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Type IV collagen is a major component of basement
membranes and it provides structural and functional
support to various cell types. Type IV collagen exists
in a highly complex suprastructure form and recent
studies implicate that protomer (the trimeric building
unit of type IV collagen) assembly is mediated by the
NC1 domain present in the C-terminus of each colla-
gen �-chain polypeptide. Here we show that type IV
collagen contributes to the maintenance of the epi-
thelial phenotype of proximal tubular epithelial cells,
whereas type I collagen promotes epithelial-to-mes-
enchymal transdifferentiation (EMT). In addition, the
recombinant human �1NC1 domain inhibits assem-
bly of type IV collagen NC1 hexamers and potentially
disrupts the deposition of type IV collagen, facilitat-
ing EMT in vitro. Inhibition of type IV collagen assem-
bly by the �1NC1 domain up-regulates the production
of transforming growth factor-�1 in proximal tubular
epithelial cells, an inducer of EMT. These results
strongly suggest that basement membrane architec-
ture is pivotal for the maintenance of epithelial phe-
notype and that changes in basement membrane ar-
chitecture potentially lead to up-regulation of
transforming growth factor-�1, which contributes to
EMT during renal fibrosis. (Am J Pathol 2001,
159:1313–1321)

Basement membranes are present throughout the human
body. In contrast to interstitial extracellular matrix, it is a
highly organized structure that consists primarily of lami-
nin, nidogen, and collagen type IV, which as the most
abundant matrix molecule serves as a scaffold for the
basement membrane proteins.1 Type IV collagen in-

cludes six genetically distinct isoforms named �1(IV)
through �6(IV).2 These isoforms organize themselves into
a unique network that provides basement membrane
specificity and inequality.2 Assembly of type IV collagen
is initiated by the formation of protomers (trimers).1,3

Three � chains come together through associations
among their noncollagenous (NC) domains followed by
folding of the collagenous domains into triple helices.4

Each protomer is associated with another protomer by its
NC1 domain to form interlocking hexamers.5 Along with
lateral association of the collagenous triple helices and
covalent binding of 7S domains, association of the
�-chain of NC1 domain is essential to allow the formation
of the protomeric network that serves as a network scaf-
fold for other basement membrane proteins.6 With six
different �-chains known at present, 56 different combi-
nations of triple-helical protomers are possible. In Engel-
berth Holm Swarm-sarcoma-derived type IV collagen, the
most abundant protomers are preferentially those that
contain only �1 and �2 chains in a 2:1 ratio, stressing that
the NC1 domain of the �1 chain (�1NC1) has a central
role in assembly of type IV collagen.7 In human kidney, as
in mouse, differences in type IV collagen composition
may hint to specific roles of specialized basement mem-
branes.7 In adults, human renal tubular basement mem-
brane (TBM) that surrounds proximal tubules, consists
exclusively of �1/�2 protomers, whereas distal tubules
also contain some �3 chain.8,9 In the glomerular base-
ment membrane the type IV collagen network involves
the �3, �4, and �5 chains.8 Type IV collagen binds
various cells via surface receptors such as integrins,
which is suggestive of its capacity to modulate specific
cell behavior.10

Renal interstitial fibrogenesis, as the common pathway
in progressive chronic renal disease, is traditionally char-
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acterized by an increasing number of interstitial fibro-
blasts that mediate excessive deposition of interstitial
matrix components leading to tubular atrophy.11–16 Re-
cent observations stress a pivotal role of tubular epithelial
cells as mediators of renal scarring.17,18 Tubular epithe-
lial cells function as a source of fibrogenic growth factors
and chemokines in the initiation of fibrogenesis, contrib-
ute to tubular atrophy by undergoing apoptosis, and
potentially contribute to increased numbers of interstitial
fibroblasts by epithelial-mesenchymal transdifferentiation
(EMT).19 EMT is defined as the acquisition of phenotypic
as well as functional properties of mesenchymal fibro-
blasts by epithelial cells.20 It occurs in development,
carcinogenesis, and chronic diseases in different or-
gans.21–23 EMT is increasingly being considered as a
possible mechanism leading to renal fibrogenesis.24–26

The current concept of EMT postulates a mechanism in
which tubular epithelial cells become activated by exog-
enous stimuli, followed by a loss of contact with neigh-
boring cells and basement membrane.20,27 After initiation
of EMT, cells move through their basement membrane
into the interstitial matrix where they become detectable
as fibroblasts/myofibroblasts.20 Thus, in this hypothetical
model of EMT, the epithelial phenotype is clearly associ-
ated with TBM microenvironment whereas mesenchymal
phenotype is associated with interstitial microenviron-
ment.

