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Abstract

Introduction—Bioengineering an implantable artificial kidney
(IAK) will require renal epithelial cells capable of reabsorp-
tion of salt and water. We used genome engineering to
modify cells for improved Na+/H+ exchange and H2O
reabsorption. The non-viral piggyBac transposon system
enables genome engineering cells to stably overexpress one or
more transgenes simultaneously.
Methods—We generated epitope-tagged human sodium
hydrogen exchanger 3 (NHE3) and aquaporin-1 (AQP1)
cDNA expressing piggyBac transposon vectors. Transgene
expression was evaluated via western blot and immunofluo-
rescence. Flow cytometry analysis was used to quantitate
transporter expression in a library of genome engineered
clones. Cell surface biotinylation was used evaluate surface
protein localization. Blister formation assays were used to
monitor cellular volumetric transport.
Results—piggyBac enabled stable transposon integration and
overexpression of cumate-inducible NHE3 and/or constitu-
tively expressing AQP1 in cultured renal (MDCK) epithelial
cells. Cell surface delivery of NHE3 and AQP1 was con-
firmed using cell surface biotinylation assays. Flow cytom-
etry of a library of MDCK clones revealed varying
expression of AQP1 and NHE3. MDCK cells expressing
AQP1 and cumate-inducible NHE3 demonstrated increased
volumetric transport.
Conclusions—Our results demonstrate that renal epithelial
cells an be genome engineered for enhanced volumetric
transport that will be needed for an IAK device. Our results
lay the foundation for future studies of genome engineering
human kidney cells for renal tubule cell therapy.

Keywords—piggyBac, Transposon, Sodium hydrogen

exchanger, Aquaporin, MDCK cells, Kidney.

INTRODUCTION

Kidney disease affects one in seven Americans.
Kidney transplant is limited by organ scarcity and
dialysis offers an expensive and burdensome treatment
that may delay death without high quality of life.16 The
overarching goal of our group is to bioengineer a mass-
produced universal donor kidney to eliminate the
scarcity problem in kidney transplant.22 One require-
ment for our goal is functioning renal epithelial cells
within the device capable of highly efficient salt and
water reabsorption. In the native kidney, renal tubular
epithelial cells serve to reabsorb salt and water filtered
by the glomerulus while allowing uremic toxins to
concentrate in the urine. However, renal tubular
epithelial cells that are removed from their in vivo niche
tend to lose their transport capacity as they dediffer-
entiate in cell culture in vitro.9,14

Genome engineering technology offers the capabil-
ity to create cell lines with enhanced functionality. A
promising non-viral technology for genome engineer-
ing is the piggyBac transposon system, which enables
cut-and-paste integration of DNA cargo.2,7 piggyBac
can be used to deliver multiple genes simultaneously
and can be adapted for inducible or constitutive
transgene expression.5,11,23 Moreover, the use of a non-
viral system may be safer for eventual patient use.
piggyBac has already been used to successfully genome
engineer human cells with the hope of eventual thera-
peutic application.27
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Certain transporters play key roles in regulating
salt and water reabsorption in the kidney. A key
transporter for sodium reabsorption is the Na+/H+

exchanger NHE3. Normally expressed on the apical
brush border of proximal tubule cells, NHE3 facili-
tates Na+ reabsorption in exchange for H+.1 A key
transporter for water is the aquaporin AQP1. This
transporter (AQP1) is expressed both apically and
basolaterally facilitating reabsorption of water across
renal tubular epithelial cells.18 Madin-Darby canine
kidney (MDCK) cells are a well-studied polarized
kidney epithelial cell line.8 We chose to genome
engineer MDCK cells to overexpress NHE3 and
AQP1 and evaluate the ability of the cells to trans-
port volume as a step towards genome engineering
human kidney epithelial cells for enhanced function in
an IAK device.

MATERIALS AND METHODS

Vectors

The piggyBac transposase plasmid pCMV-m7pB
has been described previously.4 SLC9A3 (NHE3)
cDNA was PCR amplified from an NHE3 human
ORF clone (Dharmacon, Lafayette, CO) and cloned
into the pT-HS4-CuO-Puro plasmid vector (System
Biosciences, Palo Alto, CA) using Gibson assembly
and standard molecular biology techniques to create
pT-HS4-CuO-NHE3-HA-Puro (CuNHE3). This vec-
tor is designed for cumate-inducible expression, and
co-expresses the cumate repressor, CymR, and pur-
omycin resistance from an EF1a promoter. A hemag-
glutinin epitope tag was incorporated into c-terminus
of NHE3 using standard molecular biology techniques
to facilitate detection of recombinant protein expres-
sion.

