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due to tissue scarring and the
development of fibrosis is a paradigm shared by many human
diseases including chronic kidney disease.
Interstitial fibrosis is the common end point for a number of
kidney disorders and is seen in many of the forms of glomerulonephritis and in urinary tract obstruction (12, 35, 36, 54). In
fact, the severity of interstitial fibrosis early in the clinical
presentation of most of these diseases predicts the ultimate
prognosis and likelihood of progression of disease (11, 27,
44, 50).
Interstitial fibroblasts are the principal effector cells of organ
fibrosis, and their origin has traditionally thought to be from
proliferating resident fibroblasts or from circulating marrow
stromal cell progenitors. Elegant studies using bone marrow
chimeras and transgenic reporter mice, however, have demonstrated that up to 36% of interstitial fibroblasts in postnatal
ureteric obstructed kidneys were derived from tubular epithelia (18).
Descriptive studies in humans have supported the hypothesis
that the injured tubular epithelium is an important source of
interstitial mesenchymal cells associated with fibrosis (19, 37,
42). Immunohistochemical studies of renal biopsies from adult
patients with a variety of underlying renal diseases associated
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with interstitial fibrosis demonstrate the expression of mesenchymal proteins such as smooth muscle actin (SMA) and
vimentin in tubular epithelial cells, including those of collecting ducts (CDs), adjacent to regions of interstitial fibrosis and
tubular basement membrane disruption. Similarly, we have
demonstrated (28, 30) marked alterations in normal tubular
epithelial cell differentiation, interstitial fibrosis, and marked
expansion of the mesenchymal compartment in a number of
human fetal kidney disorders, including obstructive renal dysplasia. In a unique nonhuman primate fetal model of unilateral
ureteric obstruction we previously demonstrated (52) significant CD epithelial-to-mesenchymal phenotypic changes and
the migration of transitioning cells into the periductular fibromuscular collars. These data support the possibility that cells
from obstructed CDs undergo epithelial-mesenchymal transition (EMT) and are an important source of the infiltrating
interstitial mesenchymal cells seen in fetal urinary tract obstruction.
A number of soluble growth factors, cytokines, and extracellular proteins have been shown to affect EMT and to
influence disease progression. Transforming growth factor
(TGF)-␤1, however, appears to play a prominent role, with an
increase in expression almost universally in progressive forms
of renal disease (3, 26, 55). In addition, in a number of cell
systems this peptide has the demonstrated ability to drive cells
through all the key steps of EMT, including loss of cell
adhesion, de novo SMA expression, disruption of the tubular
basement membrane, and enhanced cell migration (1, 49, 55).
While the role of Smad pathway activation in TGF-␤1-induced
EMT and fibrosis is well established, the role of noncanonical
signaling in this process, through activation of receptor tyrosine kinases, has been underappreciated.
Growth factors such as the insulin-like growth factors (IGFs)
act in concert with TGF-␤1 to invoke EMT. Both IGF-I and
IGF-II are small-molecular-weight peptides that interact with
both IGF-I and IGF-II receptors (IGF-1R, IGF-2R) but transduce most of their biological effects through IGF-1R. Their
biological activities are modulated by a group of binding
proteins. IGFs and the IGF-1R are expressed in both the
developing and mature kidney (31) and have demonstrated
roles in development, in cell survival (6), and in the maintenance of glomerular integrity (5). Marked alterations in IGF
expression have been observed in various renal diseases characterized by overexpression of TGF-␤1 and expansion of the
mesenchymal compartment and fibrosis including multicystic
renal disease, lupus glomerulonephritis (32), Wilms tumor (2),
and diabetic nephropathy (51). While the expression of IGFs in
kidneys undergoing fibrosis is altered, particularly in areas of
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Ivanova L, Butt MJ, Matsell DG. Mesenchymal transition in
kidney collecting duct epithelial cells. Am J Physiol Renal Physiol 294: F1238–F1248, 2008. First published March 5, 2008;
doi:10.1152/ajprenal.00326.2007.—Progressive organ damage due to
tissue scarring and fibrosis is a paradigm shared by numerous human
diseases including chronic kidney disease. The purpose of this study
was to confirm the hypothesis that collecting duct (CD) epithelial cells
can undergo mesenchymal transition (EMT) in vitro. The mechanism
by which CDs undergo EMT is complex and involves both early and
late cellular events. Early events include rapid insulin-like growth
factor (IGF)-induced Akt and GSK-3␤ phosphorylation, associated
with early disruption of E-cadherin-␤-catenin membrane colocalization, with translocation of E-cadherin to endosomes, with translocation of ␤-catenin to the nucleus, and with an increase in Snail
expression. Transforming growth factor-␤1, on the other hand, induced early activation of Smad3 and its translocation to the nucleus,
Erk1/2 phosphorylation, and early disruption of membrane E-cadherin
localization. The late consequences of these events included a phenotypic transformation of the cells to a mesenchymal morphology
with associated increase in vimentin and ␣-smooth muscle actin
protein expression and a decrease in total cellular E-cadherin expression, detectable as early as 24 h after stimulation.
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active tubular injury (29), the role of IGFs in EMT in the
kidney has been largely unexplored. The purpose of this study
was to determine the ability of IGF-I and TGF-␤1 to induce
CD epithelial cells to undergo EMT, and to characterize the
intracellular signaling mechanisms that underlie this transition.
