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Gen e therapy offers impo rtant perspectives in cu rrent and future medi cine but suffers from i mperfect
vectors for the delivery of the therapeutic gene. Most preclinical and clinical tri als have been based on
th e use of vi ral vectors, which have evident advantag es but also some seri ous dis adv ant ages . In the
past decade the us e of DN A transposon -based systems for gen e delivery has emerged as a non-viral
alternative. DNA transposon vector engin eering remain s larg ely in a preclini cal ph ase but so me
in teresting results have been obt ain ed. Thi s min i-revi ew aims to provid e the current stat e of the art on
DNA transposon vectors used in a gene therapy perspectiv e.
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INTRODUCTION
Gene th erapy has emerged as a promising method to cure
genetic diseases or at least improve the status of patients. I f the
idea of replacing an “ abnormal” dysfunctional gene by its
“normal” functional counterpart may look simple, technical
diffi culties are often encountered such as the stable and
targeted insertion of the therapeutic gene into the host genome.
Several gene therapy strategies can be distinguished that
address di fferent kinds of pathologies. Recessive monog enic
hereditary diseas es, such as cystic fibrosis and Duchenne’s
muscular dystrophy, could be treated by the addition of the
“normal” gene counterpart that will produce a su ffi cient
amount o f functional prot ein to reverse the diseas e. However,
some other monogenic defects will require the replacement o f
the “ abnormal” gene by its “ normal” allele and not solely its
ad- dition. In some cases of acquired and/or polygenic diseases
such as diabetes, the repl acement of one of the deleterious
alleles or the addition o f one “ normal” gene may b e su ffi cient
to fight the disease. Moreover, in complex pathologies that mix
genetic predisposition with environmental factors (cancer
diseases for example), different gene therapy strat egies may be
useful, such as the extinction of a targeted g ene expression or
the introduction of a suicide gene. The common challenge is to
introduce the new DNA durably into the genome of pathologic
*Co rrespo ndi ng author: Praka sh, D.S.R.S.,
Dep artment of Bio technology , Adik avi Nann aya Univ ersity ,
Rajamahend ravaram- 53 3 296, East God avari Dist rict , Andh ra
P radesh, India.

cells without disturbing the regulation of “ normal” gene
expression. This is the main obj ective o f v ector dev elopment.
Over 1340 human g ene therapy clinical trials were completed
in 28 countries between 1989 and 2007 (1). However, very few
phase-II and phas e-III clinical tri als have been conducted that
mainly use viruses as vectors (2). Following a brief description
of virus-based vectors, the advantages offered by DNA
transposons for gene therapy will be pres ented with some
examples of successful applications
Vectors for gene therapy (Viral and non-viral) : Viruses,
liposomes, and naked DNA are some of th e vehicl es used to
introduce transgene into the host genome. The vehicles used to
introduce the transgene is known as vectors, the utility of the
vector depends on the factor enlisted below,






The size of the exogenous gene (transgene)
The efficiency o f the delivery
It will induce the host immune response or not
The stability and longevity of the transgene
Level o f expression of a transgene

“ If the selected vector can carry larger transgene that cannot
induce immune response with good efficiency to infect the cell
and higher expression rate, are selected for the gene therapy
experiment.” The classifi cation the gene therapy vectors are
given into the figure below,
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The vectors are divided into two broader categories



