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Role of fibronectin deposition in cystogenesis of Madin-Darby
canine kidney cells.

Background. Madin-Darby canine kidney (MDCK) cells
cultured within collagen I gel exhibit clonal growth and form
spherical multicellular cysts. The cyst-lining epithelial cells are
polarized with the basolateral surface in contact with the colla-
gen gel and the apical surface facing the lumen. To understand
whether MDCK cysts construct the basal lamina, we character-
ized the composition of the extracellular matrix deposited by
MDCK cysts. The cyst-lining cells produced an apparently in-
complete basal lamina containing a discontinuous laminin sub-
stratum. In addition, the basal cell surface of the cyst was
surrounded by a thick layer of fibronectin. This study was
conducted to delineate the role of fibronectin deposition in
cystogenesis.

Methods. MDCK cells cultured in collagen gel were em-
ployed. We first used Arg-Gly-Asp (RGD) peptides containing
disintegrin rhodostomin to disturb the interaction between fi-
bronectin and the cell surface integrin. We then established
several stable transfectants expressing the fibronectin antisense
RNA and with which to directly examine the role of fibronectin
in cystogenesis.

Results. Rhodostomin markedly decreased the growth rates
of the MDCK cyst, suggesting the importance of a normal
interaction between fibronectin and integrins. The stable
transfectants overexpressing the fibronectin antisense RNA
exhibited relatively lower levels of fibronectin and markedly
lower cyst growth rates than the control clone. The lower
growth rate was correlated with an increase in collagen gel-
induced apoptosis.

Conclusions. The results indicate that the deposition of fi-
bronectin underlying the cyst-lining epithelium serves to pre-
vent apoptosis induced by three-dimensional collagen gel cul-
tures, and hence facilitates cyst growth of MDCK cells.

Epithelial cells can form continuous layers in which
they become polarized and much less mobile [1]. In sin-
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gle-layered epithelia, apical and basolateral cell surfaces
are separated by tight junctions. The basal surface of an
epithelial sheet usually rests on a basement membrane
that represents a special type of extracellular matrix
(ECM), which mainly contains laminin, type IV collagen,
entactin, and proteoglycan [2]. Special receptors for lami-
nin and collagen have been localized on the basolateral
membranes and thus may function in providing proper
interactions for epithelial cells to the ECM [3, 4]. Epithe-
lial basement membranes are constantly required to not
only provide support, but also to maintain the structural
and functional polarity of epithelium.

The cultured canine kidney epithelial line, Madin-
Darby canine kidney (MDCK), retains many of the dif-
ferentiated characteristics of the distal nephron. This line
contains all of the elements of a polarized cell surface
and has been extensively used by cell physiologists to
study transepithelial transport of water and electrolytes
[5]. An individual MDCK cell suspended in type I colla-
gen gel proliferates and forms epithelial cysts, in which
a polarity is established with the basolateral surface fac-
ing the collagen gel and the apical surface facing the
lumen [6]. This MDCK cyst appears to be a convenient
in vitro model for examining the cellular mechanisms
involved in morphogenesis and enlargement of renal cyst
and perhaps the pathogenesis of renal cystic disease
[7, 8].

Renal cystic diseases include a diverse group of dis-
eases characterized by the formation and growth of fluid-
filled epithelial cell-lined sacs within the kidney [9]. Re-
nal cysts may form as a consequence of a hereditary
disorder, a developmental abnormality, exposure to a
cystogenic chemical, or may be acquired because of un-
known reasons. The mechanisms of renal cyst formation
and growth are not yet clear, but at least three types of
abnormalities are involved: fluid accumulation, alterna-
tions in basement membranes, and epithelial cell prolif-
eration. Several studies on humans and experimental
forms of polycystic kidney disease (PKD) have demon-
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strated an increase in content of fibronectin, but a normal
content of laminin, entactin, and type IV collagen in
basement membranes lining cystic tubules [10-12]. The
possible role of enhanced fibronectin levels in the patho-
genesis of PKD is unclear. In addition, the structural
and functional integrity of the basement membranes of
MDCK cysts has not yet been thoroughly characterized.

