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Interaction between Growth Factors and Retinoic Acid in the Induction
of Kidney Tubulogenesis in Tissue Culture
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Kidney tubulogenesis is the initial step in renal or-
ganogenesis. The precise molecular determinants of
this pattern formation are presently unknown, al-
though soluble factors, such as growth factors, and in-
soluble factors, such as extracellular matrix molecules,
most likely play fundamental roles in this process. To
define the molecular determinants of renal proximal
tubule morphogenesis, primary cultures of rabbit renal
proximal tubule cells in hormonally defined, serum-
free media were treated with transforming growth fac-
tor-8, (TGF-8,), epidermal growth factor (EGF), and
the retinoid, all trans-retinoic acid (RA), singly or in
combination. Utilizing phase contrast and light and
transmission electron microscopy, the simultaneous ad-
ministration of TGF-8, (10 ng/ml), EGF (1 nM), and RA
(0.1 nM) transformed a confluent monolayer of renal
proximal tubule cells within 5 to 6 days into three-di-
mensional cell aggregates containing lumens within the
interior of the cell clusters. The lumens were bordered
by tubule cells possessing a polarized epithelial cell phe-
notype with extensive microvilli formation and tight
junctional complexes along the luminal border. All
three factors were necessary and sufficient to induce
this phenotypic transformation. Further studies demon-
strated that RA promoted the deposition of the A and B,
chains of laminin, a cell attachment protein of the base-
ment membrane, in a small subset of proximal tubule
cells in culture, as deduced by indirect immunofluores-
cent microscopy. Additional studies demonstrated that
soluble purified laminin fully substituted for RA in this
system to promote renal tubulogenesis when combined
with TGF-8; and EGF. These results demonstrate that
the growth factors, TGF-8, and EGF, and the retinoid,
RA, promote tubulogenesis in adult renal proximal tu-
bule cells in tissue culture in a manner reminiscent of
inductive embryonic kidney morphogenesis. These ob-
servations define a coordinated interplay between
growth factors and retinoids to induce pattern forma-
tion and morphogenesis. Furthermore, the demonstra-
tion of RA-induced laminin deposition as a critical
event in this morphogenic process identifies laminin as
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a possible target protein for RA to act as a
morphogen. © 1992 Academic Press, Inc.

INTRODUCTION

Embryonic developmental organogenesis is depen-
dent upon growth, differentiation, pattern formation,
and morphogenesis. Each of these processes is depen-
dent upon inductive interactions between cells. The
identification of the inducing substances responsible for
developmental organogenesis has been elusive, al-
though recent work has generated interest in two
classes of molecules, growth factors [21, 22, 26] and reti-
noids [30, 31], as potential inductive morphogens in ver-
tebrate embryos.

In this regard, most parenchymal organs develop
from the inductive interaction between an epithelium
and a mesenchyme [9, 15]. The embryonic morphogene-
sis of the mammalian kidney, or metanephros, is a
prime example of the importance of epithelial—mesen-
chymal interactions [24]. The kidney mesenchyme in-
duces the ureteric epithelial bud, a caudal branch of the
Wolffian duct, to migrate into the undifferentiated
metanephric mesenchyme where it continues to branch
and grow. Reciprocally, the branching and growing ure-
teric epithelium induces the metanephric mesenchyme
to convert into tubular epithelium. The first step in
metanephric tubulogenesis is an adhesion of mesenchy-
mal cells to form multicellular aggregates. This initial
aggregation step is followed by the development of tu-
bule epithelial cell polarity and lumen formation. This
induced pattern formation and morphogenesis is de-
pendent on both cell proliferation and production of ex-
tracellular matrix components, primarily proteoglycans
and laminin. Inhibitors of either DNA synthesis [18, 27]
or proteoglycan synthesis [5, 6] prevent tubulogenesis
at the early induction stage, while blocking antibodies to
the cell binding domain of laminin inhibits the later
stage of cell polarization and lumen formation without
affecting the earlier developmental events of cell prolif-
eration and aggregation [14].