AQP1 cDNA was PCR amplified from an AQP1
human tagged ORF clone (OriGene, Rockville, MD)
containing c-terminal myc and FLAG tags and cloned
into the PB-CMV-MCS-EF1-GreenPuro (System
Biosciences) plasmid vector using Gibson assembly
and standard molecular biology techniques to create
pCMV-AQP1-eGFP-puro (cAPQ1). This vector is
designed for constitutive expression from a CMV
promoter followed by co-expression of eGFP and
puromycin resistance from an EF1a core promoter.
FLAG and myc tags at the c-terminus of AQP1 facil-
itated detection of recombinant protein expression.
For double transfection, the CMV promoter was ex-
cised by restriction digestion and replaced with a full
length EF1a promoter to create p EF1a-AQP1-eGFP-
puro (eAPQ1). Schematics of vectors are provided in
Fig. 1. DNA sequencing was used to confirm the

sequence of all DNA plasmids. All plasmids were
prepped to be endotoxin free.

Cell Culture and Transfection

MDCK cells (ATCC, Manassas, VA) were cultured
at 37 �C with 5% CO2 in EMEM (Corning, Corning,
NY) supplemented with 10% bovine growth serum
(BGS, HyClone, Logan, UT), 2 mM L-glutamine,
100 U/mL penicillin and 100 mg/mL streptomycin
(EMEM-CM). MDCK cells were co-transfected with
CuNHE3 and m7pB plasmids or cAPQ1 and m7pB
plasmids using Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen, Waltham,
MA). Transfected cells were selected and maintained in
EMEM-CM supplemented with 2–3 lg/mL puromycin
(EMEM-puro). Clonal populations of CuNHE3 or
cAQP1 were isolated with trypsin-infused cloning disks
and expanded for further analysis. Double transfec-
tants were created by re-transfecting a clonal popula-
tion of CuNHE3 at passage 5 with eAQP1 and pCMV-
m7pB using Lipofectamine LTX according to the
manufacturer’s instructions (Invitrogen).

Immunoblot Analysis

Whole cell lysates were prepared in RIPA buffer
(Sigma) supplemented with mammalian protease in-
hibitor mix (Sigma) and phosphatase inhibitor mix
(Phos-Stop, Roche) and protein concentration deter-
mined by BCA. Lysates were normalized with RIPA
buffer to equal concentrations and prepared for elec-
trophoresis by adding 1X NuPAGE LDS Sample
Buffer and 1X NuPAGE Reducing Agent (Invitrogen)
and heating 70 �C for 10 min. Equal volumes were run
on 4–12% NuPage Bis–Tris gels with MOPS buffer
followed by transfer to nitrocellulose for
immunoblotting. Blots were cut horizontally at ~ MW
60 and proteins in the top sections were incubated in
rabbit anti-NHE3 (Santa Cruz) at 1:500 and rat anti-
HA (clone 3F10, Roche) at 1:1000, and proteins in the
bottom section were incubated in rabbit anti-AQP1
(Santa Cruz) at 1:500 and mouse anti-flag (clone M2,
Sigma) at 1:1000, all at 4 �C overnight. IRD-labelled
secondary antibodies (LICOR, Lincoln, NE) 680RD
goat anti-rabbit, 800 goat anti-rat, and 800 donkey
anti-mouse were each used at 1:15,000 for detection
with an Odyssey Infrared Imaging System (LICOR).
In some experiments, the bottom sections were
reblotted with mouse a-b-actin (Novus, Centennial,
CO) at 1:10,000 and secondary antibody 800 donkey
anti-mouse as a loading control. TBS-based Odyssey
blocking buffer and TBS with 0.1% Tween were used
for all antibody dilutions and washing.
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Immunofluorescence Analysis

