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The glomerular podocyte is a highly specialized cell, with the ability
to ultrafilter blood and support glomerular capillary pressures. How-
ever, little is known about either the genetic programs leading to this
functionality or the final phenotype. We approached this question
utilizing a human conditionally immortalized cell line, which differ-
entiates from a proliferating epithelial phenotype to a differentiated
form. We profiled gene expression during several time points during
differentiation and grouped the regulated genes into major functional
categories. A novel category of genes that was upregulated during
differentiation was of smooth muscle-related molecules. We further
examined the smooth muscle phenotype and showed that podocytes
consistently express the differentiated smooth muscle markers
smoothelin and calponin and the specific transcription factor myocar-
din, both in vitro and in vivo. The contractile contribution of the
podocyte to the glomerular capillary is controversial. We demon-
strated using two novel techniques that podocytes contract vigorously
in vitro when differentiated and in real time were able to demonstrate
that angiotensin II treatment decreases monolayer resistance, morpho-
logically correlating with enhanced contractility. We conclude that the
mature podocyte in vitro possesses functional apparatus of contractile
smooth muscle cells, with potential implications for its in vivo ability
to regulate glomerular dynamic and permeability characteristics.

mesenchyme; smoothelin; epithelial-mesenchymal transition; differ-
entiation; development

THE RENAL GLOMERULUS IS COMPOSED of a complex microcircu-
lation, arranged in a network of capillary loops supported by
the interstitial mesangium. Podocytes are highly specialized
cells in the renal glomerulus and form a major part of the
filtration barrier, preventing protein loss (predominantly albu-
min) in the urine. A distinct architectural feature of podocytes
is their interdigitating foot processes, which enmesh the glo-
merular capillary loop, with the formation of a unique cell-cell
junction termed the slit diaphragm (34). In addition, the podo-
cyte needs to withstand, and possibly respond to (32), the high
capillary pressures generated in the glomerulus, adding to its

need for specialized cellular apparatus (30). There is contro-
versy in the literature, however, over the contractile role of
podocytes beyond regulation of slit size (20), and the mesan-
gial cell has been postulated as providing the tensile role within
the glomerulus, on the basis of cytoskeletal observations (8).

The unique molecular apparatus utilized by the podocyte in
defining its functions has recently begun to be elucidated, aided
in large part by the identification of genes mutated in congen-
ital nephrotic syndromes (4, 22, 43) and the development of in
vitro tools to study function (31, 41).

Traditionally the podocyte has been described as an epithe-
lial cell type (in fact, an alternative name used is the glomerular
visceral epithelial cell). Developmentally, however, there is an
observational change from simple epithelial cells during the
S-shaped body stage to a mature mesenchymal phenotype, with
reexpression of vimentin and loss of epithelial markers such as
desmosomal proteins and E-cadherin and of proliferation
markers (12, 31). The extent and nature of this change is
unknown and will be important in predicting how the mature
podocyte behaves in vivo. These questions were addressed by
utilizing a human conditionally immortalized cell line that
mimics many of these changes during in vitro differentiation
(41). In the differentiated state, the immortalizing SV40 gene is
inactive so is more representative of the in vivo phenotype. We
have studied in vitro the developmental transition in the podo-
cyte, as it changes from a proliferating, simple epithelial
phenotype to a mature differentiated cell. We describe, initially
using a gene array approach in conditionally immortalized
human podocytes, that there is early genetic programming,
including upregulation, unexpectedly, of certain genes associ-
ated with smooth muscle differentiation. To elaborate on this,
we show that mature podocytes express specific proteins asso-
ciated with a differentiated smooth muscle phenotype and have
vigorous contractile properties, modulated by angiotensin II
(ANG II). This has delineated in detail some markers associ-
ated with the differentiated podocyte and shows that this cell
has a unique differentiation profile including smooth muscle
features, which may be important in its ability to maintain the
glomerular microcirculation and ultrafiltration characteristics.
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METHODS

Cell Culture

A human conditionally immortalized podocyte cell line was gen-
erated and cultured as described (41). Cells were allowed to prolifer-
ate at 33°C and grown to 80% confluence in 180-cm2 flasks. This was
designated day 0. For subsequent time points, cells were thermos-
witched at day 0 to 37°C, which caused inactivation of the SV40 T
antigen, and cessation of cell replication could be observed within
24 h. Cells were harvested and RNA prepared at days 0, 3, 9, and 12
[cells are fully differentiated by day 14 (41)]. For biological tripli-
cates, separate flasks were used, at the same conditions and time
points, and the RNA prepared from these was hybridized indepen-
dently to microarray chips.

K562 control cells were used as the internal standard for microar-
ray (an erythroleukemia human cell line) and were grown in suspen-
sion in the above medium, at 37°C, and harvested at a density of
4–6 � 105/ml.

Rat A7R5 aortic smooth muscle cells (SMCs) were obtained from
the American Type Culture Collection (Bethesda, MD). Human mes-
angial cell primary cultures were a kind gift of Professor A. O.
Phillips, University of Cardiff, Wales. NIH 3T3 cells were obtained
from European Collection of Animal Cell Cultures (Porton Down, UK).

