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Transfection of shRNA-encoding Minivector DNA of
a few hundred base pairs to regulate gene expression
in lymphoma cells

N Zhao1,3, JM Fogg2,3, L Zechiedrich2 and Y Zu1

This work illustrates the utility of Minivector DNA, a non-viral, supercoiled gene therapy vector incorporating short hairpin RNA
from an H1 promoter. Minivector DNA is superior to both plasmid DNA and small interfering RNA (siRNA) in that it has
improved biostability while maintaining high cell transfection efficiency and gene silencing capacity. Minivector DNAs were
stable for over 48h in human serum, as compared with only 0.5 and 2 h for siRNA and plasmid, respectively. Although all three
nucleic acids exhibited similar transfection efficiencies in easily transfected adhesion fibroblasts cells, only Minivector DNAs
and siRNA were capable of transfecting difficult-to-transfect suspension lymphoma cells. Minivector DNA and siRNA were
capable of silencing the gene encoding anaplastic lymphoma kinase, a key pathogenic factor of human anaplastic large cell
lymphoma, and this silencing caused inhibition of the lymphoma cells. Based on these results, Minivector DNAs are a promising
new gene therapy tool.
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INTRODUCTION

Gene silencing for gene therapy remains challenging because of
the limited biostability of small interfering RNA (siRNA) and
low transfection efficiency of plasmid DNA. This paper describes
the first cell transfection experiments with Minivector DNA, a novel,
non-viral, supercoiled gene therapy vector as small as B300 bp,
which combines the prolonged biostability of plasmid DNA with
the high transfection efficiency and gene silencing capabilities
of siRNA.
RNA interference, a natural cell process in which specific mRNAs

are targeted for degradation by complementary siRNAs, enables the
specific silencing of a single gene at the cellular level.1–3 A variety of
biomedical4 and clinical research1,2,5 has shown that RNA interference
has great potential as a therapeutic approach. However, despite the
tremendous potential of RNA interference for gene therapy and the
large number of genes identified as candidates for targeting, success
has been limited, largely because of complications associated with
delivery. Synthetic siRNAs must be replenished constantly because
they are destroyed along with their mRNA target during RNA
interference-mediated gene silencing. Their destruction, combined
with their susceptibility to environmental nucleases, limits their
in vivo use.
Attenuated viruses achieve high cell transfection and intracellular

delivery; however, concerns about the safety, immunogenicity and

latent pathogenic effects of viral vectors have limited their therapeutic
potential. In addition, there is concern that viral vectors will integrate
into the genome and that they may recover the ability to cause disease.
Several gene therapy clinical trials have been abandoned because of
serious, in some cases fatal, consequences resulting from the use of
viral vectors.6

DNA plasmid vector systems are a viable alternative for delivery of
short hairpin RNAs (shRNAs) for gene-targeting therapy.3 DNAs are
stable, shRNA expression can be inducible7 and targeted genes can
be regulated for several months by maintaining selection for the
plasmid.8 Limitations of conventional DNA vectors are primarily
related to their size. Plasmids are typically 43000 bp and are difficult
to minimize because of essential bacterial replication and selection
sequences needed for vector propagation. Bacterial sequences contain
immunotoxic CpG motifs9, which are approximately four times more
prevalent in bacterial than mammalian DNA.10 Bacterial sequences
can also induce transcriptional silencing of episomal transgenes11–16

and may interfere with shRNA expression.
Reducing the size of DNA vectors appears to be a reasonable

approach to improve cell transfection.17,18 The use of minimized
vectors appears to be especially effective for cell types that are
refractory to transfection.17 For example, luciferase expression from
a 2900bp minicircle in aortic smooth muscle cells, which are difficult
to transfect, was increased 77-fold relative to a 52 500 bp plasmid.
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The same 2900bp minicircle yielded a 6-fold improvement in NIH
3T3 cells, which are far easier to transfect.

RESULTS

A new DNA vector for gene therapy
Minivector DNA can be as small as B250 bp and can be generated at
high purity in milligram quantities.19 Obtaining large quantities of
minicircles less than 500 bp was a technical challenge that was
previously insurmountable, with micrograms quantities being the
best achievable yields.20 Minivector DNAs contain only a promoter
and the sequence-encoding shRNA and are nearly completely devoid
of bacterial sequences (Figure 1). Along the convention of ‘p’ in front
of plasmid names, we designate Minivector DNAs with ‘mv.’ Here, we
compared biostability, cell transfection, gene silencing capacity and
therapeutic potential of Minivector DNA, conventional DNA plasmid
vectors and synthetic siRNA.