MATERIALS AND METHODS
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ice-cold PBS and solubilized in cold RIPA buffer containing protease
inhibitors. The Micro-BCA Protein Assay Kit was used to quantify the
total protein concentration. One hundred microliters of supernatant
containing 500 g of total protein were precleaned for 1 h at 4°C with
G-Sepharose beads. Precleaned lysates were centrifuged, and supernatants were incubated with 2.5 g of monoclonal anti-E-cadherin
and polyclonal anti-␤-catenin Abs at 4°C overnight. Fifty microliters
of 50% G-Sepharose beads was added to each tube, and incubation
proceeded at 4°C for 2 h. Immunoprecipitated complexes were collected by centrifugation for 30 s at 10,000 rpm, washed three times in
immunoprecipitation buffer, resuspended in 2⫻ sample buffer, and
analyzed by SDS-PAGE and immunoblotting.
Subcellular fractionation. Subcellular fractionated protein was extracted from mIMCD3 cells. After washing in ice-cold PBS, cells
were resuspended in a 5-ml volume of buffer A [in mM: 10 HEPES
(pH 7.9), 1.5 MgCl2, and 0.5 mM DTT with the protease inhibitors]
and incubated for 10 min on ice. The cells were then passed through
a 22-gauge needle 10 times and centrifuged for 2 min at 10,000 rpm
and 4°C, and the supernatant was designated the cytoplasmic protein
fraction. The nuclear protein fraction was extracted as described by
Dignam et al. (10). The pellets (crude nuclei) were rinsed in buffer B
[in mM: 10 Tris 䡠 HCl (pH 7.2), 2 MgCl2], resuspended in buffer C [in
mM: 20 mM HEPES (pH 7.9), 1.5 MgCl2, 0.2 EDTA, and 0.5 DTT,
with 20% (vol/vol) glycerol, 0.42 M NaCl, and protease inhibitors],
and incubated for 30 min on ice while vortexing for 30 s at 10-min
intervals. Nuclei were ruptured by passing through a 26-gauge needle
10 times and incubated for another 10 min on ice. Nuclear debris was
pelleted by centrifuging for 20 min at 13,000 rpm and 4°C and then
frozen on dry ice at ⫺80°C. The resulting supernatant was considered
to be the nuclear protein fraction. Protein concentrations were subsequently determined with the Micro-BCA Protein Assay Kit.
Immunocytochemistry. mIMCD3 cells were seeded and grown on
glass coverslips. For immunofluorescence assays, cells were fixed
with 4% formaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 for 10 min, and washed with PBS. Coverslips were blocked
with 5% normal serum in PBS-Triton X-100 from the same species as
the secondary Ab for 60 min and then incubated overnight at 4°C with
various combinations of the primary Abs. Coverslips were then
washed with PBS-Tween 20 for 20 min, followed by a 1-h incubation
with the appropriate fluorescent dye-conjugated secondary Ab. Coverslips were mounted with Prolong* Gold antifade reagent with DAPI
on glass slides and observed with a Leica DM4000B microscope and
appropriate filters.
Cell transfection. Subconfluent mIMCD3 cells grown on coverslips
were transfected with the green fluorescent protein construct GFPRab5 (generously provided by Dr. M. Metzler, University of British
Columbia, Vancouver, Canada) (9) and the FuGENE6 transfection
reagent (Roche). Cells were then washed in PBS, fixed, and stained
with appropriate Abs. Coverslips were mounted onto slides with
Prolong* Gold antifade reagent with DAPI and observed with a Leica
DM4000B microscope and appropriate filters.
RESULTS

Cell density dependence of E-cadherin/␤-catenin expression
in mIMCD3 cells. The E-cadherin-␤-catenin complex plays a
major role in epithelial cell-cell adhesion, morphogenesis, and
maintenance (14). Before studying the effects of IGF-I and
TGF-␤1 on the integrity of E-cadherin-␤-catenin complexes in
mIMCD3 cells, we analyzed how cell monolayer confluence
influences protein expression and distribution. In sparse subconfluent cell culture, ␤-catenin localized to the cell periphery
and cell membrane (Fig. 1A), while the adherens junction
protein E-cadherin localized diffusely in the cytoplasm. In
confluent cells cultured for 24 h, ␤-catenin localized predominantly to the cell membrane. E-cadherin localized mainly in
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Reagents and antibodies. Cell culture reagents, media, and serum
were obtained from GIBCO BRL (Burlington, ON, Canada). Electrophoresis reagents were purchased from Bio-Rad (Mississauga, ON,
Canada). The protease inhibitors orthovanadate and phenylmethylsulfonyl fluoride were purchased from Sigma-Aldrich Canada (Oakville,
ON, Canada) and leupeptin, aprotinin, and pepstatin from Boehringer
Mannheim. Monoclonal antibodies (MAbs) against E-cadherin were
ordered from BD Transduction Laboratories (San Diego, CA), and
MAb against glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
SMA, vimentin, and rabbit polyclonal antibodies (Abs) against TGF␤1, specific inhibitor of Smad3 (SIS3), and LY-294002 were purchased from Sigma-Aldrich Canada. Polyclonal Abs against total and
phosphorylated Akt, Erk1/2, Smad2, Smad3, glycogen synthetase
kinase (GSK)-3␣/␤, Smad2/3, and also against ␤-catenin and cAMP
response element binding protein (CREB; 48H2) were obtained from
Cell Signaling Technology. MAb against vinculin was obtained from
Upstate Cell Signaling Solutions. Goat anti-rabbit Alexa 488 and
Alexa 568 and goat-anti-mouse Alexa 488 and Alexa 568 antibodies
were from Invitrogen Molecular Probes and Sigma-Aldrich Canada.