Therefore, in the present study, we investigated the
role of type IV collagen composition, assembly, and in-
tegrity on the phenotype of proximal tubular epithelial
cells in vitro. Our studies suggest that disruption of TBM
leads to increased expression of transforming growth
factor (TGF)-�1 by mouse proximal tubular epithelial cells
(MCT). Alterations of cell-matrix interactions potentially
facilitate EMT and contribute to fibroblast population in
the renal interstitium.

Materials and Methods

Materials

Recombinant human TGF-�1, human epithelial growth
factor (EGF), and the neutralizing polyclonal goat anti-
bodies to TGF-� and EGF were purchased from R&D
Systems (Minneapolis, MN). Mouse monoclonal antibody
to vimentin was obtained from Boehringer Mannheim
(Mannheim, Germany). Rabbit polyclonal antibody to cy-
tokeratin, fluorescein isothiocyanate-labeled F(ab�) goat
anti-rabbit IgG, fluorescein isothiocyanate-conjugated
anti-mouse IgG, alkaline-phosphatase-conjugated anti-
rabbit IgG, and alkaline phosphatase-labeled anti-mouse
IgG were purchased from Sigma (St. Louis, MO). Poly-
clonal rabbit antibody to type IV collagen was purchased
from ICN (Aurora, OH). Polyclonal rabbit antibody to
FSP-1 was generated as described elsewhere.28 Dulbec-
co’s modified Eagle’s medium (DMEM) and Ham’s F12
medium were obtained from Gibco BRL Ltd. (Paisley,
UK), fetal calf serum was purchased from BioWhittaker
(Walkersville, MD), rat tail collagen type I and type IV

collagen were obtained from Becton Dickinson (Franklin
Lakes, NJ).

Cell Culture

Murine renal cell lines were established previously and
had been cloned several times.24,28–30 They were grown
in recommended conditions:24 MCTs and tubulointersti-
tial fibroblasts were cultured in DMEM supplemented with
10% fetal calf serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin. In EMT experiments the medium was re-
placed with serum-free K1 medium (1:1 Ham’s F12/
DMEM with 5 �g/ml transferrin, 5 �g/ml insulin, and 5 �
10�8 mol/L hydrocortisone) containing cytokines or col-
lagen domains.31 Homogeneity, cell surface markers,
and phenotype characteristics have been documented
extensively for both MCT cells and tubulointerstitial fibro-
blast cells.24,28

Expression of Soluble Type IV Collagen FLAG-
�1NC1 Domains in 293 Embryonic Kidney Cells

A pDS plasmid containing �1NC1 domain cDNA was
used to add a leader signal sequence in frame into the
pcDNA3.1 (Invitrogen, Carlsbad, CA) eukaryotic expres-
sion vector by polymerase chain reaction amplification.
The leader sequence from the 5� end of the full-length �1
type IV collagen chain was cloned 5� to the cDNA of
�1NC1 domain to enable protein secretion into the cul-
ture medium. The �1NC1 domain was confirmed as de-
scribed previously.32 The �1NC1 domain containing
plasmid and control plasmid were used to transfect 293
human embryonic kidney cells using the calcium chloride
method. Transfected clones were selected by Geneticin
(Life Technologies, Inc., Gaithersburg, MD) antibiotic
treatment. The cells were passed for 3 weeks in the
presence of the antibiotic until no cell death was evident.
Clones were expanded into T-225 flasks and grown until
confluent. The supernatant was collected and concen-
trated using an Amicon (Beverly, MA) concentrator. The
concentrated supernatant was analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), immunoblotting, and enzyme-linked im-
munosorbent assay (ELISA) with anti-�1NC1 domain
and anti-FLAG antibodies. The �1NC1 domain-con-
taining supernatant was subjected to affinity chroma-
tography using �1NC1 domain-specific antibodies.32