Cells stably transfected with CuNHE3 at passage 5
were seeded on 12 mm-diameter polycarbonate Tran-
swell membrane inserts (Corning, pore size: 0.4 lm) in
12 well culture plates at 2 9 105 cells/insert and grown
to confluence in EMEM-puro with twice weekly media
changes. After 2 weeks, cells were changed to fresh
EMEM-puro ± 300 lg/mL cumate and incubated at
37 �C for an additional 6 days. Cells on membranes
were fixed with 4% paraformaldehyde in PBS at room
temperature for 15 min and permeabilized with 0.1%
Triton X-100 (Sigma, St. Louis, MO) in PBS for
10 min, then blocked with 5% normal goat serum
(NGS) in PBS. Cells were incubated overnight at 4 �C
with 500 ng/mL rat anti-HA (clone 3F10, Roche,
Indianapolis, IN) and 2 lg/mL rabbit anti NHE3
(Santa Cruz, Santa Cruz, CA) in PBS containing 1%
NGS added to both the upper and lower chambers of
the Transwell. After washing with PBS, cells were
incubated at room temperature in the dark for 2 h with
4 lg/mL Alexa Fluor 488 goat anti-rat (Invitrogen)
and 4 lg/mL Alexa Fluor 594 goat anti-rabbit (Invit-
rogen) in PBS containing 0.1 lg/mL DAPI (Sigma),
then washed with PBS. Membranes were cut from the
Transwells and mounted cell side up on a slide with
ProLong Gold Antifade Reagent without DAPI (In-
vitrogen). Images were collected with a 63X objective
on an inverted LSM710 confocal microscope (Zeiss,
Chester, VA). Untransfected cells or cells stably
transfected with cAQP1 at passage 5 were seeded on
coverslips in a 10 cm plate at 4 9 106 cells/plate. The
next day, cells were fixed and permeabilized as de-
scribed above, then blocked with 3% NGS and 3%

BSA in PBS. Cells were incubated overnight at 4 �C
with mouse anti-myc (clone 9E10, Vanderbilt Anti-
body and Protein Resource) 1:500 and rabbit anti-flag
(Cell Signaling) 1:500 in blocking buffer. After washing
with PBS, cells were incubated at room temperature in
the dark for 3 h with 4 lg/mL Alexa Fluor 488 goat
anti-mouse (Invitrogen) and 2 lg/mL Alexa Fluor 594
goat anti-rabbit in PBS containing 0.1 lg/mL DAPI,
then washed with PBS. Coverslips were mounted with
ProLong Gold Antifade Reagent without DAPI.
Images were collected with a 40X objective on an
AxioPlan 2 fluorescence microscope (Zeiss).

FACS Analysis of Double Transfectants

Transfected cells were expanded in EMEM-puro.
All cells are resistant to puromycin, but only CuN-
HE3eAQP1 double-transfectants are eGFP positive.
Stably transfected cells at passage 3 post-trasnfection
were trypsinized, washed and resuspended at 5 9 106/
mL in sorting medium (HBSS without phenol red
supplemented with 5% BGS, 10 mM Hepes, 100 U/
mL penicillin and 100 mg/mL streptomycin). GFP
positive cells were isolated by fluorescence-activated
cell sorting (FACS) on a FACSAria III cell sorter (BD
Biosciences) into 24 well plates containing EMEM-
puro supplemented with 10 mM Hepes at 10, 30, 100
or 300 cells/well. DAPI staining (1 lg/mL) was used to
exclude dead cells from collection. Sorted cells were
expanded and maintained in EMEM-puro. Out of 96
total wells, 89 independent clonal populations were
established. Flow cytometry using intracellular stain-
ing for the FLAG tag on AQP1 and the HA tag on
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FIGURE 1. Vector schematics. Expression of the hyperactive (m7pB) transposase is driven by the cytomegalovirus immediate
early gene (CMV) promoter. Transposons are DNA segments flanked by inverted repeats (black arrows). Insulator elements flank
the transgene expressing segments (blue hexagons). HA-tagged NHE3 is expressed via a cumate response system whereas AQP1
is constitutively expressed from the EF1a promoter. Both transposons harbor a puromycin resistance cassette for selection. T2A
corresponds to a 2A-peptide cleavage sequence. pA, SV40 polyadenylation sequence.
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CuNHE3 identified the relative abundance and inten-
sity of recombinant NHE3 and AQP1 expressed in
these populations.

