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Introduction

Transposon-based systems are simple and efficient transfec-
tion tools suitable for a variety of gene transfer applications.1 
These plasmid-based gene delivery vehicles represent alter-
natives to popular integrating viral approaches. Advantages 
over viral vectors include tolerance by the immune sys-
tem, decreased preference for integration into genes, and 
increased cargo capacity.2–6 In addition, viral approaches are 
burdened by expense in production and biosafety consider-
ations.7 Initial transposition experiments in vertebrate cells 
used the Sleeping Beauty (SB) system. The SB transposon, 
originally reconstructed from inactivated sequences found 
in fish genomes, has proven to be a flexible and effective 
nonviral genetic tool.8–10 Recently, piggyBac (pB), isolated 
from the moth Trichoplusia Ni, has emerged as a highly 
efficient gene delivery vector for numerous in vitro and in 
vivo applications.11–16 The typical 2-plasmid system includes 
both a “helper” plasmid encoding the transposase enzyme 
and a “donor” plasmid containing the intended integration 
sequence, such as a gene of interest, flanked by the transpo-
son terminal repeat elements (TREs). Upon entrance to the 
cell, the pB transposase recognizes the TREs and excises 
the transposon from the donor plasmid. pB subsequently 
integrates the transposon permanently into the genome at 
a TTAA tetranucleotide sequence. By introducing pB TREs 
into bacterial artificial chromosomes, it is possible to facili-
tate integration of large pB inserts greater than 100 kb.17 pB’s 
unprecedented cargo capacity can allow for the integration 

of large genes, regulatory elements, and multiple reading 
frames. pB has been used to generate induced pluripotent 
stem cells due to its ability to precisely excise its transposon 
from the genome without leaving a DNA “footprint”.18 This 
feature allows for the removal of transgenes following com-
plete reprogramming without leaving residual sequences.19 In 
addition, pB has been shown to be amenable to DNA-binding 
domain fusions, allowing for targeted transposition to chro-
mosomal locations.20

We have recently designed improved self-inactivating vec-
tors that contain all transpositional machinery on a single 
helper-independent plasmid, termed pmGENIE-3.16 pmG-
ENIE-3 encodes a specialized pB transposase containing a 
TRE within an engineered intron. Upon transfection, pB rec-
ognizes the TREs and subsequently excises the transposon 
from the plasmid, thereby truncating the transposase gene. 
This design renders the transposase inactive after excision. 
Consequentially, potentially negative genotoxic effects that 
may develop by the persistence of an active PB gene are 
eliminated.

Over the past 20 years, RNA interference, using silencing 
RNA molecules or short hairpin RNA molecules (shRNA) has 
developed into a reliable method to target and reduce the 
expression of specific genes. Eukaryotic expression vectors 
have been shown to effectively drive expression of shRNA in 
mammalian cells, however the relative ability of transposase-
based delivery systems, in particular the pB transposase 
systems, have not yet been thoroughly assessed. Telomer-
ase is an enzymatic complex that is required for prolonged 
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Nonviral gene delivery systems are rapidly becoming a desirable and applicable method to overexpress genes in various 
types of cells. We have recently developed a piggyBac transposase-based, helper-independent and self-inactivating delivery 
system (pmGENIE-3) capable of high-efficiency transfection of mammalian cells including human cells. In the following study, 
we have assessed the potential of this delivery system to drive the expression of short hairpin RNAs to knock down genes in 
human cells. Two independent pmGENIE-3 vectors were developed to specifically target knockdown of an endogenous gene, 
telomerase reverse transcriptase (TERT), in telomerase-positive human immortalized cell lines. As compared with a transposase-
deficient vector, pmGENIE-3 showed significantly improved short-term transfection efficiency (~4-fold enhancement, 48 hours 
posttransfection) and long-term integration efficiency (~5-fold enhancement) following antibiotic selection. We detected a 
significant reduction of both TERT expression and telomerase activity in both HEK293 and MCF-7 breast carcinoma cells 
transfected with two pmGENIE-3 construct targeting distinct regions of TERT. Importantly, this knockdown of expression was 
sufficient to abrogate telomerase function since telomeres were significantly shortened (3–4 Kb, P < 0.001) in both TERT-
targeted cell lines following antibiotic selection of stable integrants. Together, these data show the capacity of the piggyBac 
nonviral delivery system to stably knockdown gene expression in mammalian cells and indicate the potential to develop novel 
tumor-targeting therapies.
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cancer cell proliferation and is present in ~90% of all human 
tumors.21 The activity of the telomerase complex is entirely 
dependent on expression of the catalytic component of 
telomerase, TERT.22,23 Therefore, in the present study, we 
sought to assess the potential of a novel pB-based vector to 
express shRNA to specifically target TERT, in human telom-
erase-positive cell lines.

