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Abstract Glomerular podocytes are highly specialized epithelial cells and play an essential
role in establishing the selective permeability of the glomerular filtration barrier of kidney.
Maintaining the viability and structural integrity of podocytes is critical to the clinical manage-
ment of glomerular diseases, which requires a thorough understanding of podocyte cell
biology. As mature podocytes lose proliferative capacity, a conditionally SV40 mutant tsA58-
immortalized mouse podocyte line (designated as tsPC) was established from the Immorto-
mouse over 20 years ago. However, the utility of the tsPC cells is hampered by the practical
inconvenience of culturing these cells. In this study, we establish a user-friendly and
reversibly-immortalized mouse podocyte line (designated as imPOD), on the basis of the tsPC
cells by stably expressing the wildtype SV40 T-antigen, which is flanked with FRT sites. We
show the imPOD cells exhibit long-term high proliferative activity, which can be effectively
reversed by FLP recombinase. The imPOD cells express most podocyte-related markers,
including WT-1, Nephrin, Tubulin and Vinculin, but not differentiation marker Synaptopodin.
The imPOD cells do not form tumor-like masses in vivo. We further demonstrate that TGFb1
induces a podocyte injury-like response in the FLP-reverted imPOD cells by suppressing the
expression of slit diaphragm-associated proteins P-Cadherin and ZO-1 and upregulating the
expression of mesenchymal markers, a-SMA, Vimentin and Nestin, as well as fibrogenic factors
CTGF and Col1a1. Collectively, our results strongly demonstrate that the newly engineered im-
POD cells should be a valuable tool to study podocyte biology both under normal and under
pathological conditions.
Copyright ª 2018, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Glomerular podocytes in kidney are highly specialized
visceral epithelial cells and have a complex cytoarchi-
tecture of interdigitated foot processes with filtration slits
in between.1e3 Such slit diaphragm system plays an essen-
tial role in establishing the selective permeability of the
glomerular filtration barrier. Podocytes are involved in a
variety of glomerular functions, including glomerular
basement membrane (GBM) turnover, maintenance of
filtration barrier, support of the capillary tuft, regulation of
glomerular filtration and immunological functions.1,2,4 Ac-
cording to the cellular architecture, podocytes can be
divided into three structurally and functionally different
segments: cell body, major process and foot process.1,2,4

There are many major processes attaching to the cell
body, as well as primary, then secondary, and some tertiary
MPs branching from the cell body.1,2,4 During podocyte
differentiation, numerous primary and secondary foot
processes are extended from the cell, usually emerging at
right angles to the major processes and contacting with the
GBM.1,2,4 The GBM and the filtration slits between the
podocytes perform the filtration function of the
glomerulus.

The glomerular podocytes play an important role in the
physiology and pathophysiology of the glomerulus.1,2,4

Injury to podocytes may lead to proteinuria, a hallmark of
most glomerular diseases and chronic kidney disease, and
disruptions of podocyte architecture resulting in the
retraction of foot processes and proteinuria are common
features in the progression of acquired glomerular dis-
ease.3,5 Thus, maintaining podocyte viability and structural
integrity is critical to the clinical management of
glomerular diseases and chronic kidney disease, which re-
quires a thorough understanding of podocyte cell biology.

Once in the mature state, podocytes lose the prolifera-
tive capacity and form specialized junctions between the
cell body and the GBM, known as the focal adhesion com-
plex, and junctions between interdigitating foot processes,
known as the slit diaphragm or membrane.1,2,4,6 For a long
time, the selective analysis of podocytes in vitro was
difficult as only rather undifferentiated “podocytes” of
questionable cellular origin were available in culture.6,7