Cells expanded from each well of sorted double
transfectants were cultured in EMEM-puro containing
300 lg/mL cumate (System Biosciences) for 72 h to
induce NHE3 expression. Cells were then trypsinized,
and 2 9 106 of each were transferred to a 96 well plate
and fixed with 4% paraformaldehyde (Electron Mi-
croscopy Sciences, Hatfield, PA) in PBS for 20 min at
room temperature, followed by permeabilization in
Intracellular Staining Permeabilization Wash Buffer
(BioLegend, San Diego, CA). Cells were then stained
with PE mouse a-HA (BioLegend) and APC mouse a-
flag (Columbia Biosciences, Frederick MA) for 15–
20 min at antibody concentrations determined by sin-
gle-staining of known positive single transfectants with
different dilutions of each antibody. Samples were
analyzed on a LSRFortessa analytical cytometer
equipped with High Throughput Sampler (BD Bio-
sciences, San Jose, CA) for sample acquisition from
microtiter plates. Unstained and single-stained con-
trols along with untransfected cells and anti-mouse
compensation beads (BD Biosciences) stained with PE
mouse a-HA or APC mouse a-flag were used for
instrument set-up. All Flow Cytometry experiments
were performed in the VMC Flow Cytometry Shared
Resource.

Biotinylation Assay

A biotinylation assay was used to determine whe-
ther recombinant proteins are expressed on the cell
surface.26 Wild type MDCK and selected MDCK
double transfectants at passage 5–7 were seeded at
confluence on 75 mm Transwell polycarbonate mem-
brane inserts (Corning, pore size: 0.4 lm) preincubated
in culture medium for 30 min. The same cells were also
seeded onto regular 10 cm tissue culture plates. Con-
fluence and dome formation were monitored on the
10 cm plates, and media on all plates and Transwells
was changed twice weekly. After one week, monolayer
permeability in Transwells was assessed by adding
100 lg/mL FITC-Inulin (Sigma) in culture medium to
the upper (apical) chamber of Transwells and fresh
culture medium without FITC-inulin was added to the
lower chamber (basolateral). Twenty-four hours later
aliquots of medium were collected from the upper and
lower chambers to a black 96-well plate. Fluorescence
was measured on a FLUOstar Omega microplate
reader (BMG Labtech, Cary, NC) and the concentra-
tion of FITC-inulin in each chamber was calculated by
comparison to a standard curve. From these mea-
surements, the % of FITC-inulin transferred from the
apical to basal chamber in 24 h was determined. When

the monolayers in Transwells exhibited 1.5% perme-
ability or less in 24 h, all plates were changed to fresh
medium ± 300 lg/mL cumate and cultured for an
additional 3 days. Cell surface proteins were biotiny-
lated and harvested using a Cell Surface Protein Iso-
lation Kit (Thermo Fisher, Waltham, MA) and
membrane proteins were isolated with a Mem-PER
membrane protein extraction kit (Thermo Fisher)
according to the manufacturers’ instructions with some
modifications. Briefly, monolayers were washed with
ice cold PBS and incubated at 4 �C for 30–45 min with
gentle rocking with 0.5 mg/mL EZ-link Sulfo-NHS-
SS-Biotin. After biotinylation of surface proteins, cells
were washed with cold PBS and unbound biotin was
quenched with Quenching Solution from the kit. Cells
were scraped in Quenching Solution, centrifuged at
3009g 5 min at 4 �C, resuspended in Cell Wash
Solution (from kit) and recentrifuged, washed, and
respun. Cell pellets were resuspended in 5X pellet
volumes Permeabilization Buffer (from Mem-PER kit)
supplemented with mammalian protease inhibitor mix
(Sigma) and phosphatase inhibitor mix (Phos-Stop,
Roche), vortexed, and incubated 10 min at 4 �C with
constant mixing at 2000 rpm. The resulting cell sus-
pension was centrifuged at 4 �C, 16,0009g for 15 min.
The supernatant containing cytosolic proteins was
removed and the pellet washed with additional Per-
meabilization buffer to remove all traces of cytosol.
The resulting membrane pellet was resuspended by
pipetting in 5X pellet volumes Solubilization buffer
(from Mem-PER kit) containing protease and phos-
phatase inhibitors and incubated 30 min at 4 �C with
constant mixing at 2000 rpm. Solubilized proteins were
centrifuged at 4 �C, 16,0009g for 15 min. The super-
natant containing solubilized membrane and mem-
brane-associated proteins (total membrane lysates) was
transferred to a clean tube, snap-frozen and stored at
� 80 �C for later isolation of biotinylated proteins.
The protein concentration of total membrane lysates
was determined by BCA assay (Pierce) and ~ 500 lg of
each was normalized to the same volume (500 lL) with
Solubilization buffer containing protease and phos-
phatase inhibitors and each added to a prewashed
NeutrAvidin Agarose column (from biotinylation kit)
to bind biotinylated proteins. After incubation for 1 h
at room temperature with constant mixing, the flow
through containing non-biotinylated proteins (FT) was
collected by centrifugation at 10009g for 1 min. The
column was washed 3X with 500 lL Wash Buffer
(from biotinylation kit) containing protease and
phosphatase inhibitors, and biotinylated proteins were
eluted by adding 330 lL of 50 mM DTT in 1X Nu-
Page LDS Sample Buffer (Invitrogen) to column and
heating 95–100 �C for 5 min. Isolated biotinylated
proteins (IBP) were collected from the column by
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centrifugation 10009g for 2 min. One tenth volume
NuPage reducing agent (Invitrogen) was added to each
FT and IBP and all were stored at � 20 �C for later
analysis. Equal volumes of each FT and IBP lysate
were analyzed by immunoblotting as described above.