Rabbit Ab to fibronectin was obtained from Santa Cruz Biotechnology. Anti-mouse and anti-rabbit IgG horseradish peroxidase (HRP)linked secondary Abs were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA), and enhanced chemiluminescence
(ECL) reagents were from Sigma-Aldrich Canada. IGF-I and TGF-␤1
were obtained from Upstate Cell Signaling Solutions. Prolong* Gold
antifade reagent with DAPI was from Invitrogen Molecular Probes.
All other reagents were from Sigma-Aldrich Canada.
Cell culture and treatments. The mouse inner medullary CD cell
line mIMCD3 was used in these experiments. This line is derived
from an SV40 transgenic mouse as described elsewhere (43) and was
obtained from the American Type Culture Collection (Manassas,
VA). Cells were maintained in Ham’s F-12 medium-Dulbecco’s
modified Eagle’s medium (1:1) supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 g/ml) (Life Technologies,
Burlington, ON, Canada) at 37°C in a humidified incubator with 5%
CO2. The medium was changed every other day. Before stimulation
with growth factors, cells were incubated in serum-free medium for
18 –24 h.
Western Blot analysis. mIMCD3 cells were harvested in each
experiment by scraping into 2 ml of chilled PBS and pelleting in a
15-ml conical tube at 500 rpm for 5 min. Cells were then lysed in
buffer containing (in mM) 150 NaCl, 25 HEPES pH 7.4, 1 EGTA, 5
EDTA, 1 sodium orthovanadate, 50 NaF, and 1 phenylmethylsulfonyl
fluoride, with 1% (vol/vol) NP-40, 0.25% (wt/vol) sodium deoxycholate, and 10 g/ml aprotinin, leupeptin, and pepstatin. The lysates
were clarified by centrifugation at 16,000 g and 4°C for 20 min, and
the protein concentration was determined by the Micro-BCA Protein
Assay Kit (Pierce Biotechnology) according to the manufacturer’s
instructions. Cellular proteins were separated by SDS-PAGE, transferred onto a nitrocellulose membrane, and probed with the appropriate antibodies, followed by incubation with HRP-conjugated secondary antibodies. Detection was carried out with ECL (ECL kit, SigmaAldrich Canada). Cytosolic vinculin and nuclear Creb proteins were
used as control for cytosolic and nuclear protein loading. Densitometry of the blots was performed with Quantity One software (BioRad), and results were normalized to the signal obtained by Western
blotting of total proteins or GAPDH in the same cell samples.
Immunoprecipitation. mIMCD3 cells grown to confluence on
100-mm dishes with or without treatment were washed twice in
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Fig. 1. E-cadherin and ␤-catenin expression is dependent on confluence of the culture monolayer and the length of time in culture. A: subconfluent cells (50%
confluent) show cytoplasmic and perinuclear distribution of E-cadherin (red) and diffuse cytoplasmic and nuclear localization of ␤-catenin (green). B: with an
increase in monolayer confluence (80 –100% at 24 h in culture) E-cadherin distributes to the cytoplasm and also colocalizes with ␤-catenin to the cell membrane
(yellow and arrowheads), while ␤-catenin is now predominantly distributed to the cell membrane. Arrowheads indicate E-cadherin-␤-catenin complexes. C: with
an increase in monolayer confluence and time in culture (100% confluence at 72 h in culture), E-cadherin distributes more to the cell membrane, colocalizing
with ␤-catenin (yellow). Scale bar, 10 m.

undergoing conformational changes were the same cells that
exhibited an increase in the expression of vimentin and SMA.
These growth factor-induced phenotypic changes were associated with corresponding changes in the quantity of protein
expression over time, as demonstrated by Western blot analysis
for vimentin, SMA, and E-cadherin of protein extracted from
the monolayers (Fig. 3).
While the effects of TGF-␤1 on these CD cells were not
entirely surprising, these results demonstrate, for the first time,
the ability of IGF-I to induce EMT in kidney epithelial cells.
When mIMCD3 cells were incubated with both IGF-I and
TGF-␤1 there were no significant changes in the extent of
mesenchymal transition. By Western blot analysis, coincubation did not appear to increase total cell vimentin and SMA
expression nor decrease E-cadherin more than with TGF-␤1
stimulation alone (Fig. 3, B and C).
Disruption of E-cadherin/␤-catenin colocalization. To begin
to study the early effects of IGF-I and TGF-␤1 on the induction
of EMT in mIMCD3 cells, we studied the changes in expression and localization of E-cadherin and ␤-catenin. IGF-I stim-

Fig. 2. Induction of mIMCD3 epithelial-mesenchymal transition (EMT). mIMCD3 cells were grown on glass coverslips for 24 h, starved for 20 h, and then
incubated for an additional 72 h with 10 ng/ml insulin-like growth factor (IGF)-I (F–J) or with 10 ng/ml transforming growth factor (TGF)-␤1 (K–O). Compared
with control cells (A–E), stimulated cells displayed an altered mesenchymal morphology by phase-contrast microscopy (F, K), with de novo expression of
vimentin (G, L) and smooth muscle actin (SMA; H, M), a redistribution and decreased expression of E-cadherin (I, N), and an increase in fibronectin expression
(J, O) by immunofluorescence microscopy. Scale bar, 10 m.