Since renal proximal tubule cells have the ability to
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FIG. 1. Representative morphology of adult rabbit renal proximal tubule cells in tissue culture under various treatment conditions. Phase
contrast microscopy {Mag X25) of a density-arrested, confluent monolayer of renal proximal tubule cells in tissue culture (A) and the
transformed phenotype of tubule cells after simultaneous exposure to TGF-8;, EGF, and RA (B). This treatment induced the monolayer to be
transformed into an adherent condensation of cell aggregates which contained tubule lumens (see Figs. 2A-2C). Representative light micros-
copy (Mag X100) of transformed phenotypes of confluent monolayers of renal tubule cells after various treatment conditions: TGF-8, (C);
TGF-, and EGF (D); TGF-g, and RA (E); TGF-8, and soluble purified laminin (F). For all experiments, TGF-3, at 10 ng/ml, EGF at 1 nM, RA
at 0.1 pM, and laminin at 100 ug/ml were used. Exposure times were from 72 to 96 h. Notice numerous vacuolizations with the TGF-8, and
RA-treated condition (E). Most of these vacuoles were intracytoplasmic but some were primordial lumens (see Fig. 3). Intracytoplasmic
lumens were occasionally seen in the TGF-8, and laminin-treated condition (arrowheads, F).
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regenerate after severe nephrotoxic or ischemic injury
to form a fully functional and differentiated epithelium
[1, 10], renal proximal tubule stem cells exist in adult
kidneys. With the expectation that these stem cells can
be isolated and grown in tissue culture, we undertook
the present experiments utilizing primary cultures of
adult rabbit renal proximal tubule cells grown in hor-
monally defined, serum-free medium in an attempt to
identify substances that would promote kidney tubulo-
genesis. Since metanephric morphogenesis requires cell
aggregation, proliferation, and polarization [24],
various combinations of transforming growth factor-3,
(TGF-4,), epidermal growth factor (EGF), and the reti-
noid, all trans-retinoic acid (RA) were tested to assess
induction of morphologic tubulogenesis. These factors
were chosen for defined reasons. TGF-3, has been re-
cently demonstrated to transform a monolayer of renal
proximal tubule cells in primary culture into adhesive
cell aggregates reminiscent of the initial aggregation
stage of tubulogenesis [11]. This transformation is, in
part, inhibited by proteoglycan synthesis inhibitors
[19]. EGF is the most potent renal proximal tubule cell
mitogen [11, 19], and RA has been shown to increase
laminin production in embryonal cell lines by promot-
ing laminin gene transcription [2, 20, 32].

This report demonstrates that the combination of the
growth factors, TGF-3, and EGF, with RA is necessary
and sufficient to transform a confluent monolayer of
adult renal proximal tubule cells in primary tissue cul-
ture into epithelial cell aggregates containing lumens
bordered by cells with a differentiated polarized epithe-
lial cell phenotype.

METHODS AND MATERIALS

Rabbit renal proximal tubule cells were grown in primary culture
by previously reported techniques [11]. The cells were grown in 35-
mm Corning culture dishes with serum-free, hormonally defined Dul-
becco’s modified Eagle’s: Ham’s F-12 media (1:1, v/v) containing L-
glutamine, penicillin, streptomycin, 50 nM hydrocortisone, 5 ug/ml of
insulin, and 5 ug/ml of transferrin. The cultures were maintained in a
humidified 5% C0,/95% air incubator at 37°C. Once confluent,
various agents as described below were added in 20-ul aliquots at
various times to promote changes in morphologic phenotype or pat-
tern formation.

Specimens for ultrastructural analysis were fixed with 2% glutaral-
dehyde in Sorenson’s buffer (pH 7.2, 310 mOsm). Postfixation oc-
curred in 1% 0sO, followed by dehydration in ethanol. Specimens
were transferred through propylene oxide into monomer mixture
(poly/Bed 812A, Araldite, DDSA, and DMP-30) and polymerized at
60°C. Thin sections were stained with urany) acetate and lead citrate
and examined in a Zeiss 9-S2 transmission electron microscope.