Analysis of Blister Dome Formation

Images of wild type MDCK and selected MDCK
double transfectants at passage 5–7 were seeded to
10 cm tissue culture plates for biotinylation were cap-
tured on a ZOE cell imager (Bio-Rad, Hercules, CA)
after incubation ± 300 lg/mL cumate for 3 days as
described above. For quantification, wild type MDCK
and selected MDCK double transfectants were seeded
in 6 well plates at 8 9 105/well, 1 plate per cell type.
After 7 days, cells were changed to fresh medium ±

300 lg/mL cumate in triplicate wells for each cell type
and cultured for an additional 3 days. On day 10, all
cells were changed to fresh medium and blister do-
mes > 100 lM were counted in 10 fields/well of all
wells on a light microscope.

RESULTS

We engineered piggyBac vectors capable of expres-
sion of human NHE3 and AQP1. We first attempted to
express NHE3 driven by a CMV promoter; however,
high NHE3 expression was toxic to the cells resulting
in abnormally large cells (data not shown). Therefore,
we chose to use an inducible expression system to
provide user-controlled timing and dosage of NHE3
expression. We chose to use a cumate-inducible system
as cumate is a non-toxic organic molecule capable of
traversing cell membranes.17 With this system, the
cumate repressor binds to the cumate operator se-
quences (CuO) with high affinity in the absence of
cumate; therefore, addition of cumate activates trans-
gene expression. We engineered a C-terminal HA tag
for detection of NHE3 and the vector also harbored a
puromycin resistance gene for selection. We next
engineered a piggyBac transposon harboring AQP1
with FLAG and myc epitopes, eGFP for fluorescent
detection, and puromycin resistance for selection.
Schematics of the vectors utilized are shown in Fig. 1.

We used western blot analysis to confirm overex-
pression of NHE3 and AQP1. Our stably transfected
CuNHE3 MDCK cells showed negligible leak of
expression as there was no visible NHE3 without cu-
mate. However, addition of 300 lg/mL cumate
resulted in detectable NHE3 expression via blotting
with anti-HA or anti-NHE3 antibodies (Fig. 2a).
MDCK cells stably transfected with AQP1 demon-
strated strong AQP1 expression with or without cu-

mate as expected as AQP1 expression was driven by
the EF1a promoter (Fig. 2a).

We next used immunofluorescent microscopy to
evaluate overexpression of NHE3 and AQP1 in
MDCK cells. Stably transfected CuNHE3 MDCK
cells showed no detectable NHE3 expression using
anti-HA or anti-NHE antibodies in the absence of
cumate. However, addition of 300 lg/mL cumate
resulted in overlapping HA/NHE3 immunofluores-
cence (Fig. 2b). We compared stably transfected
cAQP1 MDCK cells to untransfected MDCK cells.
cAQP1 cells demonstrated overlapping myc and
FLAG immunofluorescent indicating expression of
epitope-tagged AQP1 in those cells (Fig. 2c). These
results demonstrated that we could genome engineer
MDCK cells to overexpress AQP1 constitutively and
NHE3 in a user-controlled manner using the piggyBac
transposon system.