This study was undertaken to determine the composi-
tion of ECM underneath the MDCK cysts. From immu-
nocytochemical studies and Western blot analyses we
observed that an incomplete sheet of basement mem-
brane substratum, without entactin and intact trimeric
laminin, constructed the basal lamina of the cyst-lining
epithelial cells. In contrast, fibronectin was present in
abundance and was organized into a thick continuous
sheath beneath the basal surface of MDCK cysts. To
further investigate the role of fibronectin deposition in
MDCK cyst formation and growth, we used Arg-Gly-
Asp (RGD) peptide, which containes disintegrin or engi-
neered MDCK cells that express fibronectin antisense
RNA to block the function or synthesis of fibronectin,
respectively. We found that fibronectin deposition is es-
sential for the growth of MDCK cyst. These findings
provide a strong in vitro evidence for the role of fibro-
nectin in the pathogenesis of PKD.

METHODS
Cell culture

Madin-Darby canine kidney cells were maintained
in Dulbecco’s modified minimal essential medium
(DMEM) containing 10% fetal calf serum (FCS) at 37°C
in a humidified 5% CO, atmosphere. A subline, desig-
nated Y224, was derived from a single MDCK cyst in
collagen gel by the procedure described previously [13].
We used a modified method of McAteer, Evan, and
Gardner to culture Y224 cells in type I collagen gel [6].
For cell harvest, the culture medium was removed, and
the collagen gel was dissolved with 1 ml of 2 mg/ml col-
lagenase (Worthington, Freehold, NJ, USA) in DMEM
at 37°C for 20 minutes. The cysts were detached from
the collagen gel and dissociated into single cell sus-
pensions with trypsin/ethylenediaminetetraacetic acid
(EDTA). All cell counts were made using a hemocytom-
eter, and viability was determined by trypan blue dye
exclusion.

Antibodies

The following antibodies were used: rabbit antifibro-
nectin, laminin, and vitronectin (Biogenesis, Poole, UK),
rat antientactin (Biogenesis). Fluorescein (FITC)-conju-
gated antirabbit IgG was purchased from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Horseradish peroxidase
(HRP)-conjugated antirabbit and antirat IgG were pur-

chased from Jackson Immuno Research Lab Inc. (West
Grove, PA, USA).

Western blotting

Cells grown in collagen gel were harvested by incuba-
tion with collagenase (2 mg/ml) at 37°C for 20 minutes.
The released cells were gently collected by low-speed
centrifugation (500 g for 3 min), washed twice with phos-
phate-buffered saline (PBS), and then homogenized by
sonication in a buffer containing 50 mm Tris-HCI, pH
7.4, 100 mm NaCl, 1 mm benzamidine hydrochloride, 1
mMm EDTA, 20 mm 6-amino-N-caproic acid, 2 mm phenyl-
methylsulfonyl fluoride (PMSF), 0.1% sodium dodecyl
sulfate (SDS), and 1% Triton X-100. The homogenate
was stored at —80°C prior to analysis.

Protein extract (30 wg) from each sample was resolved
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and was electrophoretically blotted onto nitrocellulose
paper. The nitrocellulose paper was incubated with pri-
mary antibody, and immunocomplexes were detected
with HRP-conjugated goat antimouse (or antirabbit)
IgG antibody (1:10,000 dilution). They were then made
visible by fluorography with enhanced chemilumines-
cence detection kit (ECL; Amersham International, Ar-
lington Heights, IL, USA). The resulting fluorographs
were analyzed by a scanning densitometry.

Immunocytochemical and
immunofluorescence staining

The type I collagen gels containing cultured MDCK
cysts were removed from the culture dishes, fixed with
formalin, embedded in paraffin, sectioned, deparaffi-
nated, and stained with hematoxylin-eosin according to
standard histological methods.

For immunohistological staining procedures, the de-
paraffinated sections were extensively rinsed in PBS.
After blocking endogenous peroxidase activity with 0.3%
H,0O, in methanol, the sections were reacted with normal
goat serum, followed by a reaction with an appropriately
diluted rabbit polyclonal antibody. Next, the sections
were washed and reacted with a biotinylated goat anti-
rabbit IgG antibody, followed by streptavidin-conjugated
HRP. After further washing, the sections were reacted
with 0.05% diaminobenzidine containing 0.01 % H,O, for
color development. The cell nuclei were counterstained
with hematoxylin. Finally, the sections were rinsed, dehy-
drated in a graded ethanol series, and mounted.