Western Blot Analysis

Renal cortex NC1 hexamer was prepared as described
elsewhere.33 After purification, native hexamers from the
kidney cortex were subjected to treatment with 50 mmol/L
formic acid followed by incubation for 10 minutes at room
temperature to disassemble protein to monomers. Tris, 1
mol/L (pH 7.5), was added and incubation was extended
for an additional 12-hour period at room temperature for
reassembly of hexamers. For Western blot analysis pro-
teins were transferred to trans-blot nitrocellulose mem-
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branes (Bio-Rad, Hercules, CA) and then probed with
antibodies for 1 hour at room temperature. After extensive
washes, bands were visualized using reagents for en-
hanced chemiluminescence (ECL Western blotting kit,
Amersham, Arlington Heights, IL). For detection of incor-
porated FLAG-�1NC1 domain in hexamers, native hex-
amers were allowed to reassemble in presence of FLAG-
�1NC1 domain and were run on a nondenaturing gel. The
band corresponding to hexamers was cut out and protein
was extracted. For detection protein was electropho-
resed in denaturing polyacrylamide gel. FLAG-�1NC1
domain was detected by anti-FLAG antibody. For analy-
sis of tissue culture supernatant, medium was removed
and concentrated 10-fold using Centricon YM10 centrif-
ugal filter devices (Millipore, Bedford, MA).

Direct ELISA

ELISAs were performed as described previously.24 Cells
(5 � 104 cells/well) were plated in 12-well plates and
grown in DMEM with 10% fetal calf serum for 6 hours.
Then the medium was replaced with serum-free K1 me-
dia containing cytokines, antibodies, or type IV collagen
domains. After 24, 48, and 72 hours cells were harvested
by trypsin/ethylenediaminetetraacetic acid, spun down,
and resuspended in phosphate-buffered saline (PBS).
The number of cells was counted using a hemocytome-
ter. Cells (5 � 104) were pelleted, then lysed in 500 �l of
6 mol/L guanidine hydrochloride, pH 7.5. Microtiter ELISA
plates (96-well) were coated in quadruplicate with 150 �l
of cell lysate and were then incubated overnight at room
temperature. After coating, the plates were washed with
0.15 mol/L NaCl 0.05% Tween-20 washing solution and
blocked with 2% bovine serum albumin and 0.1%
Tween-20 in PBS for 30 minutes at room temperature. The
wells were incubated with 1:500 dilution of anti-FSP-1 or
1:200 dilution of anti-cytokeratin antibodies in the incu-
bation buffer. After incubation with the primary antibody
for 1 hour at room temperature, the plates were washed
three times with washing solution and then incubated with
alkaline phosphatase (ALP)-conjugated secondary anti-
body diluted 1:1000 in incubation buffer. Finally the
plates were washed thoroughly and disodium p-nitrophe-
nyl phosphate (5 �g/ml) was added. After color develop-
ment the absorbance was measured with an ELISA plate
reader at 450 nm.

Immunocytochemistry

The effect of �1NC1 domain on EMT was visualized by
immunofluorescent staining of FSP-1 and vimentin after
incubation for 48 hours as described above. At the end of
incubation cells were washed twice with PBS and fixed
with ethanol/acetic acid (50:50, v/v) at 4°C. The cells
were subsequently washed again and incubated for 2
hours with a 1:40 dilution of antibody to FSP-1 or 1:8
dilution of antibody to vimentin. Cells were then washed
again and incubated for 1 hour at room temperature with
fluorescein isothiocyanate-conjugated secondary antibody.
Staining was analyzed by fluorescence microscopy.

Cell Attachment Assay

This assay was performed as described previously with
minor modifications.34 Ninety-six-well plates were coated
with 10 �g/ml of type IV collagen, type I collagen, or
fibronectin in PBS or with 10% w/v bovine serum albumin/
PBS as negative control at 37°C overnight. Before seed-
ing cells, wells were blocked with 10% bovine serum
albumin/PBS for 2 hours at 37°C. MCT cells were main-
tained in K1 medium or K1 medium that contained 3
ng/ml TGF-�1 and 10 ng/ml EGF for 48 hours in T75 flasks
as described. Cells were harvested by trypsin, and 4000
cells per well were seeded in 100 �l of K1 medium. After
30 minutes, medium was removed, wells were washed
once, and cells were incubated again for 1 hour at 37°C.
The number of attached cells was determined with meth-
ylene blue staining.