AJP-Renal Physiol • VOL
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the cell cytoplasm, with some accumulation and colocalization
with ␤-catenin on cell extensions and at focal contacts (Fig.
1B). In late confluent monolayers, ␤-catenin and E-cadherin
colocalized at cell-cell boundaries, with cytoplasmic expression of E-cadherin (Fig. 1C).
Phenotypic changes in CD epithelial cells. Stimulation of
mIMCD3 cell monolayers by both IGF-I and TGF-␤1, separately and together, resulted in a significant change in morphology, as demonstrated by phase-contrast microscopy, with
transition from a typical cobblestone morphology to areas of
cells with mesenchymal spindle-shaped and fusiform features
(Fig. 2, A, F, and K). These morphological changes were
associated with the acquisition of other mesenchymal characteristics, including an increase in vimentin (Fig. 2, B, G, and L)
and SMA (Fig. 2, C, H, and M) expression, with the loss of
epithelial characteristics including E-cadherin expression (Fig.
2, D, I, and N) and with an increased expression of the matrix
protein fibronectin (Fig. 2, E, J, and O). The morphological
changes were apparent as early as 24 h of incubation, coincident with the changes seen on Western blot analysis. The cells
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ulation for 30 min rapidly induced translocation of E-cadherin
from adherens junction to perinuclear cytoplasmic vesicles
(Fig. 4B), with no changes in total cell E-cadherin protein
content as determined by Western blot analysis (data not
shown). The nature of these vesicles was confirmed by labeling
cells with an Ab to E-cadherin in GFP-rab5-transfected cells
and by double labeling of cells with Abs to E-cadherin and to
rab5, a key regulator of transport from the plasma membrane to
early endosomes (9) (Fig. 4, D–I). In both circumstances, the
vesicular staining pattern of E-cadherin partially overlapped
with rab5 expression, indicating that with IGF stimulation
E-cadherin accumulates in early endosomal or recycling compartments.
AJP-Renal Physiol • VOL

In control, unstimulated mIMCD3 cells, ␤-catenin was localized primarily to cell-cell contacts or intercellular junctions,
colocalizing as expected with E-cadherin (Figs. 1B and 4A).
Early stimulation of cells with IGF-I resulted in translocation
of ␤-catenin from the membrane to the cytoplasm and to the
nucleus (Fig. 4B). This nuclear expression of ␤-catenin was
demonstrated by Western blot analysis of fractionated cellular
protein, with no changes in total cell ␤-catenin content (Fig. 4J).
In cells stimulated with TGF-␤1, as with IGF-I, E-cadherin
was rapidly translocated from adherens junction to cytoplasmic
endosomes. In contrast to IGF-I stimulation, TGF-␤1 stimulation resulted in ␤-catenin expression remaining robust and
exclusive to the cell membrane (Fig. 4C).
To further analyze the effect of TGF-␤1 and IGF-I on the
dynamic integrity of the E-cadherin-␤-catenin complex we
immunoprecipitated E-cadherin from total protein extracted
from untreated and treated mIMCD3 cells at different time
points. After IGF-I or TGF-␤1 stimulation, at both 1 and 72 h,
there was a reduction of E-cadherin-associated ␤-catenin expression in treated cells, more marked with the TGF-␤1 treatments (Fig. 4K). These results show that stimulation of
mIMCD3 cells with IGF-I and TGF-␤1 not only decreases the
level of expression of junctional proteins but also causes the
disassembly of the E-cadherin-␤-catenin complexes.
IGF-I signaling. To identify potential mechanisms by which
IGF-I induces EMT we studied its effect on mIMCD3 intracellular signaling. Stimulation of cells with IGF-I alone at a
concentration of 10 ng/ml resulted in an expected rapid phosphorylation of Akt, as has been previously demonstrated in
other cell types (Fig. 5A). Examination of cellular fractions
revealed that this activation was associated with a rapid increase in phosphorylation of both cytosolic and nuclear Akt,
with the majority of phospho (p)-Akt present in the nuclear
fraction after 5 min of IGF stimulation (Fig. 6A). Interestingly,
the nuclear and cytoplasmic Akt species migrated differently on
Western blot analysis, with the larger nuclear species suggesting
the possibility of phosphorylation of a different Akt species
directly within the nucleus. These effects were both dose- and
time dependent (data not shown). As expected, we noted a similar
phenomenon for GSK-3␤, a well-characterized target of activated
Akt, which underwent rapid phosphorylation and nuclear translocation on stimulation of the cells with IGF (Fig. 5A). IGF stimulation of the monolayers did not result in any significant Erk1/2 or
Smad3 phosphorylation (data not shown).