Moreover, culturing podocytes under standard conditions
leads to dedifferentiation and the loss of processes.7 A
breakthrough came when a mouse podocyte line was
derived from immortomouse in 1996.7 The established
mouse podocytes are conditionally immortalized by using
the temperature-sensitive (ts) mutant form of SV40 mutant
tsA58 driven by a g-interferon (g-INF)-responsive pro-
moter.7 Thus, such SV40 mutant tsA58 conditionally
immortalized mouse podocytes (designated as tsPC in the
text thereafter) can be cultured in two conditions yielding
different phenotypes. Under permissive conditions (i.e., at
33 �C with g-INF, or tsPC-33 �C), these cells proliferate and
adapt an epithelial phenotype with cobblestone-like
morphology. On the contrary, the tsPC cells stop prol-
iferating and differentiate into arborized cells under
nonpermissive conditions (i.e., at 37 �C without g-INF, or
tsPC-37 �C). The tsPC cells have offered unique opportu-
nities for studying the physiology and pathophysiology of
podocytes for the past 20 years. Nonetheless, the practical
utility of the tsPC cells has been limited by the fact that it is
time-consuming, laborious, and inconvenient to maintain
the tsPC line, which requires culturing at 33 �C and g-IFN to
induce the expression of functional SV40 T antigen.
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Here, in order to overcome the practical inconvenience
of culturing and using the tsPC cells, we establish the
reversibly immortalized mouse podocytes (designated as
imPOD) on the basis of the parental tsPC cells. The newly
established imPOD cells are immortalized by stably
expressing the wildtype SV40 T-antigen, which is flanked
with the Flippase Recognition Target (FRT) sites as
described in our previous studies.8e21 We demonstrate that
the imPOD cells exhibit long-term high proliferative activ-
ity, which can be effectively reversed by Flippase (FLP)
recombinase. The imPOD cells express most of the
podocyte-related markers, do not form tumors in vivo and
exhibit the characteristics similar to mature podocytes
upon TGFb1 stimulation. Thus, the imPOD cells are stable,
reversible and non-tumorigenic podocyte-like cells, which
should be a valuable resource to study podocyte biology
both under normal and under pathological conditions.

Materials and methods

Cell culture and chemicals

HEK-293 and human renal cancer line Caki-1 were obtained
from ATCC (Manassas, VA). 293pTP and RAPA cells were
previously characterized.22,23 All of these cell lines were
maintained in the completed Dulbecco’s modified Eagle
medium (DMEM) as described.13,24e26 The parental SV40 T-
antigen temperature sensitive-mutant immortalized mouse
podocytes (designated as tsPC cells) were kindly provided by
Dr. Yan-Chun Li of The University of Chicago and maintained
under permissive conditions at 33 �C with RPMI 1640 con-
taining 10% FBS, 100 U/ml g-IFN, and 100 U/ml penicillin/
streptomycin as described.7,27 Unless indicated otherwise,
all chemicals were purchased from SigmaeAldrich (St. Louis,
MO, USA) or Thermo Fisher Scientific (Waltham, MA, USA).

Establishment of reversibly immortalized mouse
podocytes (imPOD)

The use of the retroviral vector SSR #41 to express SV40 T
antigen flanked with the FRT sites were previously
described.8e21 Briefly, the SSR #41 vector and pCL-Ampho
packaging vector were co-transfected into HEK-293 cells
to produce the packaged retrovirus. Exponentially growing
parental mouse tsPC cells (maintained under permissive
conditions at 33 �C with 100 U/ml g-IFN)7,27 were infected
with the SSR #41 retrovirus and subjected to hygromycin B
selection (0.3 mg/ml) for 5e7 days in complete DMEM at
37 �C, yielding the stably immortalized mouse podocytes,
designated as the imPOD cell line.

Construction of recombinant adenoviruses
expressing TGFb1, Flippase (FLP), Green
Fluorescent Protein (GFP) and monomeric Red
Fluorescent Protein (RFP)

Recombinant adenoviruses were generated using the
AdEasy technology as previously described.28e32 Briefly, the
coding regions of mouse TGFb1 and FLP recombinase were
PCR amplified and cloned into an adenoviral shuttle vector
and subsequently used to generate recombinant adenovi-
ruses in HEK-293, 293pTP or RAPA cells.22,23 The resulting
adenoviruses were designated as Ad-TGFb1 and Ad-FLP,
both of which also express GFP as the marker for moni-
toring infection efficiency. Analogous adenovirus expressing
only GFP or RFP (Ad-GFP or Ad-RFP) was used as a mock
control as described.25,33e37 In order to enhance transgene
transduction efficiency, polybrene (8 mg/ml) was added to
the culture medium for all adenovirus infections.38