For immunofluorescence staining procedures, the de-
paraffinated sections were rinsed in PBS, and nonspecific
binding sites were blocked with normal goat serum, fol-
lowed by incubation with an appropriately diluted pri-
mary antibody. After further rinsing in PBS, samples
were incubated in secondary antibodies (goat antirabbit
IgG-FITC or goat antimouse IgG-Rhodamine). Samples
were rinsed in PBS, mounted in 90% glycerol in PBS,
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AGTGGGACAA ACAGCACGAT ATGGGCCACA TGATGAGGTG CACATGCGTT

GTCGAGAATG GACTTGTGTT GCCTACTCCC AGCTCCGAGA TCAGTGCATT

TCACTTACAA TGTGAACGAC ACATTCCACA AGCGTCATGA AGAGGGACAC

GTACTCGCTT TGGTCAGGGC CGGGGCAGAT GGAAGTGCGA TCCCATTGAC

ATTCAGAGAC TG

observed with a Zeiss microscope with epifluorescence,
and photographed in an LSM-40 laser-scanning confocal
imaging system.

Rhodostomin expression and purification

The rhodostomin gene, kindly provided by Dr. S.J.
Lo, was cloned and expressed in the E. coli system [14].
The engineered strain of BL21 carries vector pGEX-
2KS for GST-Rhodostomin. The expression of GST-
Rhodostomin and its D51E mutant protein was induced
by the addition of isopropylthiogalactoside (IPTG) and
purified by glutathione S transferase affinity chromatog-
raphy (Pharmacia Biotech, Uppsala, Sweden). From the
SDS-PAGE analysis, both rhodostomin and its D51E
mutant protein were found to be homogenous.

Reverse transcription-polymerase chain reaction,
DNA sequencing, and plasmid construction

Total RNA was isolated from cultured MDCK cells
by the standard guanidium isothiocyanate extraction
method. Reverse transcription (RT) and polymerase
chain reaction (PCR) were performed using a kit (RNA
Amp; Perkin Elmer, Norwalk, CT, USA). Primers used
to amplify a 972 bp segment of canine fibronectin cDNA
were as follows: sense primer 5'-GAGACACCTGCAG
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TCGACAGGCA 60
TCCACCGGAT 120
CCACAGCCGG 180
ATACGGTGGC 240
ATCTGCTGCC 300
TGTGTCTTAC 360
CAGGATGGAC 420
TTCTGTACAG 480
TGCCACTTCC 540
AGAGACAACA 600
TTTTGCCCCA 660
ATTGGAGATC 720
GGGAATGGTC 780
GTTGATGACA 840
AGCTGHTT ooo L The ONA sequence o canne fire
CMTGCCAGA 960 Goseribed in the Methods scction. This so.
quence is approximately 89% homologous
972 with corresponding human fibronectin cDNA.

CAAGAAGGATAATC-3' (nucleotides 648 to 674 in
human fibronectin cDNA) and antisense primer 5'-CAGT
CTCTGAATTCTGGCATTGGTC-3' (nucleotides 1595
to 1619 in human fibronectin cDNA) [15]. The amplifi-
cation conditions were as follows: first 95°C for two min-
utes, then 35 cycles of 95°C for one minute, 65°C for one
minute, and a final extension at 72°C for seven minutes.
The 972 bp PCR product was purified from 0.8% aga-
rose, cleaved with Pst I and EcoR I, and ligated into
pBS (Stratagene, La Jolla, CA, USA) to create pBSFN,
which was finally transfected into E. coli. The sequences
of canine FN cDNA analyzed by the ABI Prism 377
automated sequencer using T3 or T7 primers are shown
in Figure 1. The canine fibronectin sequence is approxi-
mately 89% homologous with the human fibronectin
cDNA.

The Pst I cohesive ends of fibronectin cDNA were
converted to BamH I ends with BamH I-Pst I adaptors
(BioLabs, Hitchen, Hertfordshire, UK). The converted
cDNA containing BamH I and EcoR I overhangs at the
5" and 3’ ends was ligated into pSGS5 (Stratagene) in an
antisense fashion to create pSGSFN.