Preparation of Probes and Northern Blot
Analysis

MCT cells were grown for 6 hours in DMEM containing
10% fetal calf serum before the medium was replaced
with serum-free medium or with medium containing
growth factors or �1NC1 domains. Total cellular RNA was
extracted using Trizol reagent (Gibco BRL Ltd.) accord-
ing to instructions of the manufacturer. RNA concentra-
tions were determined by absorbance at 260 nm and
samples were stored at �80°C before use. Northern blot
analysis was performed as described previously with
minor modifications.35 Forty �g of total RNA were elec-
trophoresed on a 1.2% agarose gel containing 2.2 mol/L
formaldehyde using 1�� MOPS, pH 7.0, as the running
buffer. RNA was transferred to a nylon membrane by
capillary transfer for 12 hours using 10� standard saline
citrate as the transfer buffer. Blots were UV-crosslinked.
TGF-�1 cDNA probes were linearized and labeled with
[�32p]-ATP by random labeling according to instructions
of the manufacturer (Boehringer Mannheim,). Hybridiza-
tions were performed overnight at 68°C after 1 hour of
prehybridization with hybridization buffer (0.5 mol/L
NaPo4, 7% w/v SDS, 1% w/v bovine serum albumin, 1
mmol/L ethylenediaminetetraacetic acid). Washing steps
were performed three times using a solution containing
0.25 mol/L Na2HPO4 at 68°C. After washing, autoradio-
grams were obtained. All blots were stripped and re-
probed with isotope-labeled GAPDH cDNA as a control
for equal loading and transfer. Quantitative analysis was
performed relative to the GAPDH band using a densitom-
eter and quantitation software (Bio-Rad).

Statistical Analysis

All values are expressed as mean � SEM unless speci-
fied. Analysis of variance was used to determine statisti-
cal differences between groups using Sigma-Stat soft-
ware (Jandel Scientific, San Rafael, CA). Further analysis
was performed using t-test with Bonferroni correction to
identify significant differences. A level of P � 0.05 was
considered statistically significant.
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Results

Tubular Epithelial Cell Interactions with Collagen
Types I and IV

Tubular epithelial cells typically adhere tightly to the TBM,
whereas interstitial fibroblasts are surrounded by type I
collagen in vivo.36 To test whether the microenvironment
has specific effects on tubular cells, MCTs were exposed
to culture dishes that were coated with either type I
collagen or with type IV collagen composed exclusively
of the �1 and �2 chains. In cell attachment assays,
untreated MCT cells adhered better to type IV collagen
(Figure 1A, left), whereas after induction of EMT with
TGF-�1 and EGF, cells adhered preferably to type I col-

lagen (Figure 1A, right) and appeared to display a more
spindle-shaped morphology (Figure 1B). Cultivation on
type I collagen resulted in an increase in the fibroblast-
specific marker FSP-1, whereas cultivation on type IV
collagen did not alter the expression of FSP-1 compared
to uncoated plates (Figure 1C, left). When EMT was in-
duced with TGF-�1 and EGF, cultivation on type IV col-
lagen reduced levels of FSP-1 expression and thus sta-
bilized the epithelial phenotype, whereas cultivation on
type I collagen further increased FSP-1 expression (Fig-
ure 1C, right).

Recombinant Type IV Collagen �1NC1 Domain
Incorporates within Native Type IV Collagen
NC1-Hexamers

Type IV collagen exhibits self-assembly in vitro and po-
tentially in vivo.37–40 The initial process of type IV collagen
assembly involves six �-chains and their NC1 domains to
form NC1 hexamers.5,41 Type IV collagen network is
formed by lateral assembly of collagenous domains and
by covalent association of 7S domains.4,37,38

We hypothesized that type IV collagen �1NC1 domain,
which lacks the collagenous- and 7S domain, will incor-
porate into hexamers and thus act in a dominant-negative
manner on type IV collagen self-assembly involving the
collagenous chain to form triple helices.3,42 Type IV col-
lagen hexamers, isolated from bovine kidney cortex,
were used in hexamer association and dissociation ex-
periments. In the presence of FLAG-tagged �1NC1 do-
main the reassembled hexamers incorporated the re-
combinant FLAG-tagged human �1NC1 domain, as
determined by nondenaturing gel electrophoresis of the
reconstituted hexamers (Figure 2A). To further demon-
strate the incorporation of FLAG-�1NC1 domain into the
hexameric structure, the hexamer band (arrow in Figure
2A) was excised and eluted from the nondenaturing gel
and resolved by SDS-PAGE and immunoblotted with anti-
FLAG antibodies. These results show that FLAG-�1NC1
is incorporated in the hexameric structure and detectable
as a monomer band in dissociated hexamer in SDS-
PAGE (Figure 2B), similar to FLAG-tagged human �1NC1
domain (Figure 2B). Thus FLAG-�1NC1 domain can po-
tentially play a role in the disintegration of type IV colla-
gen assembly and structure. When MCT cells were incu-
bated with �1NC1 domain, an increase in type IV
collagen degradation products was detectable in cell
culture supernatant (Figure 2C).43 The degradation prod-
uct of 80 kd has been reported in other experimental
systems.33 These results suggest that NC1 domain is
capable of disrupting the organized self-assembly of
type IV collagen and thus basement membranes. Figure
3 summarizes the model of type IV collagen assembly
that evolves from these findings. NC1 hexamers can be
dissociated by low pH treatment (Figure 3A). When hex-
amers are reassembled by increasing pH in presence of
FLAG-�1NC1 domain, it incorporates into the hexameric
structure (Figure 3B). Because of its lack of collagenous
and 7S domains, FLAG-�1NC1 domain can potentially