Crystal violet assay

Crystal violet assay of cell proliferation was carried out as
described.21,39e44 Briefly, subconfluent imPOD and/or tsPC
cells were seeded in 35 mm cell culture dishes and infected
with the Ad-FLP or Ad-GFP adenovirus. The cells were sub-
jected to crystal violet staining at the indicated time points.
Macrographic staining images were recorded for the stained
dishes. For quantitative measurement, the stained cells
were dissolved in 10% acetic acid at room temperature with
agitation and optical density was measured at 570nm.45,46

WST-1 cell proliferation assay

WST-1 assay was carried out as described.47,48 Briefly,
exponentially growing cells were plated into 96-well cul-
ture plates at 30% confluence. Unseeded blank wells were
utilized as background controls. At the indicated time
points, the premixed WST-1 (BD Clontech, Mountain View,
CA, USA) was added to each well and incubated at the 37 �C
CO2 incubator for 3 h. The plates were subjected to a
microtitre plate reader to obtain absorbance reading at
450 nm. The obtained A450 nm values were subjected to
background subtractions. Each assay condition was per-
formed in triplicate.49,50

Immunofluorescence staining

Immunofluorescence staining was performed as
described.11,21,51e53 Briefly, subconfluent imPOD or tsPC cells
were seeded in 24-well plates overnight, fixed with 4%
paraformaldehyde, permeabilized with 1% NP-40, and
blocked with 10% donkey serum (Jackson Immuno-Research
Laboratories, West Grove, PA, USA), followed by incubating
with the WT-1, Synaptopodin, Nephrin, Tubulin or Vinculin
mouse monoclonal antibody (Santa Cruz Biotechnology, Dal-
las, TX, USA) for 2 hrs at room temperature.11,51,52 After
being washed, cells were incubated with FITC labeled anti-
mouse IgG secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) for 30 min. The cell nuclei
were counterstained with DAPI. Stains without primary anti-
bodies were used as negative controls. Fluorescence images
were recorded under an inverted fluorescence microscope.

RNA isolation and Touchdown qPCR (TqPCR)
analysis

Subconfluent cells were seeded in 60-mm dishes in a com-
plete DMEM. Total RNA was isolated using TRIzol Reagents
(Invitrogen, Carlsbad, CA, USA) as described.54e56 The cDNA
synthesis was carried out using hexamer and M-MuLV
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Reverse Transcriptase (New England Biolabs, Ipswich, MA,
USA). The cDNA products were diluted 10- to 50-fold and
used as PCR templates. The qPCR primers (Supplemental
Table 1) were designed using Primer3 Plus.57 The TqPCR
program was carried out as follows58: 95 �C � 3 s for one
cycle; 95 �C � 20 s, 66 �C � 10 s, for 4 cycles by decreasing
3 �C per cycle; 95 �C � 20 s, 55 �C � 10 s, 70 �C � 1 s,
followed by plate read, for 40 cycles using the 2� SYBR
Green qPCR master mix (Bimake, Houston, TX).58 Each
assay condition was performed in triplicate. All samples
were normalized to Gapdh expression by using the 2eDDCt

method as described54,55

Subcutaneous cell implantation and Xenogen
bioluminescence imaging

The use and care of animals was approved by the Institu-
tional Animal Care and Use Committee. Briefly, the human
renal cancer line Caki-1 and imPOD cells were stably
labeled with firefly luciferase using our homemade piggy-
Bac transposon system,52,59 yielding Caki-FLuc and imPOD-
FLuc, respectively. Exponentially growing Caki-FLuc and
imPOD-Fluc cells were collected and injected subcutane-
ously into the flanks of athymic nude mice (Harlan Labo-
ratories, 6e8 week old, male, 106 cells per injection, 4 sites
per mouse, n Z 5/group). At 1, 7 and 14 days after im-
plantation, the animals were subjected to bioluminescence
imaging using Xenogen IVIS 200 imaging system as
described.49,60,61 Briefly, mice were injected (i.p.) with D-
Luciferin sodium salt (Gold Biotechnology) at 100 mg/kg in
0.1 ml PBS. The pseudo images were obtained by super-
imposing the emitted light over the gray-scale photographs
of the mice. Quantitative analysis was conducted with
Xenogen’s Living Image software as described.49,60,61

Statistical analysis

All quantitative experiments were performed in triplicate
and/or repeated three times. Data were expressed as
mean � standard deviation (SD). The one-way analysis of
variance was used to analyze statistical significance.41 A
value of p < 0.05 was considered statistically significant.