TGF-␤1 signaling. As with IGF-I, we studied the early
intracellular signaling events induced by TGF-␤1 in mIMCD3
cells. As expected, TGF-␤1 mediated its effects primarily
through activation of the intracellular Smad pathway, with a
rapid time- and dose-dependent phosphorylation of Smad3
with an approximately threefold increase in phosphorylation as
early as 15 min after stimulation (Fig. 5B). Examination of
Smad3 dynamics revealed a rapid increase in both nuclear and
cytoplasmic phosphorylated Smad3, with a disappearance of
cytoplasmic Smad3 by 3 h of stimulation, suggesting a rapid
translocation to the nucleus (Fig. 6B). TGF-␤1 stimulation of
the monolayers resulted in a similar but less robust increase in
Smad2 phosphorylation (Fig. 5B). In addition to the expected
increase in Smad activation, with TGF-␤1 stimulation there
was a rapid decrease in Akt phosphorylation suggesting a
decrease in phosphatidylinositol 3-kinase (PI3-kinase) pathway activation. Additionally, there was a significant increase in
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Fig. 3. Induction of mIMCD3 EMT: Western blot analysis of total cell protein
of stimulated mIMCD3 cells confirming immunohistochemistry results. Stimulation of mIMCD3 cells by IGF-I (10 ng/ml; A) and by TGF-␤1 (10 ng/ml;
B) for 24, 48, and 72 h resulted in an increase in vimentin and SMA protein
expression with a corresponding decrease in E-cadherin expression evident
after 24 h of stimulation. C: stimulation by IGF-I (10 ng/ml), TGF-␤1 (10
ng/ml), and a combination of both factors for 72 h resulted in a significant
increase in vimentin and SMA expression with a decrease in E-cadherin
expression. Results were more pronounced with TGF-␤1 stimulation. CTL,
control.
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Fig. 4. IGF-induced disruption of ␤-catenin-E-cadherin
complexes. mIMCD3 cells were grown on glass coverslips for 24 h, starved for 20 h, and then incubated with
10 ng/ml IGF-I or TGF-␤1 for 30 min. A: control cell
monolayers demonstrated cell membrane colocalization
(yellow) of E-cadherin (red) and ␤-catenin (green) immunoreactivity (arrowheads), particularly at points of
focal adhesion. B: in cells stimulated with IGF-I, both
E-cadherin and ␤-catenin localized to the cytoplasm and
nucleus, while at the cell membrane there was only faint
␤-catenin expression. C: in cells stimulated with TGF␤1, E-cadherin expression was restricted to the cytoplasm, while ␤-catenin expression was robust and exclusive to the cell membrane. Green fluorescent protein
(GFP)-rab5-transfected cells stimulated with IGF-I
demonstrate expression of E-cadherin (red; D), GFPrab5 (green; E), and their colocalization (yellow and
arrowheads; F). Nontransfected cells stimulated with
IGF-I demonstrate expression of E-cadherin (red; G),
rab5 immunoreactivity (green; H), and their colocalization (yellow and arrowheads; I). Scale bar, 5 m. J: total
and subcellular fractionated protein extracted from IGFI-stimulated mIMCD3 cells were subjected to Western
blot analysis. Although there was no change in total cell
␤-catenin content, IGF stimulation resulted in rapid
translocation of ␤-catenin to the nucleus. K: total cell
protein extracted from cells stimulated with IGF-I or
TGF-␤1 for 1 and 72 h, immunoprecipitated (IP) with
E-cadherin antibodies, and then immunoblotted with
␤-catenin antibodies demonstrated a decrease in expression of ␤-catenin in stimulated cells, suggesting a dissociation of E-cadherin-␤-catenin complexes.

MAP kinase pathway activation, as demonstrated by an increase in Erk1/2 phosphorylation as early as 15 min, persisting
to at least 1 h of TGF-␤1 stimulation (Fig. 5B).
Coincubation of IGF-I and TGF-␤1. We next analyzed the
effect of coincubation of IGF-I and TGF-␤1 on intracellular
signaling. Although we observed an increase in Smad3 phosphorylation compared with control cells, costimulation with
TGF-␤1 and IGF-I for up to 3 h resulted in a significant
reduction in Smad3 phosphorylation compared with TGF-␤1stimulated cells, with a maximum 1.5-fold increase at 15 min
(Fig. 7) compared with a 3-fold increase in cells stimulated
with TGF-␤1 alone (Fig. 5B). As with Smad3, coincubation of
AJP-Renal Physiol • VOL

IGF-I and TGF-␤1 resulted in a decrease in early Akt phosphorylation compared with IGF-I stimulation alone, with a
maximum twofold increase (Fig. 7) compared with an approximately threefold increase with IGF-I stimulation alone (Fig.
5A). Costimulation of the mIMCD3 cell monolayers did not
result in any significant Erk1/2 phosphorylation at either early
or late time points, in contrast to the significant early activation
by TGF-␤1 alone (Fig. 5B). The effect of IGF-I and TGF-␤1
coincubation on GSK-3␤ at early time points was similar to
that seen with Smad3 and Akt, with a blunting of rapid
phosphorylation but no significant changes compared with
unstimulated control cells at later time points (Fig. 7).