Figure 1. Tubular epithelial cell interactions with collagen types I and IV.
MCT cells adhere preferably to type IV collagen (383 �16.6% compared to
uncoated plastic control) than to type I collagen (232.2 � 20.5%) in cell
adhesion assay (A, left). After induction of EMT with TGF-�1 and EGF, MCT
cells with a fibroblast-like morphology attached increasingly to collagen type
I (396.7 � 24.3% compared to uncoated plastic control), whereas adhesion
to type IV collagen was less abundant (299.5 � 20.6%) (A, right). MCT cells
grown in K1 medium adhere strongly to type IV collagen and seem to display
a round-shaped, epithelial cell-like, morphology (B, left). MCT cells that
were pretreated with TGF-�1 and EGF gain in capacity to attach to type I
collagen and appear to have a more spindle-shaped morphology (B, right).
Cultivation on type I collagen increased FSP-1 expression in MCT cells that
were grown in K1 medium (140 � 9.3% compared to uncoated plastic
control), whereas cultivation on type IV collagen had no effect on FSP-1
expression in untreated cells (C, left) as was measured by ELISA of cell
lysates. When EMT was induced in MCT cells with TGF-�1 and EGF, culti-
vation on type I collagen further increased levels of FSP-1 expression
(130.6 � 7.3% compared to uncoated plastic control), whereas coating with
type IV collagen decreased levels of FSP-1 expression (58.1 � 10.4%) and
thus stabilized the epithelial phenotype (C, right). *, P � 0.05; **, P � 0.001.
Original magnifications, �400.
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inhibit assembly of the type IV collagen network and lead
to degradation of basement membranes (Figure 3C).

Inhibition of Type IV Collagen Assembly Induces
EMT in Vitro

MCTs in culture produce type IV collagen and assemble
it basolaterally.44 This event is pivotal for the proliferation
and survival of these cells.45,46 We hypothesized that
self-assembled type IV collagen in this experimental sys-
tem plays a role in the maintenance of the epithelial
phenotype. Thus, �1NC1 domain was used to potentially
inhibit the basolateral assembly of type IV collagen by
MCT cells and to evaluate its impact on the phenotype of
these cells. After incubation with 20 �g/ml of �1NC1
domain for 48 hours, MCT cells acquired a spindle-
shaped, fibroblast-like morphology similar to MCT cells
incubated with 3 ng/ml TGF-�1 and 10 ng/ml EGF, a
well-established stimulus for induction of EMT in vitro
(Figure 4, C and D).24,47 Incubation with 7S domain of
type IV collagen had no effect on cellular phenotype.
MCT cells maintained their typical cobblestone morphol-
ogy as compared to control cells (Figure 4, A and B).
When more than 20 �g/ml of �1NC1 domain was used in
these experiments, the cells completely detached from
the culture plate (data not shown). The EMT conversion
remained stable, even after removal of �1NC1-containing
K1 culture media and replacement with just K1 culture
medium. These results demonstrate the potent effects of

basement membrane collagen loss on the conversion of
the epithelial phenotype of MCT cells. To confirm the
induction of EMT, the cells were stained for vimentin and
FSP-1 after 48 hours of �1NC1 treatment. Cells attained
expression of vimentin (Figure 5, A and B) as well as of
FSP-1 (Figure 5, C and D), strongly suggestive of a
mesenchymal phenotype.48

To further confirm induction of EMT by soluble �1NC1
domain, direct solid-phase ELISA for cytokeratin, as an
epithelial marker, and FSP-1 as a mesenchymal marker,
was performed. After 48 and 72 hours of treatment with
�1NC1 domains a strong increase in FSP-1 expression
was detected when compared to cells grown in control
K1 culture medium (Figure 6, A and C). This observation
parallels the results of 48- and 72-hour incubations with
TGF-�1 and EGF (Figure 6, A and C). Also, after incuba-