Biostability
Minivector and plasmid DNAs encoding shRNA or synthetic siRNA
were incubated in 100% human serum at 37 1C. At each time point, as
indicated in Figure 2a, residual DNA vectors and siRNA oligonucleo-
tides were extracted and analyzed by gel electrophoresis. The Mini-
vector DNA was stable in human serum for 448h, whereas the
parental plasmid DNA was more than 50% degraded by B4 h. The
synthetic siRNA was degraded in less than 30min (Figure 2b). Serum
survival is an important first step toward in vivo use of Minivector
DNA for gene therapy.

Transfection/gene silencing
We used two different cell lines stably expressing green fluorescent
protein (GFP) to compare transfection and gene silencing mediated by
plasmid, Minivector DNA or siRNA: adhesion 293FT cells, a trans-
formed human embryonic kidney fibroblast cell line that is easily
transfected, and suspension Jurkat cells, a human lymphoma/leukemia
cell line that is difficult to transfect. shRNA against GFP was encoded
on plasmid or Minivector DNA under control of the HI promoter.
siRNA targeting GFP was synthesized. The three nucleic acids were
separately transfected into cells using Lipofectamine (Invitrogen,
Carlsbad, CA, USA). After 3 days, GFP was quantified by flow
cytometry.

Figure 3a shows that the nucleic acids with control sequences had
no effect on GFP expression. Plasmid, Minivector DNA and siRNA
against GFP induced significant GFP gene silencing (34, 52 and 58%,
respectively) in the adhesion 293FT cells (Figure 3b). In the Jurkat
lymphoma/leukemia cells (Figure 3c), the plasmid had little effect on
suppressing GFP expression (B4.5%), as expected for a difficult to
transfect cell line. In contrast, Minivector DNA (B46%) was nearly as
effective as synthetic siRNA (B61%) in silencing the GFP gene in
Jurkat cells. These data show that despite the very small size of
Minivector DNA, RNA polymerase (presumably RNA polymerase III
because it is the HI promoter) must find and transcribe shRNA
from it. Unlike the synthetic siRNA, which will be degraded with gene
silencing if it could survive delivery, Minivector DNA continues to
deliver the transcribed shRNA.
Anaplastic large cell lymphoma (ALCL) cells carry a chromosomal

translocation resulting in abnormal expression of the anaplastic
lymphoma kinase (ALK) gene.21 The auto-activation of ALK fusion
protein22 is a key pathogenesis factor for ALCL development.23–25

siRNA-induced ALK gene silencing can inhibit the growth of ALCL
cells.26,27 We compared the ability of plasmids, Minivector DNA and
synthetic siRNA in silencing ALK expression in cultured Karpas 299
cells (a human ALCL cell line from the German resource center for
biological material (DSMZ)), and in parallel assessed their ability to
inhibit ALCL cell growth. ALK was quantified using flow cytometry
and an FITC-conjugated anti-ALK antibody. Minivector DNA silenced
ALK fusion protein expression in Karpas 299 cells toB25%, the same
extent as synthetic siRNA (Figure 4a), whereas, as expected, conven-
tional plasmid vector caused, perhaps, a B1% decrease of ALK
expression. An MTT cell proliferation assay revealed that transfection
of Karpas 299 cells with Minivector DNA or synthetic siRNA resulted
in an B40% inhibition of cell growth relative to control cells carrying
the transfection vehicle (Po0.01, Figure 4b). Transfection of control
nucleic acids or plasmid encoding shRNA against ALK had no
detectable effect on cell growth.

DISCUSSION

Many human cell lines, for example, lymphoma cells, dendritic cells
and T-cells, cannot be efficiently transfected with current plasmid
vectors. The data presented here establish the utility of Minivector
DNA as a tool to deliver shRNA to cells, including cells that are

Figure 1 Minivector DNA construction. Minivector DNA for expression of shRNA against GFP and ALK were generated using the l-integrase (Int) site-specific

recombination system as described in Fogg et al.19 shRNA sequences were cloned into the parent plasmid (far left); the three parent plasmids (pMV) and

Minivector (mv) DNAs used in this study are identified.
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refractory to transfection with plasmids. In addition to being a useful
tool for basic research, Minivector DNAs hold promise as a gene
therapy tool in the clinic.
With a validated target, ALCL is a disease with high potential

for RNA interference-based therapy. However, although siRNA
works in cell culture, it is not stable in serum, requires constant
replenishment and is prohibitively expensive, all but ruling out its
therapeutic potential. Plasmid vectors do not efficiently transfect
lymphoma cells and are therefore unsuitable. With high gene
silencing capability and biostability, Minivector DNA overcomes
these problems.
Minivector DNA survival in serum suggests that they may be stable

following hematogenous delivery, allowing them to reach the target

cells. Our work here is an important first step in establishing the
therapeutic potential of Minivector DNA, particularly for a blood-
borne disease such as lymphoma. To further increase the efficacy of
Minivector DNA and to reduce potential off-target effects, ongoing
and future studies will investigate ways to deliver Minivector DNA
specifically to lymphoma cells.
The use of siRNA-based gene silencing has been an extremely useful

tool for delineating the molecular processes causing many diseases, but
the potential of clinical siRNA-based therapy is low. Minivector DNA
represents a technological advance in delivery for gene therapy and
holds great promise for use in a wide range of basic research and
clinical settings.