For immunofluorescence studies, renal tubule cells were grown to
confluence and treated with various agents for time periods defined
below. Cells grown on plastic culture dishes were fixed with 0.25%
glutaraldehyde in PBS for 1 h at room temperature or overnight in a
refrigerator. After fixation, culture dishes were washed with PBS
containing 1% bovine serum albumin (BSA) and 0.05% Tween 20 to
block and reduce nonspecific binding. The mouse monoclonal anti-
body in hybridoma culture medium was applied to the culture dishes
for 3 h without dilution. The cells were then washed in PBS contain-
ing 1% BSA and 0.05% Tween 20. The fluorescein-conjugated second-
ary antibody (goat anti-mouse) was diluted 1:80 in PBS containing
1% BSA and 0.05% Tween 20 and added to the preparation followed
by incubation for 60 min at room temperature in the dark and in a
hydrated container. The cells were washed in PBS containing 1%
BSA and 0.05% Tween 20, then covered with mounting media and a
glass coverslip. Monoclonal antibodies were generous gifts from Eva
Engvall (LaJolla Cancer Research Foundation, LaJolla, CA). The an-
tibodies were produced from cloned hybridomas in cell culture [7].
The mouse monoclonal antibody (4C7) recognizes the A chain and
antibody 4E10 recognizes the B1 chain of human laminin. Both anti-
bodies have cross-reactivity to rabbit laminin [23].

All reagents used were of the highest grade commercially available.
All organic reagents were obtained from Sigma Chemical Co. (St.
Louis, MO) unless otherwise indicated. EGF (recombinant human)
was obtained from Amgen Biologicals (Thousand Oaks, CA), and
TGF-B, (porcine platelets) from R & D Systems (Minneapolis, MN).
Laminin (Sigma) was purified from mouse EHS sarcoma cell line.
TGF-8, was dissolved in 4 mM HCI and 1 mg/ml bovine serum albu-
min, EGF in aqueous buffer, RA in 95% ethanol, and laminin in
aqueous buffer.

RESULTS

Simultaneous treatment of density-arrested, con-
fluent monolayers of adult rabbit renal proximal tubule
cells with TGF-3,, EGF, and RA resulted in a dramatic
phenotypic transformation characterized by condensed
aggregates of cells in cord-like structures (Fig. 1). Evalu-
ation of these cellular aggregates by light and transmis-
sion electron microscopy revealed the presence of lu-
men formation within the interior of the cell aggregates
(Fig. 2). The lumens were bordered by tubule cells pos-
sessing polarized epithelial phenotype with extensive

FIG. 2. Light and transmission electron microscopy of renal proximal tubule cells in tissue culture treated with various agents. Simulta-
neous exposure of a confluent, density-arrested monolayer of renal tubule cells with TGF-3,, EGF, and RA for 120 h promoted a transforma-
tion, as seen by light microscopy (Magnification X35), of the monolayer into adherent cell aggregates containing an area with a well-defined
lumen sectioned longitudinally (A, black rectangle). Utilizing transmission electron microscopy, a higher power view of this area enclosed by
the black rectangle in A clearly demonstrated that this lumen was bordered by tubule cells possessing polarized epithelial cell phenotype with
well-developed apical microvilli (C, magnification X800). Further magnification (X2500) with electron microscopy of the area in C defined by
the black rectangle demonstrated tight junctional complexes (arrowheads) between the cells bordering the lumen near the apical surface (E).
Treatment of a cell monolayer with TGF-8, for 72 h followed by exposure to EGF and soluble purified laminin for 48 h resulted in a similar
transformation as depicted in B, D, and F. Light microscopy of a cell aggregate containing two lumens: a cross-sectional view (arrow) and a
longitudinal view (arrowhead) (B, magnification X35). Transmission electron microscopy of the area in B enclosed by the black rectangle
demonstrated that the lumen was bordered by tubule cells with a polarized epithelial phenotype (D, magnification X700). Further magnifica-
tion with electron microscopy (F, magnification X2500) of the rectangular area in D again demonstrated extensive microvilli and tight
junctional complexes (arrowheads) along the apical surface of the cells.
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microvilli formation and tight junctional complexes
along the luminal border (Figs. 2C and 2E). The lumens
and bordering polarized epithelial cells were surrounded
by nonpolarized, adherent cells that did not possess
tight junctional complexes.