Figure 2. Recombinant �1NC1 domain is incorporated into hexamers of
native NC1 protein. To demonstrate incorporation of recombinant FLAG-
�1NC1 domain into hexamers, native hexamers of type IV collagen from
kidney cortex were subjected to changing pH from 7.5 to 3.0 and subse-
quently allowed to reassemble in the presence of FLAG-�1NC1 monomers.
Native hexamers and FLAG-�1NC1 display typical bands (A). When hexam-
ers were subjected to changing of pH and allowed to reassemble in the
presence of the FLAG-�1NC1 domain and were run on a denaturing gel
FLAG-�1NC1 incorporated into hexamers. Bands corresponding to the full-
size hexamer were cut out (A, arrow). Protein was extracted and subjected
to dissociation by SDS-PAGE. Western Blot analysis with anti-FLAG antibody
revealed positive staining of eluted protein (B) and thus proves incorpora-
tion of FLAG-�1NC1 domain into hexamers. When FLAG-�1NC1 domain was
added to MCT cells, Western blot analysis of cell culture supernatant with
antibodies to type IV collagen revealed an increased pattern that is typical of
type IV collagen degradation (C, left lane) in contrast to untreated cells (C,
right lane). Thus it demonstrates an increased disassembly of type IV
collagen in cell culture.

Figure 3. Schematic illustration of incorporation of recombinant FLAG-
�1NC1 domain into type IV collagen hexamers and its potential capacity to
degrade type IV collagen. When type IV collagen hexamers are subjected to
low pH treatment they dissociate to monomers and dimers (A). When NC1
monomers and dimers are reassembled into hexamers in the presence of
FLAG-tagged recombinant �1NC1 domain, it gets incorporated into the
hexameric structure (B). Because of the lack of collagenous domain and 7S
domain, incorporation of FLAG-�1NC1 domain potentially leads to increased
degradation of type IV collagen (C).

Type IV Collagen Assembly and EMT 1317
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tion for 48 and 72 hours with �1NC1 domain, a decrease
in cytokeratin was observed (Figure 6, B and D), similar to
treatment with TGF-�1 and EGF (Figure 6, B and D). In
contrast to NC1 domain, incubation with 7S domain did
not induce FSP-1 expression (Figure 6E). The EMT-stim-
ulating effect could be inhibited by addition of �1NC1-
neutralizing antibodies, whereas addition of antibodies to
7S domain had no effect (Figure 6E).

Cumulatively, these results strongly suggest that
�1NC1 domain serves to alter the epithelial phenotype
and propagates conversion to fibroblast-like/myofibro-
blast-like cells via its ability to inhibit basement mem-
brane formation. This conversion (EMT) by �1NC1 do-
main is demonstrated by the expression of vimentin and
FSP-1, and decrease in the epithelial cell marker, cyto-
keratin. These changes mirror the effects seen by treat-
ment of MCT cells by TGF-�1 and EGF as previously
described.24

TGF-�1 Mediates �1NC1-Induced EMT in
Proximal Tubular Epithelial Cells

TGF-�1 is an important mediator of EMT.49 In renal fibro-
genesis it is highly abundant in tubules.50 Thus, we spec-
ulated that autocrine expression of TGF-�1 may play a

Figure 4. MCT cells acquire a fibroblast-like morphology after incubation
with type IV collagen �1NC1 domain, similar to changes that were observed
after incubation with TGF-�1 and EGF. Tubular epithelial MCT cells display
their typical cobblestone-like morphology when cultured in K1 medium (A).
When medium was supplemented with either soluble type IV collagen
�1NC1 (C) domain or with 3 ng/ml TGF-�1 and 10 ng/ml EGF (D) cells
acquired a typical spindle-shaped morphology, which is typically observed
in the induction of EMT. Incubation with type IV collagen 7S domain did not
alter the cellular phenotype (B). Original magnifications, �400.

Figure 5. Incubation with type IV collagen �1NC1 domain results in in-
creased expression of mesenchymal markers FSP-1 and vimentin by MCT
cells. MCT cells that were cultured in K1 medium displayed little staining for
the mesenchymal markers vimentin (A) and FSP-1 (C) using indirect immu-
nofluorescent staining. Treatment with type IV collagen �1NC1 domain
resulted in a robust up-regulation of vimentin (B) and FSP-1 (D) expression.
Original magnifications, �400.