Results

Establishment of the reversibly immortalized
mouse podocytes (imPOD)

Although the conditionally immortalized mouse podocyte
line by an SV40 T-antigen ts-mutant (tsPC) was created over
20 years ago,7 the practical utility of the tsPC cells has been
limited by the fact that it is time-consuming, laborious, and
inconvenient to maintain the tsPC line, which requires
culturing at 33 �C and g-IFN to induce the expression of
functional SV40 T antigen. Here, we sought to establish a
reversibly immortalized mouse podocytes based on the
parental tsPC cells.

Experimentally, the subconfluent parental tsPC cells
were infected with retroviral SSR#41 preparation. The SSR
#41 vector contains antibiotic marker hygromycin and SV40
T antigen expression cassette flanked with FRT sites
(Fig. 1A).8 The infected tsPC cells were cultured under
nonpermissive conditions at 37 �C with DMEM containing
10% FBS and 100U/ml penicillin/streptomycin. After
hygromycin selection, the surviving cells were observed at
as early as at 3 days after selection and colonies became
more obvious after 3 passages, yielding the imPOD line
(Fig. 1B, panel a). The resulting imPOD cells grew rapidly
and maintained a high proliferation rate after 20 passages
(Fig. 1B, panel a). By now, the imPOD cells have been
passed consecutively for over 50 generations and are
proliferating well (data not shown). As expected, the
parental tsPC cells grew poorly under nonpermissive con-
ditions (at 37 �C without g-IFN; e.g., tsPC-37 �C) while
proliferating well under permissive conditions (at 33 �C
with g-IFN; e.g., tsPC-33 �C) (Fig. 1B, panels b vs. c).

Furthermore, we performed qPCR analysis to determine
the expression levels of SV40 T antigen in these cell lines.
Our results demonstrated that the imPOD cells expressed a
higher level of SV40 T antigen than that in the parental tsPC
cells cultured under permissive conditions (i.e., tsPC-33 �C)
(Fig. 1C), indicating that we have successfully immortalized
the mouse podocytes derived from mouse tsPC cells.

The imPOD cells exhibit higher proliferative
activity than the parental tsPC cells

We next compared the proliferative activities between the
imPOD cells and the parental tsPC cells under both permis-
sive and nonpermissive conditions. Using crystal violet
staining assay, we found that when seeded at a similar initial
cell density, the imPOD cells reached confluence faster than
the parental tsPC-33 �C cells, while both imPOD and tsPC-
33 �C cells grew much faster than tsPC-37 �C cells at the
tested time points (Fig. 2A, panel a). Quantitative assess-
ment of the stained cells indicated that both imPOD and
tsPC-33 �C cells grew much faster than tsPC-37 �C cells from
day 2 to day 5, while imPOD cells grew faster than tsPC-33 �C
cells at day 4 and day 5 (Fig. 2A, panel b). We obtained
similar results by using the more quantitative WST-1 cell
proliferation assay (Fig. 2B). Collectively, the above results
demonstrate that the imPOD cells can be stably maintained
in culture and exhibit a high proliferative rate.

The imPOD cells express most of the podocyte
markers

We tested whether the immortalization process would affect
the expression of podocyte markers. It has been reported
that Wims’ tumor gene product WT-1 is exclusively expressed
by podocytes in the adult kidney.62,63 Our immunofluores-
cence analysis indicated that all imPOD cells, as well as the
tsPC-33 �C cells, expressed a high level of nuclear WT-1
protein (Fig. 3A). However, neither groups expressed a
detectable level of Synaptopodin (Fig. 3A), which is a
differentiation-specific actin cytoskeleton-associated pro-
tein and only expressed in differentiating podocytes,7,64

suggesting the imPOD cells may possess differentiation
potential.