Preparation of RNA

RNA was extracted from cultured cells using the Trizol method
(23), and 100 �g of podocyte RNA was prepared for hybridization to
each microarray chip, along with 100 �g of RNA from K562 control
cells.

Microarray

For every time point (days 0, 3, 9, and 12), 100 �g of podocyte
RNA � 100 �g control RNA was hybridized per microarray chip, and
three independent repeats were performed at each time point (i.e., 300
�g podocyte RNA at each time point). The microarray chips used
were Human H6 gene chips, containing 9,216 unique sequences
(Albert Einstein School of Medicine, Biotechnology Center).

Hybridization, normalization and data filtering, and quantitative
PCR analysis were performed as previously described (55). Statisti-
cally significant differential mRNA abundance across time points was
established by significance analysis of microarrays (www-stat-
class.stanford.edu/) software applying a 1% false discovery rate
(FDR) (45). Data is submitted in the NCBI repository (GEO, http://
www.ncbi.nlm.nih.gov/geo/), accession number GPL961.

qPCR

Quantitative real-time RT-PCR (qPCR) was performed by use of
the ABI Prism 7900 Sequence Detection System. Podocyte RNA was
converted into cDNA with Superscript II reverse transcriptase (In-
vitrogen/BRL, Carlsbad, CA). Gene-specific sequences for PCR prim-
ers were designed to generate amplicons of 50–100 base pairs re-
quired for quantitative real-time detection, by using SYBR Green
Master Mix (Applied Biosystems, Foster City, CA). The mRNA
abundances were determined by normalization of the data to the
expression levels of GAPDH or �2-microglobulin mRNA.

Immunofluorescence

The immunolabeling was done as previously described (31). An-
tibodies were obtained as follows: Nephrin monoclonal antibody
43C7 was a kind gift of Prof. Karl Tryggvason, Stockholm, Sweden;
smoothelin monoclonal C6G was a kind gift of Prof. G. van Eys,
University of Maastricht, Netherlands; anti-mouse myocardin anti-
bodies A1043a and A1043b were from Antibody Core, UT South-
western at Dallas, TX; monoclonal anti-calponin, smooth muscle
myosin, and �-SMA were all purchased from Sigma (St. Louis, MO).

Samples used were either human podocytes grown at 33°C (undiffer-
entiated) or for 14 days at 37°C (fully differentiated), or a specimen
of normal adult donor kidney unused for renal transplant (with
institutional ethical approval). For human kidney, 5-�m sections were
fixed, washed, and blocked as for cells, with an additional step of 15%
glacial acetic acid for 15 min and 0.3% hydrogen peroxide for 15 min.
Newborn mouse kidney sections (C57 black) were a gift of Dr.
Rommel Ravanan (University of Bristol, Veterinary School). Anti-
body conjugation and mounting were as above. Standard images were
obtained via a Leica photomicroscope attached to a Spot 2 slider
digital camera (Diagnostic Instruments) and were processed with
Adobe Photoshop 5.0 software.

Fig. 1. Microarray analysis and quantitative PCR (qPCR). A: identification and
functional classification of regulated genes during podocyte differentiation.
Cluster diagrams show expression profiles (based on median ratios normalized
against baseline) of regulated genes in two related functional categories,
representing 44 of 458 regulated genes. Color spectrum bars indicate upregu-
lation (red) or downregulation (blue) with fold change of expression from �1.5
to �1.5. Gene name abbreviations correspond to Unigene nomenclature.
B: quantitative PCR expression of smoothelin and MRF2. Time points ana-
lyzed were day 0 (proliferating cells at 33°C) and day 3 after thermoswitching.
Day 0 (D0) shows a normalized median ratio of gene of interest expression to
GAPDH expression, and day 3 (D3) indicates the fold change of expression
compared with baseline (3 repeats). Error bars indicate SE.
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Western Blotting

Total cell lysates were prepared for Western blotting by addition of
a lysis buffer containing 1% saponin to cells, and methods used were
as previously described (41).

Cell Contractility

Single cell elastomer wrinkling assay. Cells were trypsinized and
replated onto deformable elastomer substrates as described by Wrobel
et al. (52). The flexibility of the substratum permits the contractile
forces exerted by the cells to be measured without affecting cytoskel-
etal expression (17). Podocyte contractility was assayed by blinded
counting of the number of wrinkles generated per cell in the surround-
ing elastomer substrate at 4 h after seeding, in a minimum of nine
fields of view (20 cells per view, minimum), in three separate
experiments. Statistical values were obtained by Mann-Whitney U-
test using the SPSS statistical package.