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Upregulation of Snail. We next studied the effects of IGF
stimulation on the expression of Snail in mIMCD3 cells. Snail
is a transcription factor that promotes epithelial-to-mesenchymal transitions during development (47), and while it has been
implicated in obstructive nephropathy, its role in CD EMT has
not been described. Snail demonstrated only low-level cytoplasmic expression in unstimulated control mIMCD3 cells
under serum-free conditions (Fig. 8A). Stimulation of cells
with IGF-I and with TGF-␤1 for 30 min resulted in an increase
in both nuclear and cytoplasmic Snail1 expression, as demonstrated by immunohistochemistry and by Western blot analysis
(Fig. 8, B–D). Interestingly, at 72 h of incubation Snail was
upregulated only in TGF-␤1-stimulated cells (Fig. 8E).
Effect of Smad3 inhibition on TGF-␤1-mediated EMT in
mIMCD3 cells. Recently SIS3 has been shown to selectively
suppress Smad3 phosphorylation, thereby abolishing the overAJP-Renal Physiol • VOL

expression of matrix proteins in TGF-␤1-treated dermal fibroblasts in vitro (20). Therefore, to help define the role of Smad3
phosphorylation in TGF-␤1-induced CD EMT, we preincubated cells with SIS3 before stimulation. Treatment with SIS3
resulted in suppression of baseline Smad3 phosphorylation in
unstimulated cells in a dose-dependent manner, whereas the
expression of total protein was unaffected (data not shown).
Pretreatment of mIMCD3 cells with 1 M SIS3 for 30 min
before stimulation with TGF-␤1 markedly decreased Smad3
phosphorylation (Fig. 9A). SIS3 did not result in Erk or Akt
phosphorylation in control or TGF-␤1-treated IMCD3 cells
(data not shown). Next we evaluated the effect of SIS3 on
E-cadherin, ␤-catenin, and SMA expression in TGF-␤1-stimulated cells. Pretreatment of mIMCD3 cells with 1 M SIS3
for 30 min before TGF-␤1 stimulation for 72 h resulted in
lower SMA and higher E-cadherin and ␤-catenin expression
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Fig. 5. Early cell signaling in stimulated mIMCD3 cells. A: mIMCD3 cells were stimulated with IGF-I (10 ng/ml), and total cell protein was extracted and
analyzed by Western blot for intracellular pathway activation and compared with control unstimulated cells grown under identical conditions. IGF-I stimulation
resulted in a significant increase in phosphorylated (p)Akt expression to 5 min and a significant increase in glycogen synthetase kinase (GSK)-3␤ phosphorylation
at 5 min compared with control, unstimulated cells (CTL). Data are presented as means ⫾ SE (n ⫽ 3 experiments), with corresponding representative Western
blots. Values for phosphorylated protein are corrected for total protein of the same species. *P ⬍ 0.05 vs. control. B: mIMCD3 cells were similarly stimulated
with TGF-␤1 (10 ng/ml) and compared with control unstimulated cells grown under identical conditions. TGF-␤1 stimulation resulted in a significant increase
in phosphorylated Smad3 to 30 min and Smad2 expression to 1 h, a significant increase in Erk1/2 phosphorylation to 30 min, and a significant decrease in Akt
phosphorylation to at least 1 h after stimulation compared with control, unstimulated cells. Data are presented as means ⫾ SE (n ⫽ 3 experiments), with
corresponding representative Western blots. Values for phosphorylated protein are corrected for total protein of the same species. *P ⬍ 0.05 vs. control.
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DISCUSSION

Fig. 6. Nuclear translocation of phosphorylated Akt and Smad3. A: mIMCD3
cells stimulated with IGF-I (10 ng/ml) showed a rapid increase in phosphorylated Akt both in the cytoplasmic (C) and nuclear (N) cell compartments as
early as 2 min after stimulation. B: cells stimulated with TGF-␤1 (10 ng/ml)
showed a similar rapid distribution of phosphorylated Smad3 expression to the
nuclear and cytoplasmic compartments as early as 15 min after stimulation.

levels compared with TGF-␤1 treatment alone (Fig. 9B). Analysis of cell immunoreactivity by fluorescence microscopy was
consistent with Western blot analysis of whole cell protein,
indicating a persistence of de novo SMA expression in SIS3pretreated cells (Fig. 9, C and D). As shown, TGF-␤1 treatment
resulted in a reduction of E-cadherin and ␤-catenin protein as
well as a dissociation of the E-cadherin-␤-catenin contacts
(Fig. 9E); however, pretreatment of cells with SIS3 protected
the integrity of basolateral distribution and colocalization of
both adherens junction proteins (Fig. 9F). These results suggest
that SIS3 attenuates TGF-␤1-mediated EMT in mIMCD3 cells
by selectively reducing Smad3 phosphorylation, and by preventing the dislocation and downregulation of the junctional
proteins E-cadherin and ␤-catenin.
