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Abstract
Background/Aims: Degeneration of primary cilia has been implicated in many diseases, including retinal degeneration and polycystic
kidney disease. This study aims to demonstrate gene transfer to adult murine ciliated kidney tubule cells, in vivo, facilitated by φC31 integrase and
electroporation.

Methods: Cohorts of 6-10 week old adult C57BL/6 mice were used. After adequate anesthesia via inhaled isoflurane, mice were prepped and
draped for abdominal surgery. A midline laparotomy was performed, and the left kidney was isolated. Connective and adipose tissue was bluntly
dissected away from the ureter and renal pelvis. A 10µL retrograde intra-ureteral microinjection was performed utilizing a heat-pulled glass capillary
tube. The capillary tube was filled with two plasmids, one containing the marker gene, enhanced green fluorescent protein with the attachment site B
sequence (pCMV.eGFP.attB), and the other encoding for the integrase enzyme (pCMV.Int), and electroporation was performed. Three days later, the mice
were sacrificed, and kidneys were collected, placed in 4% paraformaldehyde, cryoprotected, sectioned, and evaluated using fluorescence microscopy.
Results: Green fluorescence protein expression was detected in renal papilla and renal tubule cells. No gross inflammation was appreciated.

Conclusion: φC integrase can facilitate gene transfer to the adult murine kidney in vivo. Further optimization will be needed to increase efficiency
of transduction, document stability of transgene expression, and evaluate potential toxicities.
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Abbreviations: PKD: Polycystic Kidney Disease; AKI: Acute Kidney Injury; ESRD: End-Stage Renal Disease

Introduction
Gene therapy involves delivery and targeting of exogenous
DNA into cells to provide a therapeutic protein. Though no renal
disease has yet been successfully treated in animals or patients
using gene therapy, this modality holds great promise [1]. Ideally,
a gene therapy vector should be non-toxic, non-immunogenic, easy
to produce, and efficient in protecting and delivering DNA into
the target cells. Exogenous DNA can be delivered with non-viral
or viral vectors, each offering advantages and disadvantages. The
use of viruses ensures highly efficient gene transfer to mammalian
cells, as viruses have evolved specialized mechanisms for cell
binding and intracellular delivery of DNA. Some viruses, however,
such as adenovirus, can evoke severe and even fatal immunogenic
responses [2]. Retroviruses and lentiviruses suffer from random
integration, and have a tendency to integrate near transcriptionally
active genes resulting in leukemia-like syndromes in recipients
[3]. Non-viral vectors have low toxicity, and low immunogenicity,
but also lower efficiency, and transient expression currently limits
their use as a therapeutic gene therapy vector [4]. Primary cilia are
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present in almost all vertebrate cell types. Degeneration of primary
cilia has been implicated in many diseases, including retinal
degeneration and polycystic kidney disease (PKD). Gene targeting
in other paradigms such as retinal photoreceptor outer segments
(cilia) has been widely demonstrated [5,6]. This study investigates
non-viral φC31 integrase mediated transfection [7] of the primary
ciliated renal collecting tubule cells.
Streptomyces phage φC31 integrase functions through sitespecific recombination between sites on the phage and bacterial
genomes. These specific sites are termed attP and attB, respectively
[8]. φC31 integrase-mediated gene delivery has the advantages of
insertion of DNA sequences of greater than 10 kb, and it does not
pose immunogenic and bio safety risks that are associated with
viral vectors. The kidney is accessible to gene delivery by different
routes including via the renal artery, injection into the parenchyma,
and retrograde via the ureter. Retrograde injection is an attractive
route for treating a variety of diseases and disorders affecting
renal tubule cells, as these cells are readily accessible in patients
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by retrograde ureteral injection using a ureteroscope. Equally
important, retrograde ureteral injection further minimizes the
potential for a toxic immunologic reaction. We demonstrate here
the feasibility of transfecting renal tubule cells with φC integrase
and electroporation.