Viral vectors
Non-viral vectors

Virus-based vectors: promise and disappointment: Virusbased vectors are the most commonly used gene delivery
system because o f their ability to integrate the therapeutic gen e
into the host genome and ensure stabl e and long term gene
expression. The second advantage o f virus-based vectors is the
combination of the DNA vector with a highly efficient DNA
delivery system in the cell, i.e. the natural in fection process.
The main virus- based vectors used are derived from
retroviruses (esp ecially lentiviruses), adenoviruses and adenoassociated viruses (2,3). For example, 68% o f the gene therapy
clinical trials completed in to date used virus-based vectors
(1,2). Unfortunately som e fatal adverse events have clouded
the sky. In 1999, a patient treated for ornithine
transcarbamylase deficiency with an adenoviral gene transfer
developed a fatal systemic in flammatory response synd rome
(4). In 2000, a French clinical trial using a retrovirus-based
gene therapy on children suffering from X-linked s evere
combined immunodeficiency syndrome (X-SCID) seemed
more promising, and 10 patients appeared success fully cured
(5). However, two years later two of the ten children treated
developed T-cell lymphoma and one died (6). This major
adverse event wsystem in the cell, i.e. the natural in fection
process.
The main virus- based vectors used are derived from
retroviruses (esp ecially lentiviruses), adenoviruses and adenoassociated viruses (2,3). For example, 68% o f the gene therapy
clinical trials completed in to date used virus-based vectors
(1,2). Unfortunately som e fatal adverse events have clouded
the sky. In 1999, a patient treated for ornithine
transcarbamylase deficiency with an adenoviral gene transfer
developed a fatal systemic in flammatory response synd rome
(4). In 2000, a French clinical trial using a retrovirus-based
gene therapy on children suffering from X-linked s evere
combined immunodeficiency syndrome (X-SCID) seemed
more promising, and 10 patients appeared success fully cured
(5). However, two years later two of the ten children treated
developed T-cell lymphoma and one died (6). This major
adverse event was subsequently explain ed by the insertion of
the retrovi ral vector in the vi cinity of the LMO-2 gene that
encodes a crucial regulator of haem atopoeisis (7). This
insertional mutagenesis event resulted in the dysregulation of
LMO- 2 g ene expression that induced T-cell proli feration and
then lymphoma (7,8). So, virus-based vectors may have

genotoxic effects, caused by deregulation of gen e expression at
the transcriptional or posttranscriptional level. In particular,
integration of retroviral (lentiviral or gamma- retroviral)
vectors within transcribed genes has a significant potential to
affect their expression by interfering with splicing and
polyadenylation of primary trans cripts (9 ). Despite their
recognized disadvantages, adenoviruses and ret roviruses
remained the two most widely-used vectors for gene therapy to
date (1,2). The adeno-associated virus (AAV) displays
particularities making it a safer virus-vector (3). AAV is a
parvovirus, the proli feration of which depends on a helper
virus, usually an adenovirus o r a he rpes virus (10). Wild-type
AAV is nonpathogenic with low immunogenicity and
integrates into a speci fic point of the genome (19q 13qter) at
high frequency and without genotoxicity to the host (11-14).
However this integration speci fi city is lost with engineered
AAV, especially when increased cargo capacity is tried.
Several AAV-based g ene therapy trials have be en launched for
cancers, Parkinson’s disease, Alzheimer’s disease, and genetic
diseases such as Leber’s congenital amaurosis (LCA). LCA is
a common caus e o f blindness in in fants and childr en and two
AAV-based gene th erapy trails re- ported improved vision
without serious adverse effects (15,16). Nevertheless th e main
drawback of AAV is its limited cargo capacity. Furthermore
both AAV and adenoviruses remain largely episomal,
requiring repeated d elivery that may compromise efficacy (17)
and might induce a severe immune response (18). Furthermore
the presence of AAV-neutralizing antibodies prevalent in
humans can hamper the clinical success of AAV-based gene
therapy. For a more comprehensive r eview o f pros and cons o f
viral vectors the reader may refer to Patel and Misra, 2011
(19). The fatal adverse effects associated with adenoviruses
and retroviruses and th e limited cargo capacity of AAV
prompted the investigation of non-vi ral vecto rs, especially
those based on DNA transposons.
Non-viral vector: Liposome, naked DNA, nucleofection, and
transposons are some of the non-viral vector-mediated
methods used for the gene therapy. Why the non-viral vector
will be one of the best opportunities for the gene trans fer? The
non-viral vectors are non -toxic, non-immunogenic, and tissuespeci fic. Also, it is easy to design and apply them. Some of the
non-viral vectors are discussed here below.
Liposome: The liposome also called lipoplex-mediated gene
therapy is an arti ficial techniqu e non-in fected to the host cell.
The liposomes are arti ficially synthesized molecule typically
0.025 to 2 μm in size, made up of the lipids. T he DNA cannot
directly be inserted in the cell because th e cell surface, as well
as the DNA itself, has a n egative ch arge. Hence naturally both
repel each other. The liposome is used to solve this problem.
The lipid molecule is hydrophilic as well as hydrophobic in
nature which protects the interior aqueous phase. The h ead o f
it is hydrophilic while the tail is hydrophobic. The liquid
solution of DNA is encapsulat ed with the liposome lipid
bilayer which helps in penetrating it. Nonetheless, due to the
smaller size of it, the liposome is not a good choice for the
larger size of gene trans fer. Also, the liposome is nonattractive for the DNA as w ell as the cell surface. This problem
is encountered by introducing a positive charge on the
hydrophilic domain of the lipid. A new type of upgraded
version of the liposome is designed and named it as lipoplex.
The lipoplex attracts both the DNA as well as the cell surface,
hence, a more st able complex of lipid-DNA is created. This
tube-like structure efficiently trans fers DNA into the target