Effect of PI3-kinase inhibition on IGF-I-mediated EMT in
mIMCD3 cells. Our results show that IGF-I-induced EMT in
mIMCD3 cells is associated with rapid Akt phosphorylation
and activation (Figs. 5A, 6A). To directly examine the role of
PI3-kinase pathway activation in IGF-I-induced CD EMT, we
determined the effect of preincubation of the cells with the
PI3-kinase inhibitor LY-294002 (20 M) before IGF stimulation. Western blot analysis demonstrated downregulation of Akt
activation by LY-294002 in IGF-I-stimulated cells (Fig. 10A).
mIMCD3 cells were pretreated with LY-294002 and then
incubated with IGF-I for 72 h. Western blot analysis revealed
little change in the amount of E-cadherin and SMA expression;
however, ␤-catenin expression was increased compared with
AJP-Renal Physiol • VOL

In this study we have demonstrated the ability of a CD cell
line to undergo EMT with stimulation by IGF-I, by TGF-␤1,
and by a combination of the two factors. A number of investigators have reproduced this phenotypic transition in vivo in
proximal tubular epithelial cells of obstructed mouse kidneys
and in vitro in proximal tubule epithelial cells stimulated by
various profibrotic agents such as TGF-␤1 (34, 56, 57). This to
our knowledge is the first report of the ability of CD cells to
undergo EMT in vitro, and it supports our previous observations (7) of this phenomenon in vivo in a fetal monkey model
of urinary tract obstruction.
The role of IGF-I in tissue fibrosis is largely unknown, with
conflicting reports of salutary effects of the peptide and no
effects of its inhibition in experimental urinary tract obstruction (8, 38). We previously demonstrated (29) overexpression
of IGFs in the expanded interstitium of dysplastic fetal kidneys, suggesting a profibrotic role for this peptide in fetal
urinary tract obstruction and in renal dysplasia. In vitro, however, IGF has been shown to directly induce EMT, through
disruption of cell membrane cadherin-catenin complexes in rat

Fig. 7. Modulation of IGF-I signaling by TGF-␤1 in mIMCD3 cells. Western
blot analyses of cells stimulated with IGF-I (10 ng/ml) and TGF-␤1 (10 ng/ml)
demonstrate a significant increase in Smad3 phosphorylation as early as 2 min
that persists up to 15 min of stimulation, a significant increase in Akt
phosphorylation as early as 2 min that persists up to 1 h of stimulation, and a
significant increase in GSK-3␤ phosphorylation at 2 min, with no significant
increase in Erk1/2 phosphorylation compared with control, unstimulated cells.
Data are presented as means ⫾ SE (n ⫽ 3 experiments). *⫹⌿P ⬍ 0.05 vs.
control.
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cells not pretreated with inhibitor (Fig. 10B). As before, by
immunohistochemistry IGF-I-stimulated cells displayed prominent SMA expression in stress fibers (Fig. 10C). While preincubation with LY-294002 did not inhibit de novo SMA
expression, its distribution was diffuse and throughout the cell
cytoplasm rather than restricted to cytoskeletal stress fibers
(Fig. 10D). In IGF-I-stimulated cells there was loss of colocalization of E-cadherin and ␤-catenin at the cell membrane
adherens junctions, with displacement of E-cadherin to cytoplasmic endosomes and of ␤-catenin to the nucleus (Fig. 10E).
With inhibition of PI3-kinase activation, these IGF-I-induced
effects were attenuated, with preservation of membrane localization of ␤-catenin and colocalization of E-cadherin and ␤-catenin
at the cell junctions (Fig. 10F).
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bladder carcinoma (NBT-II) and human mammary carcinoma
(MCF-7) cell lines (33), through upregulation of the connective
tissue growth factor CCN6 in human mammary epithelial
(HME) cells (58), and most recently through the activation of
the transcription factors NF-B and Snail in the mammary
epithelial cell line MCF-10A (23). In this study we demonstrated the ability of IGF-I to induce mesenchymal transfor-

mation in CD epithelial cells. IGF-I stimulation of mIMCD3
cells resulted in activation of the PI3-kinase pathway, with
rapid Akt and GSK-3␤ phosphorylation, Akt translocation to
the nucleus, and early upregulation of Snail1, but without
demonstrable Smad3 or MAP kinase pathway activation. The
late consequences of this stimulation are the phenotypic and
morphological transformation of the cells and the upregulation

Fig. 9. Effects of inhibition of TGF-␤1 signaling.
A: pretreatment of cells with specific inhibitor of
Smad3 (SIS3, 1 M) inhibited TGF-␤1-stimulated
Smad3 phosphorylation after 30 min. B: Western
blot analysis of total protein from cells stimulated
with TGF-␤1 for 72 h and pretreated with SIS3,
demonstrating an increase in E-cadherin and ␤-catenin expression, with no change in SMA expression,
compared with TGF-␤1-stimulated cells. TGF-␤1stimulated cells display an increase in SMA expression (green; C), while preincubation with SIS3 does
not alter TGF-␤1 effects on SMA expression (D).
While TGF-␤1-stimulated cells display dislocated
E-cadherin (red) from the cell membrane to cytoplasmic endosomes (E), ␤-catenin (green) continues
to be expressed at the cell membrane (arrows)
F: Cells incubated with SIS3 maintained their expression of E-cadherin at the cell membrane, where
it colocalized with ␤-catenin (yellow). Scale bar,
10 m.
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Fig. 8. Induction of Snail1 expression. A: in control,
unstimulated cells there was minimal cytoplasmic
expression of Snail1. B: cells stimulated with IGF-I
for 30 min showed rapid increases in both cytoplasmic and nuclear expression of Snail1, with a similar
response to TGF-␤1 (10 ng/ml; C). Scale bar, 10
m. D: Western blot analysis of fractionated cell
protein showing an increase in both nuclear and
cytoplasmic Snail1 protein expression with IGF-I
and TGF-␤1 stimulation at 30 min, consistent with
results of immunohistochemistry. E: After 72 h
Snail1 expression was increased only in cells stimulated with TGF-␤1.