Results

We have previously shown that the pmGENIE-3 transposase-
based nonviral delivery system can efficiently express genes 
in mammalian cells both in vitro and in vivo in transgenic 
mice.16,24 To assess the capacity of this system to knock down 
target genes using RNA interference, we developed two 
vectors, pmGENIE-3-Trt1 and pmGENIE-3-Trt2, to express 
shRNA-targeting TERT (Figure 1). We initially compared 
transfection efficiency of our actively integrating pmGENIE-3 

to a passive, transposase-deficient pGIPZ shRNAmir vector 
expressing the same TERT-targeting shRNA. We found the 
transient transfection levels (72 hours posttransfection) to be 
enhanced ~4-fold using the pmGENIE-3 vector (Figure 2a). 
Furthermore, following selection with antibiotic, we observed 
~5-fold enhancement of the frequency of stably transfected 
cells receiving pmGENIE-3 based on green fluorescent pro-
tein expression  (Figure 2b).

To assess the ability of pmGENIE-3-Trt1 and pmGENIE-
3-Trt2 to knock down TERT, we stably transfected both 
HEK293 cells and MCF-7 cells with these constructs. We also 
generated control cell lines transfected with a pmGENIE-3 
construct without shRNA (pmGENIE-3-Trt0). At ~2 months 
postselection, we observed significant reduction in relative 
levels of TERT mRNA for both constructs in HEK293 and 
MCF-7 (P ≤ 0.001) cells (Figure 3). To determine whether 

Figure 1  Map of the pmGENIE-3 pB transposase-based vector. 
Included in the vector design are ubiquitously expressed green 
fluorescent protein to facilitate detection of transfectants, internal 
ribosome entry site-Puro to allow stable selection of integrants, and 
a site to allow insertion of short hairpin RNA sequences.
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Figure 2 Comparison of the short-term and long-term trans-
fection efficiency of pmGENIE-3 to a transposase-deficient 
vector. (a) HEK293 cells were transiently transfected (FuGENE6) in 
triplicate with equal amounts of either pmGENIE-3 or pGIPZ shRNAmir 
plasmid and the fraction of green fluorescent protein (GFP)-positive 
cells (the ratio of GFP+ to GFP- cells) was assessed by FACS analysis 
at 72 hours posttransfection. (b) HEK293 cells were transfected as 
in a, followed by 4-week selection with puromycin. Values represent 
the number of total GFP+ cells relative to a control reference sample 
transfected with an empty pmGENIE-3 vector grown without selection. 
Standard error bars and P value (Student’s t test) are shown.
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Figure 3  Analysis of the potential of pmGENIE-3 to perform 
RNAi-mediated knockdown of gene expression in human 
cells. Human cell lines (HEK293 and MCF-7) were transfected 
with pmGENIE-3 vectors expressing short hairpin RNA targeting 
telomerase reverse transcriptase. Following Puromycin selection, 
the relative expression of telomerase reverse transcriptase was 
assessed using real- time reverse transcription polymerase chain 
reaction. Expression values, normalized to GAPDH are shown 
relative to corresponding control cells (transfected with Trt0). All 
analyses were performed in triplicate; standard error bars are shown.
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this level of knockdown was sufficient to have an effect on the 
telomerase enzymatic complex, we also measured telom-
erase activity in these cells. We observed significantly (P ≤ 
0.02) reduced levels of telomerase activity with both con-
structs in HEK293 and MCF-7 cells, in agreement with the 
reduced levels of TERT mRNA (Figure 4). These observa-
tions confirm that the nonviral pmGENIE-3-TERT delivery 
system is capable of knocking down target genes via stable 
expression of shRNA.

We next sought to determine if the reduced level of telom-
erase had a physiological effect in these cell lines. Specifi-
cally, we measured telomere length by southern analysis of 
terminal restriction fragments at ~2 months posttransfection 
(Figure 5). For both HEK293 and MCF-7 cells transfected 
with either pmGENIE-3-Tert1 or pmGENIE-3-Tert2, we 
observed a significant reduction in telomere length. For the 
HEK293 cell line, which has relatively short initial telomere 
length, we noted that telomeres were approaching critical 
length required to maintain cell viability (~3 Kb).25,26 An anal-
ysis of proliferation rate in cells transfected with the TERT 
targeting vectors revealed a marked (>2-fold) reduction in 
growth by ~2 months posttransfection in cells (Supplemen-
tary Figure S1).