Collagen contraction assay. Cell-embedded collagen matrixes to
measure contraction were made following a modification of a previ-
ously described protocol (11). Briefly, 150 �l of a collagen solution
containing 1.5 mg/ml collagen (First Link) and 2.6 � 105 cells/ml gel
in cell culture medium were cast in the 14-mm central microwell of
35-mm Mattek dishes (Mattek). The gels were polymerized for 15–30
min at 37°C and then manually detached from the edge of the wells.
Excess unpolymerized solution was aspirated and 2 ml of medium
supplemented with 10% FCS was added. For experiments involving
angiotensin stimulation, the gel mix was prepared with serum-free
medium and 2 ml of serum-free medium was added to the gel after
polymerization. The cells in gels were starved for 2 h prior to
stimulation with 100 nM ANG II (Sigma), with or without prior
incubation with the inhibitors for 30 min (losartan 100 nM, PD123349
10�5 M, both Sigma).

Whole gel contraction was monitored by digital images taken
immediately following release of the polymerized gels (time 0) and
then daily for 7 days, or at 2, 8, and 22 h for the angiotensin assay.
Images were imported into Image J software, and the gel area was
measured with reference to the outline of the well. The contraction
was calculated as the percentage change from the original surface.

Direct contraction force monitoring was done by using our previ-
ously described SIM-CFM (simultaneous imaging and culture force
monitor) (11) on a humidified, CO2-regulated epifluorescent micro-
scope stage (Zeiss). Force measurements were recorded in 3-ml
collagen matrixes seeded with either 3.3 � 106 cells/ml of undiffer-
entiated podocytes or 1 � 106 cells/ml of differentiated podocytes.
Force readings recorded by Picolog (Pico Technology) and Xware
6.0.4 (Parker Software) were obtained every second over a 15-h
period after the matrixes were cast. The temperature was kept constant
throughout the experiment, 33°C for undifferentiated podocytes and
37°C for differentiated podocytes. Net contractile force was calculated
by subtracting the baseline force measurements obtained from ma-
trixes free of cells and correcting the resulting value to obtain net
force per million cells.

Time course analysis of podocyte monolayer resistance in response
to Ang II. Time course analysis and resistance modeling was per-
formed using an automated cell monitoring system, electrical cell-
substrate impedance sensing (ECIS 1600R, Applied Biophysics,
Rochester, NY), which can detect nanometer-order changes of cell-
to-cell and cell-to-substrate distances separately (21). The instrument
applies a small alternative current (�1 �A at 4,000 Hz) between two
electrodes using culture medium as the electrolyte. The instrument
monitors both the amplitude and phase of the signal and from this
information reports the impedance, resistance, and capacitance of the
small electrode treating the system as a simple resistive capacitative
series circuit. The source of impedance has been shown to be due both
to the constricted current flow in the spaces beneath the basal mem-
brane and the surface of the electrode and to the resistance in the
paracellular path between adjacent cells (19). Briefly podocytes were
seeded on to gold microelectrodes in wells of ECIS arrays (8 well,
10� electrodes per well) and allowed to differentiate at 37°C for 14
days. Nonconfluent cell monolayers were treated with ANG II 5 �
10�8 M (Sigma Chemical) � preincubation for 30 min with losartan
(Merck) or vehicle control in serum-free medium. By use of the ECIS
attachment mode, resistance was measured at regular time intervals
from the point of addition of substrate, for up to 90 min. The ratio of
measured resistance to baseline resistance was calculated for each
well and plotted as a function of time, normalized to control.

Fig. 2. Cellular immunofluorescence (all compara-
tive images were taken at the same exposure; con-
trol IgG staining is shown at right). Smoothelin,
myocardin, and calponin antibodies were raised in
mouse, smooth muscle myosin, and �-smooth mus-
cle actin (SMA) antibodies were raised in rabbit.
A: smoothelin, showing faint filamentous expres-
sion in undifferentiated cells, and typical, strong
filamentous distribution in differentiated cells.
B: calponin. Faint, diffuse expression in undifferen-
tiated cells; strong expression in differentiated
cells in a pattern of actin stress fibers. C: �-SMA.
Nuclear expression is nonspecific compared with
negative control (not shown). Some cytoplasmic
expression is seen and appears slightly stronger in
differentiated cells. D: myosin heavy chain. No
significant expression above negative control (not
shown) in undifferentiated cells, with positive
expression in differentiated cells. E: myocardin.
No significant expression above control (not
shown) in undifferentiated cells; strong nuclear
and some cytoplasmic expression in differenti-
ated cells. Magnification �400.
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In nonconfluent cell layers resistance measurements are related to
the fractional area of the electrodes occupied by cell cytoplasm and
can therefore be used as an indirect measurement of changes in cell
morphology (contraction or relaxation) (21). Comparisons in cell
culture experiments were made by repeated-measures ANOVA with
post hoc Bonferroni analysis. Results are presented as means � SE.

Response of podocytes to ANG II and inhibition of both AT1
receptors (losartan) and AT2 receptors (PD123319, Sigma) was also
tested in the gel contraction assay. For these experiments cells were
used between passages 17 and 21 and differentiated for 11–17 days.
The graph shown (Fig. 7C) is average of three experiments for
losartan and two for PD123319. Each experiment is in triplicate, with
the resulting controls for serum free and ANG II being for 7 experi-
ments (both pooled). Shown are means � SE. Angiotensin and
losartan were both 100 nM, and PD123319 was 10�5 M.