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of SMA and vimentin expression. These late consequences are
likely mediated in part through the effects of nuclear import of
Akt, GSK-3␤, Snail, and possibly ␤-catenin on the transcription of EMT genes (21). While IGF appeared to increase
␤-catenin translocation to the nucleus in these experiments, it
may have also directly affected the stability of cytoplasmic
levels of ␤-catenin through phosphorylation by GSK-3␤,
shown to be activated rapidly after IGF stimulation in these
cells (15, 33).
Phenotypic transition stimulated by TGF-␤1, on the other
hand, has been defined in a number of cell types and appears to
be mediated predominantly through Smad signaling (16, 46).
As expected in our cell system, TGF-␤1 stimulation resulted in
early Smad3, and to a lesser extent Smad2, phosphorylation
and translocation to the nucleus, upregulation of Snail1, as well
as an early activation of the MAP kinase pathway. The late
effects of this early Smad3 nuclear import and Erk1/2 phosphorylation appear to be the upregulation of SMA and vimentin gene transcription and protein translation. Recent evidence
suggests that Smad2 and Smad3 have distinct roles in TGF␤1-induced cellular responses (13, 24) because of very different effects on gene transcription (39, 40) due to differences in
DNA-binding ability. Selective knockdown of Smad2 and
Smad3 in kidney proximal tubule epithelial cells (PTECs) has
shown Smad3-dependent increases in TGF-␤1-induced connective tissue growth factor (CTGF) and decreases in EAJP-Renal Physiol • VOL

cadherin expression, whereas increases in matrix metalloproteinase (MMP)-2 expression were Smad2 dependent (39).
In these experiments and over the course of mIMCD3 EMT,
we have noted a dramatic disruption of cell junctions. This
disruption of adherens junctions induced both by IGF-I and by
TGF-␤1 are relatively early processes compared with the
repression of E-cadherin gene transcription and new protein
translation. Our results show that the alteration in expression of
total cellular E-cadherin protein during EMT in mIMCD3 cells
was much slower (24 –72 h) than the dislocation of E-cadherin
from the cell junction to cytoplasmic vesicles (3 h) and that
these growth factor-induced effects are early and immediate
and may be mediated by endocytosis. In fact, in confluent
Madin-Darby canine kidney (MDCK) cell monolayers at
steady state a pool of surface E-cadherin remains subject to
endocytosis and is recycled to the cell surface (53). E-cadherin
endocytosis via a clathrin-mediated pathway and subsequent
recycling to the surface has also been described (17). The
precise mechanism for this disruption of membrane cadherincatenin complexes in our cells is unknown; however, interestingly, both E-cadherin and ␤-catenin have consensus serine/
threonine or tyrosine phosphorylation sites that have been
shown to play a role in cellular adhesion (45) and are potential
signaling targets of multiple protein kinases that have been
implicated in E-cadherin trafficking, its endocytosis, and its
recycling (4, 22, 25, 48). In this study we observed significant
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Fig. 10. Effects of inhibition of IGF-I signaling.
A: coincubation of cells with LY-294002 (20 M)
inhibited IGF-I-stimulated Akt phosphorylation after
15 min. B: Western blot analysis of total protein from
cells stimulated with IGF-I for 72 h in the presence of
LY-294002, demonstrating an increase in ␤-catenin
expression, with little change in the total cell content of
E-cadherin and SMA, compared with IGF-I-stimulated
cells without inhibitor. C: IGF-I-stimulated cells display an increase in SMA expression (green) after 72 h.
D: inhibition of Akt phosphorylation by coincubation
with LY-294002 abrogated the increase in IGF-stimulated SMA expression. E: cells stimulated with IGF-I
for 72 h display dislocated E-cadherin (red) and
␤-catenin (green) from the cell membrane. F: cells
incubated with LY-294002 continued to express predominantly ␤-catenin at the cell membrane (green).
Scale bar, 10 m.
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activation of ERK1/2 kinases on stimulation by TGF-␤1 and of
PI3-kinase by IGF-I. When Smad3 phosphorylation was inhibited in our cell model, TGF-␤1-induced EMT was attenuated
and early translocation of E-cadherin from the cell membrane
was abrogated. When PI3-kinase activation was inhibited,
IGF-I-induced EMT was also attenuated but was associated
with the maintenance of membrane colocalization of both
␤-catenin and E-cadherin. These results suggest a role for early
intracellular signaling in the disruption of membrane cadherincatenin complex integrity in mIMCD3 cells. Similarly, activation of the MEK1-ERK1/2 signaling module has been shown to
induce EMT in renal epithelial MDCK-C7 cells (48), while
activation of p42/p44 MAPK, PI3-kinase,and Rac downstream
of Ras is required for hepatocyte growth factor (HGF)/scatter
factor (SF)-induced disruption of adherens junctions (41).
In summary, we have demonstrated the ability of both IGF-I
and TGF-␤1 to induce EMT in a cell model system of the CD
epithelium. While the mechanism appears complex, early
events include disruption of cadherin-catenin complexes
whereas late events mediated by the nuclear translocation of
activated kinases, the stabilization of ␤-catenin, and Snail
include a downregulation of cadherin expression and an upregulation of mesenchymal proteins including actin and vimentin.
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