MATERIALS AND METHODS
Minivector DNA generation
shRNA sequences were cloned as BglII–HindIII fragments into the parent

plasmid, pMVCCR5shRNA3-BglII which was generated as follows. KasI and
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HindIII restriction sites were engineered into pMC339-BbvCI19 (QuikChange

site-directed mutagenesis kit, Stratagene, La Jolla, CA, USA). The KasI/HindIII

restriction fragment containing the H1 promoter and shRNA sequence from

pSUPER-CCR5shRNA-38,28 was inserted between the KasI and HindIII sites of

pMC339-BbvCI. A BglII site was engineered in front of the shRNA expression

sequence using the QuikChange kit to generate pMV-CCR5shRNA3-BglII.

DNA inserts encoding shRNA against GFP29 and ALK30 were subcloned into

pMV-CCR5shRNA3-BglII between the BglII and HindIII sites to generate

pMV-H1-GFPshRNA and pMV-H1-ALKshRNA. Minivector DNA parent

plasmids were transformed into E. coli strain LZ5431 and large-scale in vivo

l-integrase (Int)-mediated recombination and Minivector DNA isolation was

performed as described previously with the following minor modification.

Pure, monomeric supercoiled DNA was isolated by multiple rounds of

Sephacryl S-500 gel-filtration (GE Healthcare Life Sciences, Piscataway, NJ,

USA) instead of the preparative gel electrophoresis step. Fractions containing

supercoiled, monomeric minicircle were pooled, concentrated using Amicon

Ultra centrifugal filters (Millipore, Billerica, MA, USA), precipitated with

ethanol and resuspended in 10mM Tris-HCl, pH 8.0 and stored at �20 1C.

Nucleic acid stability in human serum
A total of 1mg of plasmid, Minivector DNA or synthetic siRNAwere incubated

at 37 1C in 100ml of 100% human serum (Atlanta Biological, Lawrenceville,

GA, USA). At the time points shown (Figure 2), residual DNA vectors or siRNA

were extracted with phenol:chloroform:isoamyl alcohol (25:24:1), extracted

with chloroform, precipitated in 95% ethanol and analyzed on agarose gels

(DNAs) or polyacrylamide gels (siRNA), followed by ethidium bromide

staining. The bands of DNA or siRNA products were quantified using TotalLab

software (FotoDyne, Hartland, WI, USA) and plotted using Kaleidagraph

(Synergy Software, Reading, PA, USA).

Cell transfection/gene silencing
As a reporter system for GFP gene silencing, we established stable GFP-

expressing cells from adhesion 293FT cells (a transformed human embryonic

kidney cell line, Invitrogen) or suspension Jurkat cells (a human T-lymphoma/

leukemia cell line from ATCC, Manassas, VA, USA). The GFP-expressing cells

were transfected with 1mg of Minivector DNA or plasmid (given the difference

between the sizes, B10-fold more moles of Minivector are delivered relative to

plasmid) or 20 pmol synthetic siRNAs using Lipofectamine methodology

following the manufacturer’s instructions (Invitrogen). Synthetic siRNAs

against ALK were purchased with paired control siRNA (catalog #AM4626

from Ambion, Foster City, CA, USA). Silencing of cellular GFP in 293FT cells

and Jurkat cells was quantified using flow cytometry at day 3 using a cell

permeabilization kit from BD Biosciences (San Jose, CA, USA) according to the

manufacturer’s protocol. Data were analyzed with FlowJo software

(BD Biosciences). The siRNA for silencing the ALK gene was synthesized by

Ambion with the sense: 5¢-CACUUAGUAGUGUACCGCCtt-3¢ and antisense:

5¢-GGCGGUACACUACUAAGUGtt-3¢sequences previously shown to silence

ALK.30 At 4 days after transfection, cellular ALK fusion protein levels were

quantified by flow cytometry with FITC-conjugated anti-ALK antibody and

calculated by mean fluorescence intensity.

Inhibition of lymphoma cell growth
Aliquots from the transfected Karpas 299 cells (100ml per sample) were

transferred to a 96-well plate, mixed with 10ml of assay buffer from the

MTT kit from Chemicon International (Temecula, CA, USA), incubated at

37 1C for 4 h and lysed per the manufacturer’s instructions. The MTT cell

proliferation assay was analyzed using a BioRad (Hercules, CA, USA) micro-

plate reader by optical density at OD540.
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