All three factors were required for tubulogenesis in
this system. As recently reported [11], addition of TGF-
(3, to a density-arrested, confluent monolayer of renal
proximal tubule cells resulted in a dramatic phenotypic
transformation of the monolayer with migration and
adhesion of the cells to form solid aggregates of adher-
ent cells (Fig. 1C). Cells lining the surface of the cell
aggregates possessed occasional broad-based microvilli
and tight junctional complexes between cells exposed to
the culture medium. Simultaneous treatment of a con-
fluent monolayer with TGF-3, and EGF produced a sim-
ilar morphologic transformation into cell aggregates
which were, in general, larger than those seen with
TGF-8, alone due to the greater number of adherent
cells within the condensed aggregate (Fig. 1D). No lu-
men formation or epithelial-polarized phenotype was
found. The simultaneous exposure of the epithelial
monolayer to TGF-8, and RA, however, promoted in-
tracytoplasmic vacuolization (Fig. 1E) and multiple pri-
mordial lumens in areas of cell-cell boundaries (Fig. 3).
Well-developed microvilli and tight junctional com-
plexes developed along the border of these vestigial lu-
mens; however, without the presence of a growth pro-
moter, i.e., EGF, these areas never developed into larger
lumens with greater surface areas from an expanding
number of bordering tubule cells with polarized epithe-
lial phenotype, as observed with TGF-3,, RA, and EGF
{(compare to Fig. 2). Treatment of the monolayer with
RA alone or RA and EGF had no dramatic effect that
changed the appearance of the monolayer; multicell ag-
gregation did not develop in the absence of TGF-£,.

The results suggest that these various factors are
playing critical roles in tubulogenesis by promoting
renal tubular cell adhesion and aggregation with TGF-
B,, stimulating renal cell proliferation with EGF, and
inducing tubule cell polarization with RA. Recent evi-
dence suggests that the induction of renal tubule cell
polarity in embryonic kidney tubule morphogenesis is
dependent upon the local production of laminin [3, 14].
Further experiments were carried out to determine
whether RA promotes laminin deposition in renal prox-
imal tubule cells in primary culture. Using monoclonal
antibodies with cross-reactivity to both rabbit laminin A
and B1 chains and indirect immunofluorescent tech-
niques, treatment of density-arrested, confluent mono-
layers of renal tubule cells with RA resulted in deposi-
tion of both laminin A and B1 chains in a subset of cells

in the monolayer (Figs. 4C and 4E). Of note, less than
10% of the cells in the monolayer appeared to deposit
laminin after RA exposure. Simultaneous exposure of
renal tubule cells to TGF-3,, EGF, and RA also resulted
in laminin deposition in a subset of cells (Figs. 4D
and 4F).

To test whether laminin was the critical molecule
whose deposition was promoted in renal tubule cells by
RA for the development of epithelial cell polarity, the
effect of laminin on tubule formation in tissue culture
was assessed. Renal tubule cells, which had been previ-
ously exposed to TGF-3, for 72-96 h to form adherent
cell aggregates, were then treated with EGF and puri-
fied soluble laminin, which resulted in formation of lu-
mens bordered by cells possessing the polarized epithe-
lial cell phenotype, similar to that observed with T'GF-
B:, EGF, and RA (Fig. 2). Once again, all three factors
were necessary for tubulogenesis. Laminin alone had no
obvious effect to alter the phenotypic appearance of the
monolayer. Laminin plus T'GF-g, resulted in occasional
intracytoplasmic vacuolization but did not result in lu-
men formation {Fig. 1F).