Materials and Methods
Plasmid vector

A plasmid vector, pCMV.eGFP.attB, contained the marker gene
(eGFP) with the attachment site B sequence. A second vector, pCMV.
Int, encodes for the integrase enzyme (a gift from Michelle Calos,
PhD, Stanford University, Palo Alto, CA).

Surgical technique

Animals were placed under adequate inhaled isoflurane
anesthesia (3% for induction, 2% for maintenance) and were placed
supine on a platform beneath a dissecting microscope. The surgical
area was prepped with alcohol swabs followed by betadine topical
antiseptic. Ventral lateral laparotomy was performed and the left
kidney was isolated. Connective and adipose tissues were bluntly
dissected away from the ureter and renal pelvis. A square knot was
tied around the distal ureter to prevent flow of injection contents
to the bladder. 10µL retrograde intra-ureteral microinjection was
performed utilizing a heat-pulled glass capillary tube. Tweezertype electrodes were placed around the injected kidney and it was
electroporated using high-voltage, short duration pulses (voltage
was set to 100V and five pulses of length 0.005ms were applied).
The square knot was removed from the distal ureter post-injection.
Muscle and skin incisions were closed separately with a running
7-0 silk suture. Adult (6-10 week old) C57BL/6 mice were used for
all studies. All experiments were performed in compliance with
institutional regulations and were approved by the Institutional
Animal Care and Use Committee at the University of Pennsylvania
and the Medical University of South Carolina.
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IL, USA), that was equipped with epifluorescence capability. The
images were then captured using a Hamamatsu digital camera, and
were processed with Openlab 2.2 image analysis software (made
by Improvision, Inc., Boston, MA, USA) as previously described [9].

Results

Animal preparation
Two cohorts of five 6-10 week old adult C57BL/6 mice under
inhaled isoflurane anesthesia were placed supine on a platform
beneath a dissecting microscope. Ventral lateral laparotomy was
performed and the left kidney was isolated. Connective tissue was
bluntly dissected away from the ureter and renal pelvis. A square
knot was tied around the distal ureter to prevent backflow of
injection contents.

Transfection of kidney tubule cells

Plasmid vectors, pCMV.eGFP.attB, which contained the marker
gene (eGFP) with the attachment site B sequence, and pCMV.Int,
which encodes the integrase enzyme were used. 10µL retrograde
intra-ureteral microinjection was performed utilizing a pulled glass
capillary tube. Tweezer-type electrodes were placed around the
injected kidney and it was electroporated using high-voltage, short
duration pulses (voltage was set to 100 V and five pulses of length
0.005 ms were applied). The square knot was removed from the
distal ureter post-injection.

GFP reporter expression

Experimental design

Two cohorts of five adult (6-10 week old) C57BL/6 wild type
mice were injected with pCMV.eGFP.attB and pCMV.Int. Contralateral
kidneys were uninjected and used as controls.

Histology

The kidneys were removed following carbon dioxide-induced
euthanasia and were then fixed in a solution containing 4%
paraformaldehyde and PBS. The kidneys were then cryoprotected in
a solution containing 30% sucrose and PBS overnight, whereupon
the kidneys were then frozen in optimal cutting temperature
compound (purchased from Fisher Scientific, Pittsburgh, PA,
USA). For each kidney, serial sections were cut using a cryostat
(made by Reichert Jung model 822; Leica Microsystems, Inc.,
Wetzlar, Germany), and counterstained with 4′, 6-diamidino-2phenylindole,dihydrochloride, more commonly known as DAPI,
Vectashield mounting medium (made by Vector Labs, Burlingame,
CA, USA). All slides were then mounted and imaged using a Leica
DME microscope (made by Leica Microsystems, Inc., Buffalo Grove,

Figure 1: Efficient Transduction of Epithelial Cells in the
Renal Papilla.
A,B) Three days following injection of pCMV.eGFP.attB/
pCMV.Int and electroporation, kidneys were removed
following
carbon
dioxide-induced
euthanasia
and
immediately fixed in 4% paraformaldehyde/PBS. They were
cryoprotected in 30% sucrose/PBS overnight and frozen.
For each kidney, serial sections were cut with a cryostat.
eGFP expression (green) was seen in the renal papilla after
intra-ureteral injection of pCMV.eGFP.i/pCMV.Int. The cell
nuclei are stained with DAPI (blue).