11708

International Journal of Current Research, Vol. 12, I ssue, 05, pp.11706-11712, May, 2020

cell. Plus, lipoplex is non-immunogenic. Due to this reason, it
is the best choice over the liposome and virus-based vector.
Furthermore, it is easy to prepare and can trans fer a large
amount of DN A.T he major disadvantage o f the lipoplex is that
it is not as effi cient as the virus-based gene therapy.
Transposon: Transposon-Mediated gene therapy is one o f the
emerging therapy aft er the CRISPR-CAS9. Why transposon?
The transposons are mobile genetic elements that can move
from one location to another into the genome.It also contains
coding genes and terminal repeats as like the viruses.
However, almost all transposons are inactive for long.The
scientist has discovered active transposons from the fish fossil
and named it as sle eping beauty transposon. The SB system is
capable of inserting DNA into the host genome without any
side effects. It escapes th e host immune system too and
delivers a gene of interest efficiently at the target site.
Although the method still has m any loopholes and limitations
that need to be perfected before any pre-clinical trial. The
general mechanism of the SB system is shown in the figure
below.

Figure 1. (a) Structure and (b) simplified “cut and paste” transpositio n
mec hanism of a DNA transposon. ORF, open reading frame; TIR, ter minal inver ted repeats; UTR, untranslated region. The light blue circles in B
re present the transposase proteins encoded by the transposon ORF (b1).
Transposase dimer (or more ) binds to ITR (b2) and exc ises transposon
DNA, then the transpososome is displaced (b3) to be integrated in another genomic site (b4).

Using this system, several DNA transposons, such as P
element, PiggyBac, Tol2, Hsmar1 and Sleeping Beauty, have
been utilized for gene delivery and mutagenesis in invertebrate
and vertebrate cells (24- 33). Among th e DNA transposons,
PiggyBac, Tol2 and Sleeping Beauty have been evaluated for
gene therapy in animal experiments, primary cell gene delivery
and a few pre-clinical tri als (34-37). The advantages and
disadvantages of DNA transposon-based gene delivery will be
discussed below with respect to cargo capacity, effi ciency,
gene silencing and targeted insertion with special emphasis on
PiggyBac, Tol2 and Sleeping Beauty.
Cargo Capacity: A l arge cargo capacity is desired for
therapeutic application and DNA t ransposon-based vectors
appear as good candidates with respect to this criterion. Indeed
Tol2 and PiggyBac vectors are able to integrate up to 11 and
9.1 kb of foreign DNA respectively (28,38). Furthermore the
large cargo capacity of Tol2 w as further evidenced with a ~70
kb BAC transfer in mouse and zebrafish genomes (39). By
contrast the transposition activity of wild type Sleeping Beauty
is significantly decreased when foreign DNA exceeds the
initial 1.7 kb size (40).

Nevertheless, systems like SB transposon and CRISPR-CAS9
will become more effective in the future. We had explained
sleeping beauty transposon in our previous articl e, the article
contains all the in formation on the SB system, starting from
their discovery to its mechanism of action.
Dna transposon-based vectors: DNA transposons are a group
of transposable elements present in most (i f not all) organisms
from bacteri a to mammals (20), but poorly represented in the
human genome (21). The main families of DNA transposons
(Tc1/ mariner, hAT and PiggyBac) have a simple structure with
a unique gene fl anked by inverted terminal repeats (Figure
1(a)). Their mobility is supported by the transposon-encoded
transposase enzyme in a “ cut and paste” mechanism.
(Figure 1(b)). This simple genome integration mechanism
makes DNA transposons very attractive as gene delivery tools.
To achieve this goal a two-plasmid system should be
developed consisting of a helper plasmid expressing the
transposase and a donor plasmid with the terminal repeat
sequence fl anking the gene of interest (Figure 2) (22-24).

