNA could influence the reactions taking
place in the catalytic core (Mi1zuucHI et al. 2007).

While these systems illustrate how transposable
elementflanking DNA might be important to trans-
position/excision reactions, they highlight the role of a
relatively small number of base pairs immediately
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adjacent to the elements. The results reported here
suggest that a much more extensive region of flanking
DNA extending up to perhaps 500 bp from the terminal
inverted repeat can significantly influence element
activity ¢n vivo. This suggests that the effects seen here
are somewhat distinct from those previously described,
and it is not yet clear whether the influence of flanking
DNA reported here reflects a direct or indirect role of
these sequences in excision/transposition reactions.
Cell-free transposition reactions will permit the influ-
ence of the flanking DNA sequences to be compared. It
is likely that the flanking DNA influences the local
chromatin structure at the terminal regions of the
transposable element and affects the accessibility of
transposase to critical binding sites and substrates. This
is consistent with the observation that predicted DNA
bendability of element-flanking DNA can account for
~ 60% of the variance in element activity observed in
this experiment. The trinucleotide bendability esti-
mates used to estimate DNA bendability in this experi-
ment were derived from empirical studies involving
sensitivity to DNAse I and nucleosome protection studies
(BRUKRNER et al. 1995; GABRIELIAN and PoONGOR 1996).
The results reported here may be a reflection of how
nucleosome positioning may be a critical determinant of
element activity.

The findings reported in this study have at least two
additional implications. First, although it is not clear
whether other class II transposable elements will show
the same range of effects of genomic position on
remobilization potential, these position effects will need
to be considered carefully when interpreting distribu-
tions of elements within genomes and the degree to
which this reflects aspects of the element’s integration
site preferences. There have been numerous studies
that describe the distributions of various DNA trans-
posons within genomes, and without exception the
distributions are found to be non-uniform. The patterns
of element distribution vary among elements, with each
having characteristic regional and intragenic preferen-
ces. For example, THiBAULT et al. (2004) generated
18,225 piggyBac insertions in D. melanogaster and noted
hot spots and cold spots for element accumulation,
which were interpreted as reflecting preferences for
certain integration sites. While elements do have in-
tegration site preferences as reflected in targetsite
duplications associated with element integration, the
patterns of element accumulation within genomes are a
reflection not only of integration site preferences but
also of patterns of remobilization potential, which, as we
show in this study, are determined by intrinsic proper-
ties of local regions of the genome. The patterns of Class
I transposable elements that undergo both excision
and transposition within genomes will be a function of
“in rates” and “out rates”, but when interpreting
element distribution data, “out rates” have been im-
plicitly assumed to be either insignificantly low or

uniform across the genome. Based on the data pre-
sented here it seems clear that the “outrates” of piggyBac
elements in D. melanogaster are not uniform across the
genome. At the moment, the relationship between a
site’s potential as a target for integration and its
potential to promote or condition subsequent remobi-
lization of integrated elements is not known. If those
two characteristics of sites are independent, then it is
possible that two sites within a genome that are equally
preferred as integration sites may show unequal fre-
quencies of site occupancy because of differences in the
effects of neighboring DNA on element remobilization.
Likewise, sites with equal site-occupancy frequencies
may have different target site potentials. Our data
highlight the importance of understanding the charac-
teristics of sites that favor integration and remobiliza-
tion and whether there is any relationship among them.
We were unable to find any data in the published
literature that addressed this question although BENDER
and KLECKNER reported unpublished observations that
Tnl10 elements residing in sites known to be preferred
integration sites excised at the same rate as elements in
“cold” sites, suggesting that what determines a site’s
target potential is independent of what determines its
remobilization potential (1992). Because our data re-
vealed an association (* = (.3) between element re-
mobilization and the predicted bendability of the first
50 bp of DNA flanking the 5’ terminal-inverted-repeat
of piggyBac we determined if this characteristic was also
associated with the targetability of sites. After identifying
460 piggyBac insertion sites in D. melanogaster where two
or more elements had been reported in the same ori-
entation, we found no association (¥ = 0.0) between
local predicted bendability and target “hotness”. This
observation is consistent with those of BENDER and
KLECKNER (1992), but stronger tests of the hypothesis
that site-characteristics conditioning remobilization are
independent of those conditioning integration are
clearly needed.

Our results also have important implications for the
design and assembly of piggyBac-based gene vectors and
potentially other class II transposable element-based
gene vectors. The strong influence of neighboring DNA
sequences on excision and transposition activity of
piggyBac was retained when elements and their flanking
DNA were relocated to new genomic locations and also
when the elements and their flanking DNA sequences
were placed on plasmids. The relative activities of the
elements in lines 05577 and 02382 were retained when
the elements and 1 kb of flanking genomic DNA were
moved onto plasmids and used as germline transforma-
tion vectors in D. melanogaster. Therefore, piggyBac
elements can have widely different activities as gene
vectors because of the strong influence of flanking DNA
sequences. Knowing the “rules” that govern this neigh-
borhood effect will permit gene vectors that have
significantly more activity to be assembled without
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necessarily modifying the original element. In combi-
nation with element and transposase modifications,
optimizing the sequence context in which an element
resides could result in large increases in element acti-
vity. Essentially, all piggyBac vectors currently in use have
been derived from the original /FP2 transposable ele-
ment isolated from the FP locus of a nuclear poly-
hedrosis virus following passage through Tricoplusia ni
cells (CARy et al. 1989). These piggyBac gene vectors are
flanked on each end by ~ 150 bp of nuclear polyhedrosis
virus DNA, and while these sequences are conducive to
high remobilization activity in D. melanogaster; as shown
here, they are far from optimal in this species.

While we have identified DNA sequence contexts that
are conducive to active piggyBac excision/transposition
in D. melanogaster, we do not know if the same sequence
contexts will be conducive to piggyBac movement in
other species. This is an important question because,
clearly, gene vectors are currently exchanged and used
interspecifically without consideration of the possibility
that functionality could be affected by species-specific
“context effects.” Species-specific differences in element
activities have typically been interpreted as reflecting
differences in transposase activities or other uncontrol-
lable host factors. We have made preliminary observa-
tions showing that piggyBac elements and their flanking
chromosomal DNA from the yellow fever mosquito,
Aedes aegypti, where these elements do not remobilize
(SETHURAMAN et al. 2007), when relocated to the ge-
nome of D. melanogaster (position 86Fb, a site used to
host relocated piggyBac elements in this study) can re-
mobilize at high rates (AZHAHIANAMBI PALAVASAM, un-
published observation). These observations are consistent
with the idea that local sequence “context-effects” will
be species-specific.

Finally, while the data presented here inform us of
piggyBac’s sensitivity to DNA sequence context, they do
not allow us to draw conclusions about other elements.
Placing other transposable elements, e.g. P-elements,
Hermes, in DNA sequence contexts with defined charac-
teristics based on experiments with piggyBac will permit
the generality of our results to be determined. These
experiments are ongoing.

Robert Alford provided us with valuable discussion and suggestions
during the course of this study. This work was supported by grant

AI70812 from the National Institutes of Health National Institute of
Allergy and Infectious Diseases.
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