RESULTS

All gene name abbreviations correspond to Unigene nomen-
clature.

During Differentiation, 5% of Genes Are Regulated at a
99% Level of Confidence

Examining 9,216 unique expressed sequences, we identified
458 significantly regulated transcripts (FDR 1%), with expres-
sion data normalized for day 0. Regulated gene data was
distributed into hierarchical gene clusters, by use of TIGR
multiple experiment viewer software (http://www.tigr.org), and
genes of known function were classified according to LocusLink

Fig. 3. Glomerular immunofluorescence. A: smoothelin (green). Left: linear, capillary loop pattern. Center: nephrin staining (red). Right: double immunostaining
with nephrin demonstrating colocalization (yellow, arrow shows an example in a capillary loop). B: calponin (green). Left: linear, capillary loop pattern. Center:
nephrin staining (red). Right: double immunostaining with nephrin demonstrating colocalization (yellow, arrow shows an example in a capillary loop). C: �-SMA
(green). Left: mesangial cell pattern of distribution, with relatively weak podocyte staining. Center: double immunolabeling with nephrin to localize podocytes
(red). Right: the same at higher magnification, demonstrating absence of colocalization. D: myosin heavy chain (green). Left: mesangial cell pattern of
distribution, with relatively weak podocyte staining. Center: double immunolabeling with nephrin to localize podocytes (red). Right: the same at higher
magnification, demonstrating absence of colocalization. E: myocardin (green). Left: nuclear cell staining. Center: WT-1 staining (a nuclear podocyte marker).
Right: double staining with WT-1 colocalizing with myocardin (yellow). Magnification �40 to �100. Far right-hand column shows the level of expression of
each protein in vascular smooth muscle in the same sections, illustrating greater level of expression compared with glomeruli. Where a glomerulus is present
in the same panel, this is indicated by the solid arrow. Stippled arrows indicate blood vessels. For SMA (C), the inset is the same view as the main panel and
shows the same artery, at lower fluorescence intensity.
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(http://www.ncbi.nlm.nih.gov/LocusLink/) and Gene Ontology
(http://www.geneontology.org/).

Among Genes Expressed in Differentiation, a Revealing
Subgroup Is of Genes Involved in Smooth
Muscle Differentiation

We were surprised to find early (day 3) upregulation of 16
genes specifically associated with SMC differentiation and
function (Fig. 1A). This included genes coding for nuclear
proteins associated with SMC phenotype switching (ID1, ID2,
ID3), a sarcomeric muscle protein (sarcosin), a gene coding for
a calcium release channel in muscle contraction (RYR2), genes
involved in terminal differentiation of muscle cells (FHL2,
MBNL), vascular smooth muscle development (ADAM8,
AEBP1), and cytoskeletal contractile function (SMTN, CNN1,
NEB, PLEC1). Of these, smoothelin (SMTN) was of particular
interest, being a molecule expressed solely in fully differenti-
ated contractile smooth muscle (46). Smoothelin gene upregu-
lation was confirmed by qPCR on days 0 and 3 (Fig. 1B). In
keeping with the switch to a more mesenchymal phenotype
during differentiation, we report also the appropriate upregu-
lation/downregulation of 28 epithelial-mesenchymal transi-
tion-related genes which were not further examined in this
study (Fig. 1A).

To further support a smooth muscle differentiation pathway,
we confirmed by qPCR the consistent early expression of the
SMC differentiation gene MRF2 (49) (not present on the array
chip), in cultured differentiating cells (Fig. 1B). We also
validated by qPCR expression patterns of selected genes
from each clustered group (smoothelin is shown as an
example, Fig. 1B).

We then examined the expression of smoothelin and calpo-
nin (CNN1) at the protein level using immunofluorescence and
Western blotting (Figs. 2–5), showing expression of calponin,
and both “visceral” (59 kDa, also known as smoothelin-A) and
“vascular” (110 kDa, also known as smoothelin-B) isoforms of
smoothelin (25) in differentiated podocytes. Interestingly, the
vascular isoform was upregulated in differentiated cells (Fig.
5B). The immunofluorescence (IF) appearance of smoothelin
was filamentous in podocytes, consistent with the observation
that in some cell types it has a filamentous distribution (46) and
in others it is stress fiber associated (7). The antibody we used
has been used to detect human smoothelin transfected into
COS7 cells (46), yielding the same IF distribution. Calponin
had the typical stress fiber distribution in cultured podocytes
(Fig. 2B). In human glomerular sections, double stained with
the podocyte marker nephrin, both proteins were found specif-
ically in podocytes (Figs. 3, A and B). Expression of smooth-
elin in podocytes was noticeably weaker than in arteriolar
SMCs in the same sections. We further examined the smooth
muscle phenotype of undifferentiated and differentiated podo-
cytes by examining other known myofibroblastic markers:
smooth muscle myosin heavy chain (MHC) and �-smooth
muscle actin (SMA) (Figs. 2 and 5). There was expression of
SMA by IF and Western blotting in vitro and no detectable
expression by IF of MHC at 33°C, with expression at 37°C.
Weak nuclear staining of SMA was also seen in vitro, com-
pared with control, of uncertain significance. MHC and SMA
were detected strongly in a mesangial cell distribution in vivo,
with comparatively weak podocyte expression (Fig. 3).