Figure 6. Solid phase direct ELISA for FSP-1 and cytokeratin. Treatment of
MCT cells with type IV collagen �1NC1 domain resulted in an increase in
FSP-1 expression (A and C) and a decrease in cytokeratin expression as
compared to untreated K1 control (B and D). Effects were similar to those
that were obtained by stimulation with TGF-�1 and EGF, which is currently
the most established inductor of EMT in vitro. After 48 hours the �1NC1
domain induced an increase in FSP-1 expression (162.7 � 14.1% compared
to K1 control) (A) and decreased cytokeratin expression (76.1 � 5.3%
compared to K1 control) (B), whereas effects of TGF-�1 and EGF were
156.7 � 23.6% and 65.0 � 4.9%, respectively. Similar results were obtained
after 72 hours (C and D). Type IV collagen �1NC1 domain induced FSP-1
expression (181.6 � 23.6% compared to control) (C) and a decrease in
cytokeratin expression by (61.4 � 9.6% of K1 control) (D). Treatment with
TGF-�1 and EGF for 72 hours resulted in an induction of FSP-1 expression
(184.7 � 28.1%) (C) and depression of cytokeratin expression (60.7 �
10.1%) (D). In another series of experiments FSP-1 expression was deter-
mined by ELISA to test the specificity of �1NC1 domain-induced effects (E).
ELISAs for FSP-1 display a strong expression in tubulointerstitial fibroblasts
and low expression levels in untreated MCT cells (MCT-K1) that were used
as a control. Increased expression of FSP-1 compared to untreated MCT
control was detectable after treatment with TGF-�1 and EGF (259.9 � 40.2%
compared to MCT K1 control) as well as with �1NC1 domain (199.2 �
33.1%). Incubation with type IV collagen 7S domain had no significant effect
on FSP-1 expression levels (105.9 � 1.4%). Co-incubation of �1NC1 domain
with �1NC1 neutralizing antibodies (MCT NC1-abNC1) diminished the in-
crease in FSP-1 expression (112.7 � 7.2%), whereas 7S neutralizing antibod-
ies (MCT NC1-ab7S) had no effect (184.1 � 23.7%). *, P � 0.05; **, P � 0.001;
***, P � 0.0001.
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role in EMT. By Northern blotting we show that TGF-�1

mRNA is up-regulated significantly, when EMT was in-
duced by stimulation with TGF-�1 and EGF (Figure 7A,
left). Treatment of MCT cells with soluble �1NC1 domain
also resulted in a significant increase in TGF-�1 mRNA
expression (Figure 7A, right). Figure 7B summarizes den-
sitometric analysis of experiments. Addition of neutraliz-
ing antibodies against TGF-�1 was sufficient to inhibit
�1NC1-induced EMT and attenuated �1NC1 domain-me-
diated increase in FSP-1 (Figure 7C). EGF-neutralizing
antibodies had no effect on EMT or FSP-1 expression
(Figure 7C).

Discussion

TBMs provide a tightly regulated microenvironment for
normal function of tubular epithelial cells.8 TBM facilitates
numerous cell-matrix interactions that are pivotal for the
maintenance of epithelial phenotype.51,52 Type IV colla-
gen is the most abundant protein in basement mem-
branes and acts as a scaffold to provide structural and
functional integrity.53 We show that tubular epithelial cells
adhere preferably to collagen type IV, whereas MCT cells
treated with TGF-�1 and EGF, that display a fibroblast-
like morphology, adhere better to type I collagen. Also
type IV collagen stabilizes the epithelial phenotype,
whereas cultivation on type I collagen promoted transdif-
ferentiation to a mesenchymal phenotype. Thus, integrity
of type IV collagen seems to affect tubular epithelial cells.
These findings confirm observations with lens mesenchy-
mal cells and Madin-Darby canine kidney cells on differ-
ent matrices.54,55

Basement membrane organization is provided by as-
sembly of trimers that consist of three collagen
�-chains.56 Noncollagenous (NC) domains play a pivotal
role in basement membrane self-assembly.5,57,58 In the
present study we show that recombinant human �1NC1
domain can interfere with type IV collagen hexamer for-
mation, a pivotal step in the assembly of type IV collagen.
Conceivably, the use of soluble �1NC1 domain without
the collagenous domain leads to incorporation of this
domain in the hexamer structure, leading to a dominant-
negative effect of decreasing viable protomers and pro-
tomeric dimers. A dominant-negative effect of mutated
NC1 domains has been reported for type X collagen,
another nonfibrillar collagen, where mutations in the NC1
domain interfere with trimer formation and impaired struc-
ture in vivo and in vitro.59–61 Presumably such a domi-
nant-negative effect is achieved because of the lack of
the collagenous domain to complete triple helix forma-
tion.40,42 Impaired assembly of triple helices potentially
leads to degradation of such incompletely assembled
molecules. Our results with supernatants of �1NC1 do-
main-treated cells show increased degradation products,
supporting this notion.