We further analyzed whether the genes required for the
formation of the slit diaphragm complex (such as Nephrin,



Figure 1 Establishment of the reversibly immortalized mouse podocytes (imPOD) from the parental tsPC cells. (A) Schematic
representation of the reversible immortalization vector SSR #41. This retroviral vector contains the hygromycin and SV40 T-antigen
expression cassette flanked with FRT sites and can be removed by the Flippase (FLP) recombinase. (B) Establishment of imPOD. The
tsPC cells were infected with the packaged SSR #41 retrovirus and selected in hygromycin-containing medium for 5 days, yielding
imPOD cells, which grow rapidly in conventional complete DMEM at 37 �C and can be passaged extensively (a). As positive and
negative controls, the parental tsPC cells were grown under nonpermissive conditions (at 37 �C, no g-interferon) (b) or under
permissive conditions (at 33 �C with 100U/ml g-interferon) (c). Representative results are shown. (C) Expression of SV40 T-antigen
in imPOD and tsPC cells. Both imPOD and tsPC cells were cultured at the indicated conditions for 24 h. Total RNA was isolated and
subjected to reverse transcription and TqPCR analysis of SV40 T antigen expression. Gapdh served as a reference gene. “*” p < 0.05
and “**” p < 0.01 when compared with the tsPC-37 �C group.
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Tubulin and Vinculin) were expressed in the imPOD cells.
Nephrin is a transmembrane protein located at podocyte slit
diaphragm.6 We found that Nephrin expression was readily
detected by immunofluorescence (Fig. 3B). The cell body
and primary processes of podocytes contain all three types
of cytoskeletal elements (e.g., mictotubules, intermediate
filaments and microfilaments) and podocyte microtubules
are essential for the formation and maintenance of podocyte
primary processes. We detected a high level of Tubulin
expression in both imPOD cells and tsPC-33 �C cells as pre-
viously reported (Fig. 3B).7 Furthermore, cellematrix in-
teractions and podocyte intercellular junctions are essential
for maintaining the glomerular filtration barrier. Vinculin is a
cytoplasmic protein and able to couple actin filaments to
integrin-mediated cellematrix adhesions and to cadherin-
based intercellular junctions.65 We detected the expression
of Vinculin at focal contacts by immunofluorescence
(Fig. 3B). Interestingly, the distribution of Vinculin revealed
the arrangement of focal contacts in tsPC-33 �C and imPOD
cells was a random pattern rather than predominant locali-
zation at the tips of processes in arborized cells as reported.7

Taken together, our results demonstrate that the imPOD
cells express most of the podocyte-specific markers, similar
to that of the parental tsPC cells.
FLP recombinase-mediated removal of SV40 T
antigen diminishes the proliferative activity of the
imPOD cells

As shown in Fig. 1A, the immortalizing gene SV40 T antigen
can be excised by the expression of FLP recombinase. We
tested whether the SV40 T antigen-mediated immortaliza-
tion could be effectively reversed in the imPOD cells. We



Figure 2 The imPOD cells exhibit high proliferative activity. (A) Cell proliferation assay assessed by crystal violet staining.
Same numbers of parental tsPC (at 33 �C þ 100U/ml g-interferon, or 37 �C without g-interferon) and imPOD cells were seeded at a
low density and fixed for crystal violet staining at the indicated time points (a). The stained cells were dissolved for quantitative
determination at A570 nm (b). The assays were performed in three independent batches of experiments. “*” p < 0.05 and “**”
p < 0.01 when compared with the tsPC-37 �C group. (B) Cell proliferation assessed by WST-1 assay. Same numbers of parental tsPC
(at 33 �C þ 100U/ml g-interferon, or 37 �C without g-interferon) and imPOD cells were seeded at a low density. At the indicated
time points, WST-1 substrate was added to the cell culture medium and assessed for A450 nm readings. Assays were performed in
triplicate. “*” p < 0.05 and “**” p < 0.01 when compared with the tsPC-37 �C group.
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previously constructed a recombinant adenoviral vector Ad-
FLP as an effective tool to deliver FLP into mammalian
cells/tissues.18,52 We showed that the imPOD cells were
infected by Ad-FLP or Ad-GFP with a high efficiency, and
that the infected imPOD cells grew at a much slower rate
(Fig. 4A, panel a). Furthermore, we sought to quantitatively
determine the efficiency of FLP-mediated removal of the
SV40 T antigen, which is complicated by the presence of ts-
mutant form of SV40 T antigen in the imPOD cells. Instead,
we analyzed the effect of FLP treatment on hygromycin
expression in the imPOD cells. As expected, the efficient
removal of hygromycin by FLP was confirmed by qPCR



Figure 3 The imPOD cells express podocyte markers. The imPOD and parental tsPC (at 33 �C þ 100U/ml g-interferon) cells
were seeded at subconfluence and stained with antibodies against the podocyte specific marker (WT-1) and Synaptopodin (A), as
well as the slit diaphragm complex related markers (Nephrin, Tubulin and Vinculin) (B). Stains without primary antibodies were
used as negative controls. Cell nuclei were counter-stained with DAPI. Representative images are shown.