Discussion

Transposition-based gene delivery systems are appealing 
tools which bypass the use of viral vectors for transgene 
delivery. Transposase/transposon vectors have been shown 
to have less of an affinity for transcriptional start sites, tran-
scribed regions, and protooncogenes than lenti- or retro-
viruses and their ease of production at low expense make 
them ideal candidates to evaluate human applications of 
gene therapy.27 We have modified the pB transposon system 
to consist of a single self-inactivating vector for highly effi-
cient generation of stable transformants in mammalian cells 
in vitro as well as in transgenic animals.16,24 Due to our pre-
vious success at utilizing helper-independent pB constructs 
to stably transfect cell lines and animals with marker genes 
such as enhanced green fluorescent protein, we speculated 

that transgenes that affect the biological function of cells 
would have the same successful delivery and integration.

In the present study, we have assessed the ability of our 
single plasmid pB vector, pmGENIE-3, to drive expression of 
shRNA and affect the target gene expression in human cell 
lines. The practical utility of silent interfering RNA to suppress 
cancer has been intensively studied over the past 10 years,28 
however, truly effective RNAi-based therapies have yet to be 
developed. Telomerase, specifically TERT, has been studied 
as a target for RNAi technology.29 Indeed, a TERT-targeting 
RNAi therapeutic could potentially complement other anti-
sense targeting methods, such as using stable antisense oli-
gonucleotides that target the telomerase RNA component30 
to dramatically reduce telomerase levels and induce cancer 
cell senescence or apoptosis. We show in both HEK293 and 
MCF-7 cells that pmGENIE-3 vectors designed to target the 
TERT gene transcript, effectively knockdown TERT expres-
sion and reduce telomerase activity levels. Furthermore, this 
knockdown of telomerase was sufficient to effect the physi-
ological function of telomerase, since in both cell lines, it was 
accompanied by significant telomere shortening (P < 0.001). 
These results suggest that the pB transposase-based deliv-
ery system is an effective technique for expressing shRNA 

Figure 4  Analysis of pmGENIE-3 mediated telomerase reverse 
transcriptase knockdown of telomerase activity in human cell 
lines. Telomerase activity was measured using the TRAP assay in 
the same cells as assessed in Figure 3. Telomerase activity levels 
for an equivalent number of untreated cells are also shown. All 
analyses were performed in triplicate; standard error bars are shown.
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Figure 5  Analysis of the physiological effect of pmGENIE-3-
mediated gene knockdown in human cells. Following puromycin 
selection, telomere length analysis was performed on the same 
cells that were transfected with the telomerase reverse transcriptase 
targeting pmGENIE-3 in Figure 3. (a) Sample blots of southern 
analysis of TRF length for HEK293 and MCF-7. C, no treatment 
control; 0, pmGENIE-3-Trt0; 1, pmGENIE-3-Trt1; 2, pmGENIE-3-
Trt2. (b) Quantitative analysis of mean TRF length for all samples. 
All analyses were performed in triplicate; standard error bars are 
shown. P value represents Student’s t test.
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and knocking down target genes in human cell lines, includ-
ing tumor cell lines.

The ability of the pmGENIE-3 vector to efficiently knock-
down TERT and reduce telomerase levels, in conjunction 
with the high level of long-term expression, indicative of 
genomic integration associated with this vector, suggest that 
pB transposase-based delivery systems may provide a new 
method to suppress tumor progression. We are presently 
undertaking experiments to assess the potential and effect of 
using pmGENIE-3 to knockdown TERT in tumor cells in an in 
vivo murine model.

The results from this study have further implications for the 
utility of pmGENIE-3 vector beyond cancer therapy, for exam-
ple, to study cell aging. The use of pmGENIE-3 vector to tar-
get TERT and/or other genes in rodents and other laboratory 
animals could be a powerful way to assess the combinatorial 
affects of altered expression of these genes on cell aging in 
vitro and in vivo. The ability to express multiple genes or shR-
NAs, from a single construct is another advantage of the pB 
transposase-based delivery system, as we (data to be pub-
lished elsewhere) and others31 have recently demonstrated 
by our use of pmGENIE-3 vector to efficiently derive induced 
pluripotent stem cellsiPSCs by expression of the Yamanaka 
factors (Oct4, Sox2, Klf4, and c-Myc).

In summary, we have shown that the pB transposase-
based delivery system is effective at shRNA-driven targeted 
gene knockdown in mammalian (human) cells. The ability 
to affect both telomerase and telomeres in a tumor cell line 
implies a potential utility for the pB vector in cancer therapy.