In the present study, disruption of basement mem-
brane assembly induced acquisition of mesenchymal
phenotype by MCT cells. Tubular epithelial cells trans-
formed to spindle-shaped morphology with increased
expression of mesenchymal markers FSP-1 and vimentin,
whereas expression of the epithelial marker cytokeratin
decreased. The transdifferentiation that was observed by
incubation with �1NC1 domains was similar to those that
were observed after stimulation with TGF-�1 and EGF,
which is currently the best characterized stimulus for the
induction of EMT.24,47,49 The transdifferentiation of cells
was concordant with findings by other groups that define
induction of EMT in vitro.26,62 This finding is also sup-
ported by the observation that tubular epithelial cells that
undergo EMT loose contact with their disintegrated TBM
in vivo.63

Our findings suggest that induction of EMT by growth
factors, as well as by disruption of TBM, is mediated via
an autocrine loop that is driven by TGF-�1. Transdiffer-

Figure 7. TGF-�1 mRNA expression is up-regulated in EMT. Induction of
EMT by TGF-�1/EGF or with type IV collagen �1NC1 domain results in
up-regulation of TGF-�1 mRNA expression (A). Induction with TGF-�1/EGF
resulted in a peak after 6 hours, whereas after incubation with type IV
collagen �1NC1 domains resulted in an up-regulation after 24 hours (B)
summarizes the densitometric analysis of experiments with TGF-�1/EGF
(left) and with �1NC1 domain (right). Treatment of MCT cells with TGF-�1

and EGF results in an increase in TGF-�1 mRNA after 6 hours by (291 � 48%
compared to K1 control), and remains elevated after 12 hours (204 � 34%)
and 24 hours (162 � 18%). Treatment with �1NC1 domain leads to a
significant increase in TGF-�1 mRNA after 24 hours (175.2 � 24%), however
results after 6 hours (110.7 � 8%) and 12 hours (125.7 � 9%) were not
significant. In solid-phase direct ELISA for FSP-1 (C) co-incubation of �1NC1
domain with neutralizing antibodies to TGF-�1 (MCT NC1 anti-TGF) reduced
the increase in FSP-1 expression significantly (158.1 � 23% compared to K1
control), whereas the addition of neutralizing EGF antibodies (MCT NC1
anti-EGF) had no significant effect (193.5 � 29%). Addition of neutralizing
antibodies to TGF and EGF (MCT TE anti-TE) abolished growth factor-
induced EMT (111.8 � 14%). These results suggest a role for TGF-�1 auto-
crine stimulation for mediation of EMT. *, P � 0.05); **, P � 0.001; ***, P �
0.0001.
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entiation through a TGF-�1-dependent mechanism has
been previously reported in rat tubular epithelial cells.64

Thus, our findings suggest a reciprocal dependency of
tubular-epithelial cell phenotype, basement membrane
integrity, and TGF-�1. Tubular epithelial cells that are
plated on plastic have initially a much higher rate of type
IV collagen expression than cells that are cultivated on
Matrigel that consists of type IV collagen �1 and �2
chains.44 Further impairment of basement membrane as-
sembly leads to EMT or anoikis of epithelial cells,65,66

TGF-�1 is known to induce EMT in tubular epithelial
cells.24 TGF-�1 also impairs formation of a continuous
basement membrane architecture.46 TGF-�1 increases
synthesis of type IV collagen chains �1 and �2 and type
I collagen, the predominant form of interstitial matrix.67,68

In MCT cells that produce type IV collagen �1 and �2,29

de novo ectopic expression of type IV collagen �3 ex-
pression has been observed after stimulation with angio-
tensin 2, an effect that was inhibited by TGF-� antisense
oligonucleotides.69 TGF-�1 and collagen type I up-regu-
late MMP-9 expression,70,71 which mediates degradation
of basement membranes.43,72 Further, our findings sug-
gest that impairment of basement membrane integrity
leads to up-regulation of TGF-�1.

Collectively our results offer for the first time a central
role for the structural integrity of TBM in maintenance of
normal phenotype of proximal tubular cells. We speculate
that very early events in progression of renal disease
induce subtle disruptions of TBM, which leads to in-
creased production of TGF-�1 by proximal tubular cells,
which further enhances EMT. Such initial events are pos-
sibe potent drivers of EMT, leading eventually to renal
interstitial fibrosis. Therefore, disruption of TBM is poten-
tially an important facilitator of EMT. Mechanisms asso-
ciated with such alterations and their impact on cell-
matrix interaction need further clarification.
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