Reversible immortalization of mouse podocytes 143
analysis in the Ad-FLP infected imPOD cells, compared with
that in the Ad-GFP control group (Fig. 4A, panel b).

In fact, we demonstrated that the cell proliferation
rates of the Ad-FLP-infected imPOD cells were inversely
correlated with the adenovirus titers of the Ad-FLP, but not
Ad-GFP mock control, as assessed by crystal violet staining
(Fig. 4B, panel a). Quantitative analysis of the crystal violet
stains confirmed a trend of the decreased cell growth
associated with the increased Ad-FLP titers (as expressed in
MOIs, or multiplicities of infection) (Fig. 4B, panel b).
Collectively, these results strongly indicate that the
immortalization phenotype of the imPOD cells should be
effectively reversed by FLP recombinase.
The imPOD cells are not tumorigenic in athymic
nude mice

SV40 T antigen can stimulate cell proliferation and may in-
crease the risk of tumorigenesis in vivo.66 We sought to test
if the established imPOD cells may possess tumor forming
potential in vivo. In order to effectively track the in vivo
tumor growth with high sensitivity, we first established Caki-
FLuc and imPOD-FLuc cell lines by stably expressing the
firefly luciferase using our recently optimized piggyBac
transposon system.52,59 Caki-1 is a commonly-used human
kidney carcinoma cell line and was used as a positive control.
When both Caki-FLuc and imPOD-FLuc cell lines were



Figure 4 FLP recombinase-mediated removal of SV40 T-antigen effectively reverses the proliferative activity of imPOD

cells. (A) Efficient removal of hygromycin from imPOD by Ad-FLP. Subconfluent imPOD cells were infected with Ad-GFP or Ad-FLP
(a). At day 5, the imPOD cells infected with Ad-FLP exhibited much slower proliferation, compared with that infected with Ad-GFP
(a). Representative images are shown. In addition, total RNA was isolated from the imPOD cells infected with Ad-FLP or Ad-GFP at
day 3, and subjected to TqPCR analysis of the hygromycin expression (b). Gapdh served as a reference gene. All assay conditions
were done in triplicate. “**” p < 0.01 compared with that of the Ad-FLP group. (B) Cell proliferation assay assessed by crystal violet
staining. Subconfluent imPOD cells were infected with the indicated titers (MOI, multiplicity of infection) of Ad-FLP or Ad-GFP. At
day 3, the infected cells were fixed and stained with crystal violet (a). The stained cells were dissolved and quantitatively
measured at A570 nm (b). Each assay condition was performed in triplicate. Representative results are shown. “**” p < 0.01
compared with that of the Ad-GFP group.
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subcutaneously injected into the athymic nude mice. The
animals were subjected to whole body live bioluminescence
imaging using Xenogen IVIS 200 at one day, one and two
weeks after cell implantation. While similar bioluminescence
signals ware readily detected in all injected animals in both
groups at one day after injection, the signals decreased
rather rapidly in the imPOD cell-injected mice at the one-
week time point, and almost completely disappeared at
the two-week time point (Fig. 5A), which was further
confirmed by a quantitative analysis (Fig. 5B). Furthermore,
we monitored the animals for up to four weeks and did not
observe any tumor-like masses in the imPOD-FLuc injection
group, while the Caki-FLuc injection group formed readily
detectable tumor masses (data not shown). Collectively,
these results strongly suggest that the imPOD cells may be
not tumorigenic in vivo even though they possess long-term
proliferative activity.
TGF-b1 induces podocyte injury-like response in
the imPOD cells