As it was not clear to us what ratio or amount of
overexpression of NHE3 and AQP1 would lead to the
best transport, we devised a flow cytometry analysis of
double stably tranfsected NHE3 and AQP1 clones.
Cells were first transfected with NHE3 vector and se-
lected. This selected population of NHE3 expressing
cells was re-transfected with AQP1 vector. Double
transfectant clones were evaluated using flow cyto-
metric quantification of both the number of expressing
cells as well as the fluorescent intensity (level) of
expression (Fig. 3). Almost all clones exhibited a high
percentage of AQP1 expression, though at varying le-
vels of intensity (Fig. 3a). The percentage of cumate-
inducible NHE3 expressing cells was more variable
(Fig. 3b). This is due to the fact that cumate-inducible
NHE3 expressing cells were re-transfected with pig-
gyBac and the AQP1 transposon. piggyBac can excise
already integrated transposons,6,25 thereby potentially
eliminating their ability to express NHE3. We subse-
quently selected three double stably-transfected clones
for further evaluation (Fig. 3, black dots). These clones
varied in their amount of AQP1 expression as well as
amount and proportion of cells expressing NHE3
(Table 1).

For NHE3 and AQP1 to function properly in
MDCK cells, the transporter must achieve cell-surface
localization. We subsequently used a cell surface
biotinylation assay to evaluate for surface delivery of
NHE3 and AQP1 in stably transfected MDCK cells.
Membrane impermeant sulfo-reactive biotin was used
to label surface proteins on WT and clonal MDCK cell
lines (clones 55 and 60) grown on transwells or 10 cm
dishes. Transwells provided an environment for cell
polarization. As NHE3 is expected to be apically
localized, and AQP1 both apical and basolateral, we
biotinylated the apical surface of Transwells to evalu-
ate for surface delivery of both proteins in Transwells.
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We performed western analysis of biotinylated and
surface-delivered NHE3 and AQP1 (Fig. 4). We
observed cumate-inducible surface expression of
NHE3 in clones 55 and 60 as well as constitutive
expression of AQP1 in those clones. These results
confirm cell surface delivery of piggyBac-mediated
expression of NHE3 and AQP1 in MDCK cells, which
would be required for enhancing salt and water
transport.

We next used a blister or dome formation assay to
evaluate for transport of volume across double stably
transfected clones (numbers 42, 55, and 60). The blister
formation assay evaluates the formation of domes or
blisters on cell culture plates that result from apical-to-
basolateral transport of solute and water, and this
assay has been used by others to evaluate pathways or
proteins involved in transport of solutes and water in
MDCK cells.3,13,24 Minimal blisters were formed in
WT cells in the absence or presence of cumate
(Fig. 5a). Clones 42, 55, and 60 demonstrated some
blister formation in the absence of cumate, indicating
AQP1 expression alone could enhance transport (Fig-
s. 5a and 5b). However, addition of cumate to over-
express NHE3 in addition to constitutive AQP1
increased blister formation in all three clones analyzed,
most notably in clone 60 (Figs. 5a and 5b). Clone 60
demonstrated the highest amount and percentage of

cells expressing both AQP1 and cumate-inducible
NHE3 between the three clones analyzed (Fig. 3;
Table 1).

DISCUSSION

An IAK has the potential to revolutionize treatment
for patients with end-stage renal disease. However,
such a device will require functional renal epithelial
cells capable of reabsorbing salt and water in order to
be feasible for patient use by minimizing urine output.
Increasing the capability of renal epithelial cells to
reabsorb salt and water would result in the use of a
smaller device which would be more manageable for
kidney disease patients.