Podocytes Express Myocardin in Vitro and In Vivo

Myocardin is a cardiac- and smooth muscle-specific cofactor
for the ubiquitous transcription factor serum response factor
(SRF). Gain- and loss-of-function experiments have shown
myocardin to be sufficient and necessary for SMC differenti-
ation (47), although a subsequent study noted that the full
repertoire of SMC genes is not controlled by myocardin (53).
Consistent with our observations here, myocardin has recently
been shown to regulate the smoothelin promoter, via SRF (39).
Thus it was important to demonstrate the presence of this factor
in differentiated podocytes (the gene was not represented on
the array chip). Using two separate antibodies, we demon-
strated the presence of myocardin. Undifferentiated cultured
podocytes showed very low nuclear expression compared with
the nonspecific control IgG (Fig. 2E). Differentiated cells
showed nuclear expression, as well as a distinct stippled cell
membrane and cytoplasmic distribution (seen consistently with
both antibodies); the likelihood is that this factor shuttles
between cytoplasm and nucleus upon serum activation (Fig.

Fig. 4. Expression of myocardin in developing newborn mouse glomeruli.
A: nephrin. Showing expression of nephrin in mature glomeruli (stippled
arrows) deep in the cortex (nephrin is expressed in postcapillary loop stage
glomeruli), whereas more immature glomeruli in the subcapsular “nephrogenic
zone” show no significant expression. B: myocardin. Definite expression is
seen in only mature glomeruli. C: merged image, showing colocalization
(yellow) in podocytes in the mature glomeruli.

F963PODOCYTES DISPLAY SMOOTH MUSCLE CHARACTERISTICS

AJP-Renal Physiol • VOL 295 • OCTOBER 2008 • www.ajprenal.org

 on January 10, 2010 
ajprenal.physiology.org

D
ow

nloaded from
 

http://ajprenal.physiology.org


2E). On Western blotting a distinct band at 	60 kDa was seen,
in undifferentiated and differentiated cells (Fig. 5C). In glo-
merular sections, nuclear expression of myocardin was seen
with both available anti-myocardin antibodies, and this expres-
sion mainly colocalized with WT1 as a podocyte nuclear
marker, although we did not rule out the possibility of addi-
tional expression in mesangial cells (Fig. 3E). Of note, the
expression levels of myocardin in podocytes compared with
“professional” SMCs in arterioles in the same sections were
lower, suggesting differential regulation.

Next, we examined the appearance of myocardin in devel-
oping podocytes by looking at expression in newborn mouse
kidney, which displays glomeruli at different stages of devel-
opment from S-shaped body through capillary loop stage to
mature glomeruli (28). Myocardin was seen to be coexpressed
with nephrin in morphologically mature glomeruli. There was
also myocardin expression in the subcapsular nephrogenic
zone, where more immature glomeruli are located (S-shaped
bodies), where nephrin is not yet expressed, although it is not
clear which structures this expression corresponds to (Fig. 4).

Podocytes Contract Vigorously Once Differentiated,
in an Actin-Dependent Manner

Because we observed evidence of a smooth muscle con-
tractile apparatus, we decided to functionally examine the
ability of podocytes to contract in vitro. We applied two
recently developed techniques to examine contractility. The
first quantifies single cell contractility and was originally
used in fibroblasts when they acquire a myofibroblastic
morphology (52). The technique has been validated by using
measurements of single cell force generation and appears to
correlate very well with the appearance of wrinkles counted
on a silicon gel. Differentiated podocytes produced 6.71 �
0.3 wrinkles/cell after 4 h, compared with 4.4 � 0.2 wrin-
kles/cell for undifferentiated podocytes (n 
 9 fields), and
both were significantly greater than 3T3 fibroblasts, which
generated 0.04 � 0.01 wrinkles/cell (P � 0.001). The
results showed a highly significant increase in contractility
between undifferentiated podocytes or fibroblasts and dif-
ferentiated podocytes (Fig. 6B).