Podocyte injury and dysfunction is implicated in protein-
uria associated with chronic kidney disease and renal
fibrosis.4,67 Podocytes are responsible for the
maintenance of the glomerular basement membrane,
whose functions are compromised in the diabetic
glomerulus.68 TGF-b1 is considered as a key initiator of
podocyte injuries.69,70 We tested whether the imPOD cells
were responsive to TGF-b1 stimulation and exhibited
podocytopathy phenotypes. To accomplish this, we co-
infected the imPOD cells with Ad-TGF-b1 and Ad-FLP or
Ad-RFP. As a positive control, the parental tsPC cells
(cultured under nonpermissive condition, tsPC-37 �C) were
infected with Ad-TGF-b1 or Ad-RFP. At 72 h after infec-
tion, total RNA was isolated from the infected cells and
subjected to qPCR analysis. The qPCR analysis confirmed a
high level of adenovirus-mediated TGFb1 expression in
both imPOD and tsPC-37 �C cells (Fig. 6). Furthermore,
TGFb1 was shown to suppress the expression of the slit
diaphragm-associated proteins P-Cadherin and zonula
occludens-1 (ZO-1) in both groups (Fig. 6). We also
demonstrated that exogenous TGFb1 effectively induced
the expression of mesenchymal markers, a-SMA, Vimentin
and Nestin in the imPOD cells and the tsPC cells (Fig. 6). As
a major autocrine growth factor induced by TGF-b1, CTGF
mRNA expression was significantly up-regulated by TGFb1
in both groups (Fig. 6). Lastly, TGFb1 is involved in
glomerular basement membrane (GBM) thickening and
mesangial matrix expansion, and type I collagen is one of



Figure 5 The imPOD cells are not tumorigenic in vivo. The human renal cancer line Caki-1 and imPOD cells were stably labeled
with firefly luciferase, and injected subcutaneously into athymic nude mice (106 cells per injection, n Z 5 mice/group). The
animals were subjected to Xenogen IVIS 200 imaging at the indicated time points (A). Unlike that in the Caki-1 group, no masses
were observed in the imPOD group for up to 4 weeks post injection. Representative results are shown. The average biolumines-
cence signals were quantitatively analyzed by using the Living Image software (B). “**” p < 0.01 compared with that of the Caki-1
injection group.

Figure 6 TGFb1 induces renal fibrosis-related markers in imPOD cells. Subconfluent imPOD were co-infected with Ad-TGFb1
and Ad-FLP or Ad-RFP, while the parental tsPC cells cultured under nonpermissive condition (tsPC-37 �C) were infected with Ad-RFP
or Ad-TGFb1. Total RNA was isolated at 72 h post infection and subjected to TqPCR analysis of a panel of mouse genes of interest
including TGFb1, P-cadherin, zonula occludens-1 (ZO-1), a-SMA, Vimentin, Nestin, CTGF and Collagen I (Col1a1). All assays were
done in triplicate, and Gapdh served as a reference gene. “*” p < 0.05 and “**” p < 0.01 when compared with the respective Ad-
RFP infection groups.
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the matrix components.70 Accordingly, we found that
TGFb1 effectively up-regulated the expression of Col1a1
in the imPOD cells, as well as in the parental tsPC cells
(Fig. 6). Taken together, our results demonstrate that the
imPOD cells may function as normal podocytes upon the
removal of the SV40 T-antigen immortalization gene.
Discussion

The glomerular podocytes play an important role in the
physiology and pathophysiology of the glomerulus. Podo-
cytes are involved in a variety of glomerular functions,
including GBM-turnover, maintenance of filtration barrier,
support of the capillary tuft, regulation of glomerular
filtration and immunological functions.1,2 The functional or
structural alterations in the podocytes may cause glomer-
ular dysfunction and degeneration. Nonetheless, it is rather
difficult to study podocyte functions in vitro as mature
podocytes lose their proliferative capacity in the full
differentiated state.1,6 Thus, the establishment of condi-
tionally immortalized podocytes made by Mundel et al was
a major step toward a better understanding of this unique
type of cells.7 In this system, the conditionally immortal-
ized podocyte cells (tsPC) were established using a special
culture system in combination with H-2Kb-tsA58 transgenic
mice.7 Culturing podocyte cells at 33 �C with g-interferon
(permissive conditions) induces cell proliferation and
maintains an epithelial phenotype. On the other hand,
podocytes cultured at 37 �C without g-interferon (non-
permissive conditions) lose the activity of SV40 large T an-
tigen and then enter a state of growth arrest and differ-
entiation.7 However, it takes approximately 14 days for the
tsPC cells to completely lose activity of SV40 T antigen.