Fig ure 2. Schematic view of a DNA-transposo n system f or gene
deli very. Both donor and helper plasmi ds are transf ected into
the host cells . The helper plasmi d is an expressio n vector that
al lows transposase production and the donor plasmid bears the
gene of interest that will be integ rated into the host genom e by
the transposase. The light blue circles represent the transpos ase proteins produced f rom helper plasmid.
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Transposition Efficiency: The transposition efficiency of
PiggyBac, Tol2 and a mu- tant Sleeping Beauty transpos ase
(SB11) was compared in several human cell lines. Tol2 and
PiggyBac were highly active in all cell lines tested while SB11
was obviously less effi cient and margin ally or totally inactive
in two cell lines, i.e. HeLa and H1299, respectively (30).
However, a new hyperactive Sleeping Beauty transpos ase
(SB100X) displays transposition efficiency comparable to
PiggyBac under non-restrictive conditions (41). So,
transposase mutagenesis may be an interesting way to increase
DNA transposon-based vector efficiency as shown for
Sleeping Beauty hyperactive mutants (41,42) and hyperactive
or mouse-codon optimized PiggyBac (43,44).
Gene Silencing and Stability of Gene Insertion: Any
transgene introduced into the host genom e is a potential target
for the position effect that caus es transgene silencing. This
phenomenon is observed particularly in viral vectors but also
appears in plasmid and DNA-t ransposon vectors. How ever, in
the study by Grabundzija et al. transgene silencing observed
following DNA-based gene delivery using Tol2, PiggyBac or
SB100X, was found to be very low (3.8% vs 26.5% in control)
(45). This result has to be moderated since earlier results
reported progressive post-integrative gene silencing aft er
Sleeping Beauty transposition (46). Furthermore postintegration transgene silencing may be higher than pre- viously
observed as suggested by Meir and Wu (47) indicating 63% for
Sleeping Beaut y, 46% for Tol2 and 20% for PiggyBac. A
comparative study between vir al vecto rs and non vi ral vectors
used under the s ame conditions may be of interest to decide
whether DNA transposon -based vectors have advantages or
not with respect to the gene silencing effect (47 ). Interestingly,
reducing the terminal repeats o f Pigg yBac to 40 bp and 67 bp
from 245 bp and 311 bp of 3’ and 5’ terminal repeats
respectively in the commonly used PiggyBac, enhances Piggy
Bac’s transposition activity (48). This suggests a possible
interaction betw een epigenetic silencing factors and s equences
present in the common PiggyBac but not in its shorter form.
Furthermore, this shorter Pigg yBac, called micro-PiggyBac,
lacks many activato r sequences initially present in the 3’
PiggyBac terminal repeats that influence neighboring gene
expression (49). In addition, transgene delivery without drug
selection is advantageous for therapeutic purposes but may
interfere with stable insertion. A recent study compared the
stable insertion ability of the Tol2, PiggyBac and Sl eeping
Beauty DNA-transposon gene delivery systems in human
peripheral blood and umbilical cord blood-derived T -cells (50).
This study showed that PiggyBac is the most effi cient of the
three DNA transposon systems in mediating stable gene
insertion.
Insertion Site Targeting: Site targeting is a crucial point in
gene trans fer and especially in the human gene therapy
perspective. Most of the integrating viral vectors have
integration site preferences leading to an integration site bias
that may explain some adverse effects such as gene silencing
or activation of cancerrelated genes (51-54). By contrast,
genome-wide targeting profiles of PiggyBac, Sleeping Beauty
and Tol2 in various human cell lines and hum an primary cells
clearly demonstrate that the three transposon systems display a
lower frequency in targeting near c ancer-related g enes and less
bias in targeting a ctive genes compared to viral-based vectors
(29,45,48,50,55, 56). A detailed analysis of this aspect is
available in Meir and Wu (2011) (47). The ability of PiggyBac
transposase to be molecularly engineered without a loss of