Fig. 6. Collagen matrix contraction assay. A: single cell contractility after 4 h on substrate; appearance of wrinkles on substrate indicates cell contraction: (i)
undifferentiated NIH3T3 fibroblasts, no wrinkles; (ii) undifferentiated podocytes showing few, short wrinkles; (iii) differentiated podocytes showing multiple
deep, long wrinkles on silicon elastomer; (iv) rat aortic smooth muscle control, multiple deep wrinkles. B: graphs showing single-cell contractility measured by
counts of substrate wrinkles per cell. Bars show median, interquartile range, and highest and lowest values. Statistical analysis used the Kruskal-Wallis test. *P �
0.05. C: gel contraction assay. Representative confocal reflection image of gel (left) and differential interference contrast (DIC) image (right) of undifferentiated
cell on day 3 after seeding. Note the alignment of the matrix toward the cell (also visible in the DIC image). D: gel contraction assay. Cell contraction measured
by percentage of gel area. Undifferentiated podocytes contract 3D collagen gels over 7 days down to 	20% of the original gel area. Differentiated podocytes
have much more vigorous contractile properties, reaching maximal contraction within the first 24 h after seeding in the gel. Control NIH3T3 fibroblasts show
similar contraction kinetics as undifferentiated podocytes (error bars indicate mean contraction percentage at each time point � SE). E: gel contraction assay.
Force generation during matrix contraction. Undifferentiated and differentiated podocytes were seeded in collagen matrixes at a density of 3.3 � 106 and 1 �
106 cells/ml, respectively, and placed on the culture force monitor system. Force associated with matrix contraction was recorded every second for 	15 h. The
graph shows the baseline-corrected mean force generated by 106 cells for each cell type. Values shown are means and SE from 4 experiments.

Fig. 5. Western blotting of smooth muscle
proteins. A: SMA expression in differenti-
ated (lane 1) podocytes. Positive and nega-
tive controls: stronger expression in a
smooth muscle cell line (lane 2) and very
weak expression in HK2 epithelial cells
(lane 3). B: smoothelin. Indicates the pre-
dominantly visceral isoform of smoothelin
(59 kDa) in colon control (lane 1); HK2
epithelial cell negative controls are shown in
lane 2. Both contractile (110 kDa) and vis-
ceral isoforms seen in undifferentiated
cells (lane 3). Differentiated cells show an
upregulation of the contractile isoform,
whereas the visceral isoform is unchanged
(lane 4). C: myocardin. Colon positive con-
trol (lane 1); HK2 tubular epithelial cells
negative control (lane 2); undifferentiated
podocytes (lane 3); and differentiated podo-
cytes, slightly greater expression (lane 4).
D: calponin Western blot. Increased expres-
sion (34 kDa) in differentiated podocytes
(lane 2) compared with undifferentiated
podocytes (lane 1); glomerular extract
(glom; lane 3) colon positive control (cont;
lane 4), and very weak expression in HK2 cells
(lane 5).
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The second technique measures cell contractility within a 3D
matrix and records the ability of a cell type to contract a
collagen matrix within which cells have been seeded (11). The
results were consistent with the first technique and showed
highly vigorous contractility of differentiated podocytes, com-
pared with undifferentiated podocytes or NIH 3T3 fibroblasts

(which were not significantly different from each other in this
instance, Fig. 6D). Direct measurement of force generated by
the cells during matrix contraction (Fig. 6E) revealed that the
maximal force generated by the differentiated podocytes at
plateau stage (around 20 dyn/106 cells) was significantly higher
than that of the proliferating cells (7 dyn/106 cells), actually
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being the same order of magnitude as the force recorded for
primary corneal fibroblasts, the most contractile cells so far
tested in this system (11).

Podocytes Change Their Shape and Resistance in Response
to ANG II

ANG II is a vasoactive agent with the ability to increase
smooth muscle tone and myocardial contractility. Because
angiotensin-converting enzyme inhibitors have an important
function in affecting both glomerular blood flow and attenuat-
ing proteinuria, we felt it was important to assess whether
ANG II might have a direct effect on podocyte contractility.
Firstly we observed morphological changes in podocytes by
light microscopy at several time points after stimulation with
ANG II and blindly counted contracted cells (Fig. 7A). This
revealed visible contraction of cells within 0.5–1 h, which
could be quantitated by blinded counting, and was prevented
by preincubation with the ANG II receptor blocker losartan.

Using the ECIS system, we were able to quantify at a single
cell level the response to ANG II in real time (Fig. 7B). The
system allows measurement of resistance averaged across 10
electrodes per well (4 replicate wells per experiment) covered
with subconfluent differentiated podocytes, which infers nano-
meter scale changes in cell shape. The changes in cell shape
could be due to changes in cell adhesion, or contraction, and
taken in conjunction with the gel assays suggest that the
changes measured are at least partly due to podocyte contrac-
tility.

The results consistently show a reduction in measured re-
sistance by ANG II within the first few minutes of exposure,
which is completely blocked by preincubation with losartan.
This indicates cell contraction in response to ANG II that is
supported by the morphological observations.

To confirm that ANG II could directly promote a contractile
phenotype in the differentiated cells, we tested the response to
ANG II in the gel contraction assay. ANG II stimulation led to
a significant increase in macroscopic gel contraction compared
with serum-free medium, consistent and complementary to the
data showing increased contraction on ECIS and by morphol-
ogy (Fig. 7C). This contractility could be significantly inhibited
at the 2- and 7-h time points by both AT1 inhibition (losartan)
and AT2 inhibition (PD123319).