Three days post transduction, kidneys were removed following
carbon dioxide-induced euthanasia and immediately fixed in 4%
paraformaldehyde/PBS. The kidneys were cryoprotected in 30%
sucrose/PBS overnight and frozen. For each kidney, serial sections
were cut with a cryostat. All were mounted and analyzed with
epifluorescence, and images were captured. eGFP expression was
seen in the renal papilla after intra-ureteral injection of pCMV.eGFP.
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attB/pCMV.Int in eight of ten experimental mice (Figure 1). eGFP
expression was clearly seen in the renal tubule cells after intra
ureteral injection of pCMV.eGFP.attB/pCMV.Int (Figure 2). No gross
inflammation or cell damage was appreciated, nor GFP fluorescence
seen in the untreated kidney or other organs (data not shown).
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of transduction, document stability of transgene expression, and
evaluate potential toxicities. If successful in humans, gene delivery
using φC31 integrase, electroporation, and plasmid DNA injected
in a retrograde manner would represent a novel treatment for
the many disorders that manifest in renal tubule epithelial cells.
Retrograde injection could be performed relatively non-invasively
by Urologists using an ureteroscope. Electroporation could be then
accomplished in a laparoscopic manner. This is especially important
given that there are currently no approved treatments, other than
supportive care, for renal tubular disorders such as ADPKD and
acute kidney injury (AKI). Moreover, as ADPKD does not result in
end-stage renal disease (ESRD) until the fifth or sixth decade of
life, 50% transduction efficiency, or even less, could make ADPKD a
disease that does not result in ESRD within a normal lifespan.
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Figure 2: Transduction of Epithelial Renal Tubule Cells.
Three days following injection of pCMV.eGFP.attB/pCMV.
Int and electroporation, kidneys were removed following
carbon dioxide-induced euthanasia and immediately fixed
in 4% paraformaldehyde/PBS. They were cryoprotected in
30% sucrose/PBS overnight and frozen. For each kidney,
serial sections were cut with a cryostat. eGFP expression
(green) was seen in the renal tubule cells after intra-ureteral
injection of pCMV.eGFP.attB/pCMV.Int. The cell nuclei are
stained with DAPI (blue).

Discussion
We report two principal findings. First, we show excellent
transduction efficiency of renal tubule cells using φC31 integrase
mediated transfection with electroporation. Electroporation of
plasmid DNA has been used in embryonic kidneys [10], and some
adult models [11], though not, to our knowledge, in combination
with φC31 integrase, which greatly enhances transduction
efficiency. Our second principle finding is that we can specifically
and efficiently deliver plasmid DNA to renal tubule epithelial cells
via a modified retrograde approach. While, retrograde injection
of the ureter has been used to introduce reporter genes [12,13]
and AAV [14], transduction efficiencies have not been optimal. An
obvious advantage to a retrograde approach is that, if successful
in animal trials of renal tubular disease, it could be scaled up to
humans, and pCMV.eGFP.attB/pCMV.Int encoding the appropriate
cargo could be injected in a minimally invasive manner by
urologists using ureteroscopy, with or without electroporation
via laparoscopy. Since many kidney diseases are bilaterally
symmetrical, it is possible to perform controlled experiments
targeting renal disease by using one kidney as the experimental
kidney and the contralateral kidney as the control. In summary,
φC31 integrase can facilitate gene transfer to the adult murine
kidney in vivo. φC31 integrase mediated gene delivery has been
demonstrated to be effective in other paradigms, and may prove to
be an effective method for non-viral gene delivery to renal tissues.
Further optimization, however, will be needed to increase efficiency
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