activity allows the construction of PiggyBac transpos ase
chimeras with a DNA binding domain, such as the zinc fing er
DNA binding domain that would recognize speci fi c and safe
integration sites.
Drawbacks and future challenges: The DNA transposonbased gen e delivery systems encount er some drawbacks which
must be overcome, some being shared with other viral and
non-viral vectors. The behavior of DNA transposon in
different cell types remains l argely unknown, especially
regarding PiggyBac and Tol2. One might worry some
cytotoxicity of t ransposase overproduction, leading to
overproduction inhibition. Studies with Sleeping Beauty have
been conduct ed in numerous cell types showing a cell type
dependent activity and the interaction with human factors such
as HMGB1 and Miz-1 (24,36,45). Unlike Sleeping Beauty,
PiggyBac transposition seems to be cell type independent.
However cytotoxic interaction of PiggyBac with cellular
factors cannot be ruled out since a little overproduction
inhibition could be observed (30,44,47).
The existence o f PiggyBac like elements in the human genome
(21) raises the question of s afety concerns. Indeed a
transmobilization of endogenous elements by th e engineered
transposase might be mutagenic. This does not apply to Tc-1
like elements such as Sleeping Beaut y, which have no close
relatives in the human genome. This is also one interest to
develop new vectors based on distant sequences (e.g. from
crabs···) (22,). However the longer th e foreign sequences
introduced into the host genome, the g reater the probability o f
evoking adverse consequences such as gene silencing and
dysregulation of gen es nearby. Therapeutic g ene silencing and
dysregulation of gen es nearby are common drawback o f D NA
transposon-based vectors and viral vectors (3,47). Epigenetic
gene silencing was obs erved post-integration with Sleeping
Beauty that was in fluenced by DNA methylation and histone
deacetylation (46). Epigenetic regulation of PiggyBac vector
was also suggested by the results of Meir et al. (48).
Another con cern shared by both non-viral and viral vectors, is
the integration site specificity and its counterpart insertional
mutagenesis. T o overcome this point is the major challenge for
gene therapy, and despite years of res earch, this has not been
addressed to date. The addition of speci fi c DNA binding
domain, such as zinc-fing er domain of known transcription
factors, appears ineffi cient and reduces the transposition rate.
Some outlook may come from arti ficial zinc-fingers which
harbor modular structure and function making possible to
recognize theoretically any sequence in the genome (37).
Finally, to my point of view, the major concern of DNA
transposon-based d elivery systems is to keep open the problem
of DN A delivery into cells, with the drawbacks of all non-viral
delivery systems (mainly toxicity and low effi ciency). It is
beyond the scope o f this review to address the pros and cons of
non-viral delivery systems (e.g. liposomes, polymers,
electroporation···) but it is a great challenge to develop
efficient and non-cytotoxic re- agents for DNA d elivery a cross
the cell membrane. May- be the future resides in th e hybrid
technology combining the natural ability of viruses to cross cell
membranes with effi cient genomic insertion of DNAtransposon. Several Sleeping Beauty-virus combinations have
been tried with herpes virus or lentivirus in human cells and
adenovirus in mouse liver.
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Conclusion
Because of their lower immunogenicity and the fact that they
are less prone to gene silencing than viral vectors, DNA
transposon-based vectors appears to be good and more
desirable therapeutic gene delivery system. Piggy Bac has
some advant ages over Sl eeping Beauty or Tol2 because Piggy
Bac transposase can be molecularly modi fied without
substantially losing its activity (47). According to Meir and
Wu, 2011, Piggy Bac seems currently the most promising
DNA transposon to obtain a highly effi cient gene delivery
system capable of targeting the therapeutic gene at a
predefin ed safe lo cation in the host genome where the
transgene can be stably and faithfully expressed without
disturbing global gene expression. However, this ambitious
goal has not yet been achieved and much progress is still
required. Finally, improvement of cargo capacity, delivery
efficiency and expression stability/persistence may be achieved
with chimeric vectors combining viral (i.e. baculovirus or
adenovirus) and non viral vecto r (i.e. DNA transposon)
elements such as those recently developed.
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