DISCUSSION

This study, utilizing a human podocyte cell line, is the first
detailed in vitro description of the human podocyte phenotype
comparing undifferentiated with differentiated cells and has
revealed some novel insights. In particular, we have shown that
the mature podocyte in vivo and in vitro displays distinct
features of smooth muscle differentiation. This is consistent with
an emerging picture of human podocyte biology that suggests

functional analogies with SMCs, such as rapid insulin-sensitive
glucose uptake (10, 26) and the recent finding of functional
TRPC6 calcium channel expression, which is normally expressed
in brain and SMCs (18, 38, 50), with knockout causing en-
hanced vascular smooth muscle contractility and elevated
systemic blood pressure (14).

Podocyte Differentiation Starts From an
Epithelial Phenotype

Our previous data on this podocyte cell line indicates that
during temperature-induced differentiation the cells change
from an epithelial morphology to a phenotype resembling the
mature phenotype, with expression of cell cycling- and podo-
cyte-specific antigens that reflect this change (41). This may
reflect the developmental stage of glomerulogenesis, at which
time the podocyte acquires its final phenotype from a prolif-
erating epithelial precursor in the capillary loop stage (42), and
we surmised that the in vitro changes may be studied, with
similar genetic programs. This is supported by our observa-
tions of more robust and mature expression of slit diaphragm
proteins in the differentiated cells (9, 40, 41). A potential
limitation in vitro is that differentiation is not complete, and
there may be as yet undefined signals that podocytes need
in vivo, for example from adjacent cells, to complete the
process. Nevertheless, this is the best representative model and
fulfils many of the requirements.

Mature podocytes in vivo clearly have some epithelial char-
acteristics, such as basement membrane production and cyto-
keratin expression. However, they also express vimentin and
lose E-cadherin expression suggestive of mesenchymal trans-
formation, and the cell-cell junction (slit diaphragm) is a highly
specialized structure unique to this particular cell (37), with a
lack of desmosomes or a classical adherens junction. We
hypothesized that differentiating podocytes would display
some features of epithelial phenotype but also some specialized
features that could reflect their reacquisition of mesenchymal
features.

A Distinct Set of Smooth Muscle-Specific Genes
Is Upregulated During Differentiation

A striking finding was the number of genes associated with
muscle development and function, and in particular specialized
smooth muscle differentiation. As one would expect, there are
some (though not many) genes expressed that are associated
with epithelial phenotype (e.g., keratins). However, we found
certain genes that are associated with highly differentiated
smooth muscle, such as smoothelin. This is a gene that is
reported to be specific for contractile SMCs and not SMC-like
cells such as myofibroblasts and is a marker for the end stage
of SMC differentiation (46). Expression of smoothelin iso-
forms seems to be strictly controlled with respect to cell type

Fig. 7. Podocyte contractility in response to angiotensin (Ang) II on differentiated podocytes. A: morphological changes in podocytes by light microscopy at
several time points after stimulation with Ang II, and blocking of contraction changes by losartan (Los). Graph shows quantification of contracted cells by blinded
counting (3 independent experiments; error bars indicate means � SE). B: electrical cell-substrate impedance sensing (ECIS). Time course measurement of
resistance of differentiated podocytes after Ang II stimulation, and blocking of effect by losartan. Error bars indicate means � SE. C: angiotensin stimulates
cell-mediated gel contraction by differentiated podocytes. Differentiated podocytes were embedded in collagen gels in cell-free medium and starved for 2 h prior
to stimulation with Ang II. AT1 inhibitor losartan and ATII inhibitor PD123319 (PD) were added to the medium 30 min prior to stimulation. Shown are means �
SE for 3 experiments done in triplicate for losartan and twice for PD123319. There is no statistical difference between the values of the medium alone (SF) and
all others except Ang II (Ang; P 
 0.01). Significant difference between Ang II (2 and 7 h) and Ang II � PD (P 
 0.003) or Ang II � Los (P 
 0.01, Student’s
t-test).
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and developmental stage and may be related to the mode of
contraction of different cells (13). Smoothelin is postulated to
modify contraction by interacting with actin (33); recently a
targeted smoothelin knockout mouse model confirmed a role

for smoothelin in intestinal SMC contractility (33). We looked
at other recognized molecular markers of smooth muscle,
including �-SMA, smooth muscle MHC, and calponin. Of
these, interestingly, calponin was the protein found to be the
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most highly expressed in differentiated podocytes, both in vitro
and in vivo (and is also upregulated on the array, CNN1). Its
expression in SMCs is specifically associated with a contractile
cell phenotype, which is lost in noncontractile SMCs (51).
Both smoothelin and calponin appear to play a direct role in
cell contractility in vivo. In intact smooth muscle from mice
with a basic calponin knockout, isometric force is significantly
reduced (44).