Transfection and clonal selection

The pSGSFN and ptkrneo plasmid DNA were cotrans-
fected into MDCK cells by the method of lipofection.
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Fig. 2. Morphology of MDCK and Y224 cells cultured in various conditions. (A) A confluent monolayer culture of parental MDCK cells on a
plastic plate shows a heterogeneous morphology (phase contrast microscopy). (B) The monolayer culture of Y224 cells on a plastic plate is
composed of apparently homogeneous polygonal cells. (C) Cystic colony formed by Y224 cells cultured for eight days in collagen gel (phase
contrast microscopy). (D) Hematoxylin-eosin stained picture of Y224 cyst-lining epithelial cells (light microscopy). Bar indicates 100 pm.

At 40 to 70% confluence, cells were transfected with
5 pg/ml plasmid DNA (4.9 pg/ml of pSG5FN and 0.1
pg/ml of ptkneo) mixed with 35 pl/ml Lipofect AMINE
(GIBCO BRL, Grand Island, NY, USA) in Opti-MEM-
reduced serum media (GIBCO BRL) according to the
manufacturer’s instructions for transfection of adherent
cells. In addition, pSG5 plasmid and ptkneo were also
cotransfected into cells as a control. After 24 hours, the
medium was replaced with DMEM containing 10% FCS
and incubated for another 24 hours. Subsequently, the
cells were trypsinized and replated in a standard culture
medium containing 500 pg/ml of G418. After three
weeks, G418-resistant cells were trypsinized and cloned
using the limited dilution method.

Northern blot hybridization

The method for Northern blot analysis has been de-
scribed previously [13]. The specific mRNA immobilized
on nitrocellulose filter was detected by hybridizing with

canine fibronectin cDNA probe, which had been radiola-
beled with *P by a random primer-labeling method.

Analysis for apoptosis

Cells grown in collagen gel were washed twice with
PBS and released from the gels by incubation with colla-
genase (2 mg/ml) at 37°C for 20 minutes. The released
cells were dissociated into single-cell suspensions with
trypsin/EDTA. After being washed twice with PBS, the
cells were fixed with 70% ethanol, treated with ribo-
nuclease [RNase; 100 wg RNase/ml Tris + EDTA (TE)],
and stained with propidium iodine (40 pg/ml PBS). Fi-
nally, the cells were incubated in the dark at room tem-
perature for 30 minutes and analyzed by flow cytometry
using a FACScan (Becton-Dickinson, Mountain View,
CA, USA) with excitation set at 488 nm. Data were
analyzed by a cell-fit software program and represented
as histographs and numbers. For extraction of low molec-
ular genomic DNA, cell pellets were resuspended and
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Fig. 3. Detection of fibronectin and laminin in MDCK cells by Western
blot. Cell extracts were prepared from cells cultured in collagen gel for
six (lane 2) and eight (lane 3) days. Lane 1 indicates purified fibronectin
(FN) and laminin (LM) isolated from human plasma and placenta,
respectively, as positive controls. In MDCK cells, two laminin B chains
(B1 and B2) and one premature laminin B chain (pB) are present. The
laminin A chain is absent in these cultures. The positions of laminin
A, B, and M chains of human placenta laminin (LM-A, LM-B, and
LM-M) are also indicated.

lyzed with extraction buffer (0.5% Triton X-100, 10 mm
EDTA, and 10 mm Tris-HCI, pH 8). Samples were then
extracted twice with phenol/chloroform and DNA pre-
cipitated with isopropanol. DNA was recovered by cen-
trifugation and washed with 75% ethanol, air dried, and
resuspended in 20 pl TE with 20 pg/ml RNase A. Sam-
ples were then incubated at 37°C for one hour. DNA
samples were then electrophoresed on a 1.5% agarose
gel in Tris-borate/EDTA (TBE) buffer. Finally, the
DNA was briefly stained with ethidium bromide and
visualized under ultraviolet light.