Materials and methods

Vector design. The pmGENIE-3 transposase-based deliv-
ery system has been described previously.16 pmGENIE-3 
is compatible with Gateway recombineering cloning (Life 
Technologies) for simple addition of target genes into 
the transposon portion of the construct. The two shRNA 
sequences were modeled after human miR-30 and were 
designed to target distinct regions of the TERT mRNA, spe-
cifically, 5′-AGCAAGTTGCAAAGCAT-3′ (Tert1 shRNA) and 
5′-CGAGCTGCTCAGGTCTTTCTT-3′ (Tert2 shRNA). The 
shRNAs were located 3′ to a bicistronic TurboGFP and puro-
mycin-coding region driven by the cytomegalovirus promoter. 
Each cassette including shRNA was excised from lentiviral 
pGIPZ shRNAmir plasmids (catalog #s RHS4430-101132965 
and RHS4430-99161517, Thermo Scientific, Rockford, IL) 
via XbaI and BglII (New England Biolabs, Ipswich, MA) and 
cloned into an empty pENTR1A (Life Technologies) vector 
in preparation for Gateway recombineering into pmGENIE-3.

Cell lines and transfection. The HEK293 and MCF-7 cell lines 
were grown in standard culture conditions (37 °C, 5% CO

2) 
in Dulbecco’s modified Eagle medium for HEK293 and Dul-
becco’s modified Eagle medium F12 for MCF-7, both in high 
glucose, complete media with 10% fetal bovine serum. Cells 
were transfected using FuGENE 6, (Roche, Indianapolis, 
IN) per manufacturers’ instructions. Cells were selected with 
puromycin (HEK293 cells with 500 ng/ml, MCF-7 cells with 
300 ng/ml).

Measurement of TERT expression. Relative levels of TERT 
mRNA were assessed by real-time polymerase chain reaction 
(PCR) using a Bio-Rad IQ cycler. Total RNA was isolated from 
cells using TRIzol reagent (Invitrogen, Grand Island, NY). RNA 
cleanup and DNase treatment was done using the RNeasy Mini 
Kit (Qiagen, Germantown, MD). One microgram of total RNA 
was reverse transcribed using the iScript Advanced cDNA Syn-
thesis Kit for real-time quantitative PCR (Bio-Rad). The real-
time PCR assays were performed in 25 μl reactions using iQ 
SYBR Green Supermix (Bio-Rad, Hercules, CA), 50 ng cDNA, 
and 0.4 μmol/l of forward and reverse primers. Analysis was 
done using a MyiQ single-color real-time PCR detection sys-
tem (Bio-Rad). Thermal cycling conditions were the following: 
2 minutes at 50 °C and 10 minutes at 95 °C for initial denatur-
ation, followed by 40 cycles at 95 °C for 15 seconds and 54 °C 
for 1 minute, and a dissociation step at 95 °C for 15 seconds, 
54 °C for 30 seconds and 95 °C for 15 seconds. Gene relative 
quantification of TERT was calculated as described by Livak 
and Schmittgen32 and normalized with the housekeeping gene 
hypoxanthine phosphoribosyltransferase. All samples were 
analyzed in triplicate along with no RT controls. Primers used 
for amplification were as follows: TERT F, 5′-CGTCGAGCT 
GCTCAGGTCTT-3′ and R, 5′-AGTGCTGTCTGATTCCAAT 
GCTT-3′:33 hHPRT F, 5′-TGACACTGGCAAAACAATGCA-3′ 
and R, 5′-GGTCCTTTTCACCAGCAAGCT-3′.34

Detection of telomerase. Telomerase activity was measured 
using the TRAP assay (TRAPeze detection kit; Millipore, Bil-
lerica, MA) per manufacturers’ protocol. Briefly, 1 × 106 cells 
per sample were lysed on ice in CHAPS buffer (30 min-
utes) followed by centrifugation (12,000g, 30 minutes). The 
supernatant was then used directly in TRAP reactions (PCR 
cycling conditions: 27 cycles of 94 °C/30 seconds, 60 °C/30 
seconds, 72 °C/60 seconds).

Telomere length analysis. Telomere length was assessed by 
Southern analysis of terminal restriction fragment length as 
previously described.26,35

Statistics. All measurements are shown as the mean of three 
or more independent measurements. Error bars represent 
standard error. P values represent Student’s t test.

Supplementary data

Figure S1. Effect of TERT-targeting shRNA expression on 
growth rate of HEK293 cells.
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