In differentiated cultured podocytes the expression of
�-SMA is upregulated but diffuse in distribution compared
with conventional myofibroblasts. This is likely to represent a
unique expression profile of �-SMA in podocytes. The expres-
sion of �-SMA and smooth muscle MHC in the glomerulus
was seen predominantly in the mesangium. Thus in the glo-
merulus the relative expression of SMA in mesangial cells is
stronger than podocytes, whereas smoothelin, calponin, and
myocardin are more podocyte specific. The mechanism for this
could lie in the differential regulation of �-SMA and smooth-
elin by myocardin, which was recently elucidated (39). The
relative expression levels of smooth muscle proteins in podo-
cytes appears to be unique, with low levels of SMA and
myosin compared with smoothelin and calponin. It may be that
this is related to control of the unique cytoskeletal composition
of podocytes, with foot processes relying on actin for their
morphological phenotype. For example, smoothelin is now
recognized as interacting with actin for contractile functional-
ity (34), and it may be that foot process contraction and
retraction utilize distinct mechanisms.

Finally, to support smooth muscle specificity, we demon-
strated in podocytes in vivo and in vitro the expression of
myocardin, a transcription factor identified as a regulator of
smooth muscle gene expression that, via the ubiquitous SRF,
conveys smooth muscle specificity to its target genes and thus
appears to be both sufficient and necessary for smooth muscle
differentiation (48, 54). We observed both nuclear and cytoplas-
mic expression of myocardin in vitro, which could be analogous
to the nuclear shuttling of related transcriptional family members
such as megakaryoblastic leukemia-1 (MKL1), which like myo-
cardin also binds to SRF (6).

The contractile role of podocytes in the glomerulus is con-
troversial. We were able to demonstrate functional contractility
in differentiated cells using a recently published method that is
able to quantify cell-mediated 3D matrix contraction and also
by sensitive cell impedance sensing.

The time courses of these experiments are governed by the
kinetics of the experimental method. For example the gel
contraction relies on macroscopic contraction, which occurs
over hours or days, whereas ECIS impedance measurements
are able to detect contraction changes much more rapidly.
Rapid response may indicate an ability to counteract pulse
pressure dynamically, but further work would be needed to
demonstrate this property physiologically.

Are Podocytes a Form of Microvascular Pericyte?

Expression of SMC markers, and the association of podo-
cytes with the glomerular microcirculation, suggests a closer
than previously appreciated analogy with pericytes. Pericytes
are perivascular cells associated with capillaries and postcap-
illary venules. Since pericytes have some features of SMCs
[with expression of �-SMA, and absence of smooth muscle

myosin (3)] and since SMCs are absent from these microves-
sels, it has long been proposed that pericytes are their contrac-
tile counterparts. It has been further considered that pericytes
have the capacity for narrowing capillaries and hence regulat-
ing microvascular blood flow (1), and recently, central nervous
system capillary diameter has been shown to be controlled
bidirectionally by neurotransmitters acting on pericytes (35).

Capillary pressures have been estimated at up to 60 mmHg
in the human glomerulus (5), approximating to arteriolar pres-
sures, and therefore it has been assumed that the afferent
arteriole controls pressures within the glomerulus. In fact it
was recently demonstrated that the kinetic features of the
glomerular afferent arteriole allow this vessel to adjust tone in
response to changes in systolic pressures presented at the pulse
rate. This suggests that the primary function of this mechanism
is to protect the glomerulus from the blood pressure power that
is normally present at the pulse frequency, rather than the
previously held belief that this (arteriolar) myogenic response
exists to maintain glomerular capillary pressure constant (27).
In fact, the podocyte is more likely to support capillary pres-
sures, preventing capillary expansion and maintaining ultrafil-
tration (30). This assertion is further supported by our previous
report that podocytes possess a functional stretch-sensitive K�

channel (29), providing functional capability to sensing acute
changes in capillary pressure. Physiologically the recently
described “subpodocyte space” postulates a role for a rapidly
contractile podocyte in control of ultrafiltration direction (32).

Our data suggest the podocyte is capable of relatively rapid
contractility (ECIS) and sustainable contraction (gel experi-
ments) and is capable of applying great forces on the matrix
upon stimulation (force measurements). The respective physi-
ological roles of these is the subject of speculation. For exam-
ple, slow contraction may play a part in aiding podocyte
motility and/or regulating homeostasis with their environment.

Early research supports a contractile role for podocytes, on
the basis of foot processes rich in actin, which results in an
increase in open filtration slits when relaxed (2), whereas
others have suggested that the mesangial cells possess more
appropriate cytoskeletal structure for this purpose (8), but there
is little functional information to support either assertion. It has
also been shown that mechanical stretch initiates expression of
the angiotensin system in podocytes (15) and of disease-
associated proteins (16). Our data is more comprehensive in
defining the contractile machinery present in podocytes and
adds functional evidence; more work is needed to define the
effects of contraction on the filtration barrier itself.

The mature podocyte phenotype is clearly more complex
than originally envisaged, and there are already compelling
data to suggest analogies with neuronal cells (24, 36). In fact
our array data was consistent with this and demonstrated the
upregulation of certain neuronal transcripts also (data depos-
ited online, see METHODS). However, we have found that certain
key components of smooth muscle machinery are also present
and functional, which adds to the biological intricacy of this
cell.

An SMC-like phenotype for such a central cell of the
filtration barrier is a novel concept and provides a rationale for
targeting this aspect of podocyte biology therapeutically for
antihypertensive (and antiproteinuric) agents.
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