RESULTS

The Y224 cells derived from a single MDCK cyst were
used in these experiments. This line exhibits a homoge-
neously polygonal morphology in confluent monolayer
culture when compared with the original MDCK cell
line (Fig. 2 A, B). After 6 to 10 days in culture, Y224 cells
in collagen gel formed multicellular cysts in spherical
structures (Fig. 2 C, D). The composition of ECM pro-
duced by MDCK cyst-lining cells was determined by
assessing the levels of entactin, fibronectin, laminin, and

vitronectin with Western blotting. As shown in Figure
3, two laminin B chains and a premature form of laminin
B chain (pB) were observed. However, laminin A chain
was almost absent, suggesting that MDCK cysts did not
synthesize a trimeric and mature laminin comprising one
A subunit and two B subunits (B1 and B2). Although
defective, the laminin was still present as a dotted irregu-
lar pattern on the basal surface of MDCK cysts when
the cysts were fixed with formaldehyde at day 8 and
examined by immunohistochemistry (Fig. 4 E, F). Be-
cause laminin is a major component of the epithelial
basement membranes, lacking laminin deposition in the
basal surface would make poorly organized epithelial
basement membranes. In addition, entactin and vitro-
nectin, as judged by Western blot, were almost absent
in MDCK cysts (data not shown).

In contrast, the contents of fibronectin were abundant
during cyst formation (Fig. 3) and were strongly stained
along the basal surface of MDCK cysts in a continuous
pattern, no matter that it was assayed by immunoperoxi-
dase or immunofluorescence-labeling methods (Fig. 4
A-D). It appears as a thick homogenous structure lying
immediately below the basal surface of the epithelial
cells. Because fibronectin is a major component of the
extracellular matrices and is also present in the body
fluid including serum, we were suspicious about whether
the fibronectin observed on MDCK cysts came from
FCS. We therefore seeded the cells in collagen gels sup-
plied with serum-free medium. The cysts formed were
a bit smaller, but they all exhibited a thick layer of fibro-
nectin underlying the basal surface of cyst-lining cells
(data not shown). These results indicate that cystic-lining
epithelial cells could synthesize and deposit fibronectin
during cyst formation.

In addition to Y224 cells, we also isolated three other
MDCK sublines, each derived from a single cyst. The
fibronectin contents of these MDCK sublines were as-
sessed by Western blot analysis (Fig. 5A). Among these
cell lines, Y224 exhibited the highest levels of fibronectin.
Interestingly, Y224 cells also developed epithelial cyst
growth most vigorously in collagen gel (Fig. 5 B-E).
These data indicate that the fibronectin levels correlate
with the epithelial cyst enlargement.

To study the possible role of fibronectin in renal cyst
formation and growth, we used synthetic rhodostomin
to disrupt the interaction between fibronectin and its
receptor. The RGD peptide containing rhodostomin,
acting as a disintegrin, inhibited cyst growth in a dose-
dependent manner (Fig. 6). In a negative control experi-
ment in which RGD in rhodostomin was substituted by
arginine-glycine-glutamate (RGE), little growth inhibi-
tion was observed. These results support the possibility
that fibronectin might facilitate MDCK cyst growth.

We therefore assessed the direct involvement of fi-
bronectin in cystogenesis by inhibiting the endogenous
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synthesis of fibronectin to see if the cyst formation was
affected. Y224 cells were stably transfected with a plas-
mid pSG5FN that had been constructed with an antisense
sequence of canine fibronectin mRNA as described in
the Methods section. The expression of fibronectin in
most G418-resistant clones was affected by the antisense
RNA construct to various extents. Transfectant clone 6
(pSGSEN#6) expressed the lowest levels of fibronectin
in these antisense transfectants, whereas clones 2 and 4
expressed intermediate levels, as demonstrated by the
Western blot (Fig. 7A). Densitometric scanning of the
blots revealed a 65, 45, or 35% decrease in fibronectin
contents for clones 6, 2, or 4, respectively. The protein
contents of laminin B chain were not affected by the
antisense expression, suggesting that the fibronectin ex-
pression was specifically suppressed by the antisense con-
struct. Northern blot analysis of fibronectin mRNA ex-
pression revealed a marked decrease in the fibronectin
transcript in transfectant clone pSGSFN#6 and a moder-
ate decrease in clones 2 and 4 (Fig. 7B), compatible with
the finding of Western blot.