Although there is a repertoire of genomic modifi-
cations that could be made to renal epithelial cells,
increasing key proteins involved in salt and water
transport seemed like a logical place to start. We chose
to use the non-viral piggyBac transposon system to
stably genome-modify cultured MDCK cells with
NHE3 and AQP1 transgenes. We confirmed overex-
pression using standard techniques of western and
immunofluorescence analysis. We developed a flow
cytometry analysis that lead to isolation of multiple
clonal populations of varying levels of expression of
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FIGURE 2. Confirmed overexpression of NHE3 and AQP1. (a) western blot analysis confirming cumate-inducible NHE3
expression (detected by anti-HA and anti-NHE3 antibodies) and AQP1 expression (via anti-flag and anti-AQP1 antibodies). b-
actin is provided as a loading control. Molecular weight (MW) markers are labeled to the left of the blots. (b) Immunofluorescent
microscopy of transfected cells. Immunofluorescent microscopy of stably transfected MDCK cells expressing cumate-inducible
NHE3 expression (detected by anti-HA and anti-NHE3 antibodies) and AQP1 expression (via anti-flag and anti-myc antibodies).
Dapi indicates nuclear staining.
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AQP1 and NHE3. We confirmed surface delivery of
those proteins in MDCK cells and our analysis of three
clones revealed that AQP1 and NHE3 expression
resulted in enhanced transport as measured by blis-
ter/dome formation on cell culture plates. Other sig-
naling pathways have been shown to increase
blister/dome formation in MDCK cells including
protein kinase A signaling and Stat3.12,24

In order for genome modified cells with enhanced
volume transport to function in an IAK, the cells need
to be permanently modified for stable expression. We
have previously demonstrated piggyBac-mediated
multiplexed stable genome modification of human cells

with stable protein expression out to passage 38 in
culture, engineering cell lines that were not possible to
have previously been created.11 We have also genome
modified adult mouse liver in vivo and observed
stable transgene expression out to one year.23 Our cell-
surface biotinylation and blister/dome formation
experiments were performed on MDCK clonal cell
lines at passage 5–7 after 8–10 weeks of culture indi-
cating stable genome modification and protein
expression. Therefore, our results, combined with our
previous studies,11,23 indicate the ability of piggyBac to
permanently genome modify renal epithelial cells for
enhanced function in an eventual IAK.
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FIGURE 3. Flow cytometry analysis of NHE3/AQP1 expressing clones. (a) evaluation of % of AQP1 expressing cells as well as
mean fluorescent intensity for each clone. (b) evaluation of % of cumate-inducible NHE3 expressing cells as well as mean
fluorescent intensity for each clone. Black dots indicate clones 42, 55, and 60 on the corresponding graphs.

TABLE 1. Flow cytometry analysis of clones.

Clone %APC flag+ APC mean %PE HA+ PE mean % flag and HA +

42 86 16.3 92.8 3 81.7

55 97.4 8.6 16.7 2.7 20.3

60 99.1 17.4 95.5 4.3 96

Shown are the % expressing (APC or PE) as well as extent of overexpression (mean fluorescent intensity) of each clone.

Genome Engineered Kidney Cells for Enhanced Transport 23



piggyBac involves no viral components for achiev-
ing genome modification. Therefore, there is no pos-
sibility of cells producing virus or shedding viral
proteins that might precipitate a host response. How-
ever, piggyBac transposition is untargeted though we
and others have taken steps towards targeting pig-
gyBac integrations.10,15 Nonetheless, untargeted inte-
gration is a potential safety concern. For our particular
application, genome modified cells would be placed in
an enclosed device potentially mitigating clonal
expansion of modified cells that might affect a patient.
We have previously evaluated piggyBac modification
of human cells and found no evidence of clonal cell
outgrowth or undesired genotoxic outcomes.20,21

Our studies lay the foundation for future studies
directed at modifying human renal epithelial cells for
increased transport function. These studies demon-
strate that non-viral genome engineering technology
can be used to bioengineer renal epithelial cells stably
overexpressing one or more transporters with
increased solute and water transport. In addition to
transposon technology, other genome engineering
technologies may be applied to human renal epithe-
lial cells to upregulate endogenous genes in those
cells.19

Future studies will be directed at bioengineering
human renal epithelial cells for function within the
IAK. Our vectors already contain human AQP1 and
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FIGURE 4. Confirmation of cells surface delivery of NHE3 and AQP1. Cell surface biotinylation was used to confirm surface
delivery of NHE3 and AQP in double stably-transfected clones. FT flow through, IBP isolated biotinylated proteins. Western
detection was used to evaluate surface expression. Molecular weight (MW) marker weights are indicated on the blots. WT, wild type
cells; 55, clone number 55; 60, clone number 60. Anti-HA antibodies were used for NHE3 detection and anti-flag antibodies were
used for AQP1 detection.
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NHE3 transgenes. Subsequent studies will involve
using our vector and analysis systems to optimize
transport in human kidney epithelial cells for patient
translation.
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