DISCUSSION

The function of a tissue is critically dependent upon
the spatial arrangement of its constituent cells, as
clearly demonstrated in epithelia. Epithelial morpho-
genesis appears to be dependent upon both soluble and
insoluble factors [8, 13, 17], including growth factors
and extracellular matrix (ECM) molecules. Of these
factors, ECM components appear to be most critical in
morphogenesis, since these molecules dictate whether
individual cells proliferate or differentiate in response
to growth factors. In this regard, an important role for
laminin has been suggested for tubulogenesis in the em-
bryonal development of the kidney or metanephros. Co-
incident with the onset of tubule cell polarity during
differentiated nephrogenesis is the appearance of the A
chain of laminin in the basal regions of the metanephric
cell aggregates [17]. A functional role for laminin is sug-
gested by the observation that blocking antibodies to
the cell binding site of laminin inhibit cell polarization
and lumen formation without affecting earlier develop-
mental events of cell proliferation, adhesion, aggrega-
tion, and condensation [14]. Further support of a role
for growth factors along with extracellular matrix in
kidney tubulogenesis is the recent demonstration that
EGF or transforming growth factor-« in the presence of
Matrigel, a reconstituted basement membrane gel, pro-
moted branching tubulogenesis of collecting duct-like
cells in tissue culture [29].

FIG. 3. Transmission electron micrograph of a cell aggregate resulting from the treatment of a renal tubule cell monolayer in tissue
culture with TGF-8, and RA for 72 h (Magnification X13,000). This field depicts a primordial lumen surrounded by tubule cells with develop-
ing microvilli and tight junctional complexes along the bordering cell surface. These vestigial lumens were formed in numerous locations in the

cell aggregaters represented at lower power in Fig. 1E.
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FIG. 4. Indirect immunofluorescent microscopy (magnification X100) of rabbit renal proximal tubule cells in primary culture under
various treatment conditions utilizing monoclonal antibodies reactive to rabbit laminin A and B1 chains. (A) Non-RA-treated control mono-
layer; primary antibody reactive to laminin A chain. (C) RA-treated monolayer for 96 h; primary antibody reactive to laminin A chain. (E)
RA-treated monolayer for 96 h; primary antibody reactive to laminin B1 chain. (B) Cellular aggregate resulting from treatment with TGF-4,,
EGF, and RA for 96 h; no primary antibody. (D) Cellular aggregate treated similarly to B; primary antibody reactive to laminin A chain. (F)
Cellular aggregate treated similarly to B, primary antibody reactive to laminin B1 chain. No positive staining of cells was observed in untreated
cells or without primary antibody.

The present results clearly demonstrate that three tiated epithelial cell phenotype. TGF-8, and RA pro-
factors, TGF-8,, EGF, and RA, were required to pro- moted primitive luminal spaces between cells; but with-
mote lumen formation and the morphologic differen- out a growth promoter, a fully developed enlarging
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lumen was not found. The need for EGF as a promoter
of epithelial cell replication suggests that only a subset
of cells in primary culture has the potential to differen-
tiate into lumen forming cells with polarized epithelial
phenotype. In fact, the morphology of the lumen con-
taining cell clusters (see Figs. 2A and 2B) demonstrates
that under these growth conditions the majority of cells
develop into nonpolarized mesenchymal support cells
and only a minority of cells develop into the differen-
tiated epithelial cell phenotype. In this regard, current
experiments are testing the previously suggested thesis
[3] that the cells which respond to RA with laminin de-
position are indeed the renal tubule stem cells capable
of replication and terminal phenotypic differentiation.

A critical role for laminin in tubulogenesis was also
directly confirmed by these studies. The observation
that the combination of TGF-3,, EGF, and RA, induces
tubulogenesis in tissue culture coupled with the facts
that RA promoted laminin A and B1 chain deposition in
renal tubule cells in primary culture and that purified
laminin fully substituted for RA in conjunction with
TGF-8, and EGF to promote kidney tubulogenesis
strongly suggest that RA induction of renal tubule cell
laminin deposition is the critical step in the later stages
of epithelial cell polarization in kidney tubulogenesis.
These results clearly demonstrate the manner in which
RA, as a morphogen, can promote pattern formation
and differentiation by regulating the deposition of an
extracellular matrix molecule.

Because only a small percentage of cells in primary
culture has been demonstrated to respond to RA with
laminin deposition, the current experiments have not
explored the mechanism by which RA promotes the de-
position of this extracellular molecule. With the recent
establishment of a technique to growth select for renal
proximal tubule stem cells, with the capacity to form
lumens [12], current experiments are investigating the
possibility that RA induces laminin gene expression
with resulting increases in laminin protein synthesis as
the mechanism of the observed effect of RA to enhance
laminin deposition in a subset of renal tubule cells in
primary culture.
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