Fig. 4. Immunolocalization of fibronectin and
laminin in Y224 cysts. Sections were stained
by immunoperoxidase (A, E) or the immuno-
fluorescence (B, C, D, F) method using anti-
body against fibronectin (A-D) or laminin (E,
F). All of these sections were observed by
light microscopy (A, E), fluorescence micros-
copy (B, C, F), or confocal laser scanning mi-
croscopy (D). The cystic lumen (L) is indi-
cated in all photographs. Fibronectin is
localized mainly under the basal surface of
cyst-lining epithelial cells (arrows) and forms
a thick layer sheath between cyst lining cells
and collagen (scale bar, 20 wm).

These antisense and control clones were then cultured
in collagen gels to determine the association of fibronec-
tin levels with cyst growth. As expected, the control clone
with plasmid pGS5 exhibited the same cyst structure as
the parental Y224 cells (Fig. 8). In contrast, all of these
antisense clones grew slowly and formed relatively
smaller cysts than the control clone (Fig. 8). Among the
transfectants, clone 6 exhibited the lowest cystic growth
rate, in parallel to the fibronectin content of these anti-
sense clones. These data strongly suggest that the accu-
mulation and deposition of fibronectin does facilitate
cyst growth and enlargement.

In our previous work, we found that massive apoptotic
bodies were present both inside and outside of MDCK
cysts in collagen gel culture [16]. Because the growth of
cells in cultures is a summarized result of cell prolifera-
tion and death, we assessed whether the attenuation in
cyst growth by the antisense expression could result from
an increase in apoptosis. To test this possibility, all of
these transfectants cultured in collagen gels were col-
lected separately on day 8, and their low molecular DNA
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was extracted and resolved by electrophoresis. The DNA
ladder (Fig. 9A) is apparent in all of these transfectants,
and an increase in the intensity of DNA ladder is also
obvious in FN antisense transfectants (Fig. 9A). To quan-
titate the ratio of apoptosis in these cultures, we analyzed
the size of nuclei stained with propidium iodide by the
flow cytometry. The sub-GO/G1 phase of the cell cycle
is evaluated as cell populations containing apoptosis [16].
As shown in Figure 9B, the apoptotic ratio in the control
cell population is only 21% and is increased to approxi-
mately 33 and 30% in transfectants 2 and 4 possessing
antisense pSGSFN, respectively. Transfectant 6 exhibits
the highest fraction of apoptosis, being as high as 41%.
Taken together, the apoptotic ratio seems to be inversely
proportional with the fibronectin content in cyst-lining
epithelial cells. We propose that the fibronectin depos-
ited by MDCK cyst functions as a survival factor through
the suppression of apoptosis induced by three-dimen-
sional collagen gel cultures, and results in augmented
cyst growth and enlargement.

DISCUSSION

We have used an in vitro model to demonstrate the
role of fibronectin deposition in the cystogenesis of

Fig. 5. Fibronectin contents (A) and cyst
growth (B-E) of various MDCK sublines. Fi-
bronectin levels were assessed by Western
blot analysis. Cell extracts were prepared from
various sublines cells cultured on plastic plates
for two days. (B-E) shows the cystic morphol-
ogy of MDCK sublines Y113 (B), Y224 (C),
Y342 (D), and Y434 (E) cells cultured in colla-
gen gels for eight days. Y224 cells exhibit the
largest cyst size as well as highest fibronectin
levels.

MDCK cells. Because MDCK cells obtained from Amer-
ican Type and Culture Collection (Rockville, MD, USA)
were heterogeneous in morphology, we subcultured the
cells and obtained a clone, Y224, from a single cyst.
The patterns of fibronectin deposition as revealed by
immunohistochemistry were the same in Y224 cells as
in the parental MDCK cells. Furthermore, disintegrin
inhibits cyst growth to the same extent in Y224 cells as
in the parental MDCK cells (data not shown), suggesting
that the phenomena observed in these studies are general
for MDCK cystogenesis, and not only specific to the
Y224 cells.