Here we seek to simplify the podocyte culture system
and establish a reversibly immortalized podocyte line using
the FRT-flanked SV40 T-antigen immortalization system.
Using the reversible SV40 T antigen-based immortalization
system, we have successfully immortalized primary
numerous cell lines, including embryonic fibroblasts,
adipose-derived MSCs (iMADs), stem cells from dental apical
papilla, hepatic progenitor cells, mouse melanocytes, cal-
varial mesenchymal progenitor cells, articular chon-
drocytes, fetal heart progenitors, bone marrow stromal
stem cells, and human cranial suture progenitors.9e21 In
this study, we utilized the FRT-flanked SV40 T antigen and
successfully established the mouse podocyte imPOD line.

We demonstrate that the imPOD cells express most of
the podocyte markers. It has been reported that the
expression of Wilms’ tumor 1(WT-1) can be detected in the
visceral epithelial cells (podocytes) of the mature glomer-
ulus throughout life.71 It was also reported that WT-1 pro-
tein may be involved in maintaining podocyte lineage and
differentiation potential.2,7 The imPOD cells expressed WT-
1 protein just as the conditionally immortalized mouse
podocyte cell lines (tsPC-33 �C). Interestingly, Synaptopo-
din is a differentiationespecific marker and is not detected
in both imPOD and tsPC-33 �C cells. In addition, the
expression of Nephrin, a newly identified transmembrane
protein located at podocyte slit diaphragm,7 was expressed
in the imPODs cells. The imPOD cells, like tsPC-33 �C cells,
also express Vinculin, a cytoplasmic protein important for
maintaining the glomerular filtration barrier. Nonetheless,
the imPOD cells do not possess in vivo tumorigenicity.

Furthermore, the imPOD cells are responsive to the
fibrogenic cytokine TGFb1 stimulation and exhibit podocyte
injury-like phenotypes. Podocyte injury is one of the major
stimuli resulting in an impaired glomerular filtration, which
is manifested by proteinuria in the clinical setting.4 As a
potent fibrogenic cytokine TGFb1 is upregulated in virtually
all kinds of chronic kidney diseases72,73 and is a well-
characterized pathogenic factor that dysregulates podo-
cyte structure and functions.72e74 TGFb1 was shown to
induce podocytes to undergo epithelialemesenchymal
transition (EMT),75 acquiring some mesenchymal pheno-
type while losing some markers of glomerular epithelial cell
differentiation.76 Consistent with the pathophysiology of
podocytes, the expression of glomerular epithelial markers
(Nephrin, P-Cadherin, and ZO-1) was decreased in the
imPOD cells upon TGFb1 stimulation, whereas the expres-
sion of mesenchymal markers (aSMA, Vimentin, and Nestin)
and matrix components (fibronectin, type I collagen) was
upregulated by TGFb1. Taken together, the engineered
imPOD cells should provide a valuable in vitro cell model to
study podocyte biology.

Immortalization of primary mammalian cells is usually
accomplished by overexpressing oncogenes, such as telo-
merase (TERT), KRAS, c-MYC, CDK4, and/or inactivating
tumor suppressor genes, such as p53, Rb and p16INK 11,66. It
is well established that the ability of SV40 T antigen to
immortalize cells is mediated by its ability to form a com-
plex with p53 and hence inhibit p53 functions. However,
the exact molecular mechanisms underlying SV40 T antigen-
induced immortalization remain to be fully understood.11

Nonetheless, unlike the above-mentioned oncogenes,
SV40 T antigen-transformed cells are usually not tumori-
genic,77,78 which has been further confirmed in our in vivo
studies with the imPOD cells.

In summary, we demonstrate that mouse podocytes can
be reversibly immortalized with a FRT-flanked SV40 T-an-
tigen expression system. The reversibly immortalized
imPOD cells exhibit long-term high proliferative activity,
which can be effectively reversed by FLP recombinase. The
imPOD cells express most of the podocyte markers, do not
form tumors in vivo and exhibit the characteristics similar
to mature podocytes upon TGFb1 stimulation. Thus, the
imPOD should be a valuable resource to study podocyte
biology both under normal and under pathological
conditions.
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