Fibronectin is a group of closely similar proteins (20
possible variants in humans) generated by alternative
splicing from a premRNA, which is transcribed from a
single gene. Fibronectin exists in two major forms: solu-
ble dimers and insoluble fibrillar networks. They are first
synthesized as soluble dimers that are then polymerized
into fibrils. The fibronectin locating on the basal surface
of MDCK cysts could be the fibrillar form because
MDCK cysts released by collagenase from collagen gels
still display this fibronectin layer underlying their basal
surfaces. The accumulation and deposition of fibronectin
beneath the basal sites of renal epithelial cells appear in
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only MDCK cyst-lining cells. However, fibronectin is
almost absent in the fully confluent MDCK cell mono-
layers cultured on collagen gels (unpublished data). Cur-
rently, there is limited information in the literature con-
cerning fibronectin fibril assembly by kidney epithelial
cells. The fibronectin deposition could be an uncommon

Fig. 6. Inhibition of Y224 cyst growth by rhodostomin. (A) Y224 cells
cultured in 0.3% collagen gel for eight days resulted in typical epithelial
cysts. (B) The morphology of Y224 cysts grown for eight days in the
presence of control GST-Rho at 200 mg/ml. The control GST-Rho
containing RGE rather RGD peptides only slightly inhibits cyst growth
of Y224 cells. (C, D) These show the morphology of MDCK cysts
cultured for eight days in the presence of GST-Rho at 200 mg/ml and
50 mg/ml, respectively. (E) This shows the summarized results of effects
of GST-Rho (RGD or RGE) on cyst size at day 8. Cysts with a diameter
of greater than 100 pm were counted from 10 randomly selected 4 X
10 fields under phase contrast microscope. Each bar indicates mean =
SE of two experiments in triplicate. P < 0.05, control vs. rhodostomin
100 or 200 pg/ml. GST-Rho significantly inhibits cyst growth and en-
largement in a dose-dependent manner (scale bar, 100 pm).

behavior in normal renal epithelial cells or could occur
only in pathological conditions such as the PKD. The
issue concerning the process of fibronectin fibril assembly
is very important and is still under investigation. Here,
we provide an ideal in vitro model to study this topic.
Basement membrane that contains extracellular matri-
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Fig. 7. Expression of fibronectin protein (A) and mRNA (B) in various
transfectants harboring fibronectin antisense RNA. (A) Western blot
analysis of fibronectin (FN) and laminin (LM) in control cells (pSGS5)
and various transfectants (pSGSFN). The position of two laminin B
chains (B1 and B2) and one premature laminin B chain (pB) is also
indicated. These transfectants contain equal amounts of laminin B
chains, but their fibronectin levels are down-regulated to various degree,
indicating that transfection has been successfully achieved. (B) Northern
blot analysis to detect fibronectin mRNA levels in control cells and
various transfectants. The ribosomal RNA is also shown.

ces plays very important roles in the development of
epithelial tissue. Laminin, in particular, has been pro-
posed to be directly responsible for eliciting many of the
biological responses of the epithelium to the basement
membrane because it has many activities in vitro [17,
18]. These effects are mediated by laminin receptor [19].
In MDCK cysts, the laminin A chain is almost absent,
and the deposition of laminin is no more a continuous
pattern along the basal surface than it is in normal epithe-
lia. In fact, MDCK cysts examined by routine transmis-
sion electron microscopy appear to lack a well-organized
continuous basal lamina [6]. The extracellular materials
of MDCK cysts accumulate, instead, in irregular patches.
The fixation in the presence of ruthenium red demon-
strated abundant flocculent electron-dense material as-
sociated with basement membrane [6]. Our observations
suggest that these loosely composed extracellular materi-
als are likely to be constructed mainly by fibronectin, and
hence, the morphology of cystic basement membrane is
different from the normal epithelial basal lamina. Never-
theless, cells of MDCK cysts are polarized to form a true
luminal and basolateral surface [6]. These results indicate
that the maintenance of the polarity of MDCK cysts does
not require normal epithelial basal lamina. Likewise,
MDCK cells cultured on nitrocellulose filters also form
polarized epithelial sheets without basal lamina [20].
Taken together, cells of MDCK cysts might be an abnor-
mally differentiated renal epithelium, which exhibits ab-
normal synthesis and assembly of the ECM. This phe-
nomenon is reminiscent of PKD, in which renal epithelial
cells also exhibit defective synthesis of tubular basement
membranes.

Renal cyst is the central pathological feature of a num-
ber of human congenital and acquired diseases. PKD, the
most common human genetically transmitted disease,
occurs either in a recessive infantile form (ARPKD) or
an autosomal dominant adult form (ADPKD) affecting
over 500,000 individuals in the United States, and is
responsible for 8 to 10% of all patients receiving dialysis
or transplantation for end-stage renal disease [21, 22].
ARPKD typically affects 1 in 10,000 live births, and
ADPKD affects up to 1 in 500 individuals in the popula-
tion [22]. In the past few years, PKDI1 and PKD2 have
been identified as the mutated genes responsible for
more than 95% of ADPKD. The products of PKDI and
PKD?2 genes have been named polycystin 1 and 2. These
genes function together as part of a multicomponent
membrane-spanning complex involving in the cell-cell
or cell-matrix interactions in their extracellular compart-
ment [23]. Structural and biochemical changes in the
basement membrane have been described in human
PKD [11, 24]. Fibronectin is normally absent in renal
tubules, but its contents are increased dramatically in
the peritubular regions of cystic segments of the renal
tubules. It is very interesting to note that the constituent
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changes in the polycystic kidney basement membranes,
especially the presence of a thick layer of fibronectin
underlying renal cysts, are somewhat similar to those of
MDCK cysts cultured in collagen gels. From these stud-
ies, we are tempted to propose that fibronectin plays a
crucial role in the pathogenesis of PKDs as well as in
the cystogenesis of MDCK cells.

We have previously shown that massive apoptotic bod-
ies are present both inside and outside of MDCK cysts
in collagen gel culture [16]. Frisch and Francis demon-
strated that the disruption of interactions with ECM
resulted in apoptosis of the epithelial cell, the so-called
homeless cell death [25]. In addition, our laboratory has
discovered that epithelial cells may develop apoptosis
upon collagen gel overlay [26]. Both studies provide in-
sights into understanding what causes apoptosis of
MDCK cells in collagen gel. The study reported here

demonstrates that fibronectin is the major component
of the ECM produced by cultured MDCK cysts. In addi-
tion, subconfluent MDCK cells cultured on plastic plates
also synthesize a large amount of fibronectin. However,
type I collagen-, fibronectin-, or laminin-coated plates
all do not alter the growth rate or morphology of cultured
MDCK cells (data not shown). These data suggest that
exogenous ECM is not required for the growth of MDCK
cells on a normal two-dimensional plate. Nevertheless,
MDCK cells may use endogenous fibronectin to facilitate
attachment, spreading, growth, and differentiation of
themselves in three-dimensional cultures. Recently, ex-
ogenous fibronectin has been shown to suppress apopto-
sis in some attached cells through an integrin-dependent
mechanism [27-29]. In this study, we assess the role of
endogenous fibronectin in the survival of MDCK cells.
This is the first time to demonstrate that the endogenous
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fibronectin functions as a survival factor. Fibronectin
may support the survival of MDCK cells cultured in
collagen gel by transmitting a survival signal via adhesion
receptors such as integrins and/or by maintaining the
overall structural integrity of the ECM. In the MDCK
cyst, it should be of importance to identify which inte-
grins are responsible for the adhesion to fibronectin. It
has been established that fibronectin contains an RGD
sequence that can be recognized by the extracellular
domains of the integrins [30]. In our study, rhodostomin
inhibits cyst growth possibly via disrupting the interac-
tion between fibronectin and integrin. Previously, Sale-
man, Santoro, and Keely observed that inhibition of a,(;
integrin expression or function induced by antisense oli-
gonucleotides or antibodies resulted in increased apopto-
sis and reduced cyst growth by MDCK cells in vitro [31].
However, o,p; integrin is the major receptor for collagen
and laminin but not fibronectin in MDCK cells. MDCK
cells also express a3, o33, and unidentified o,f3, inte-
grins, all of which could possibly serve as fibronectin
receptors [32]. It is therefore necessary to clarify which
integrins are responsible for transmitting survival and
growth signals provided by fibronectin during cyst forma-
tion. Taken together, the correlation between polycys-
tins, fibronectin, and integrins is worthy of further inves-
tigation.
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