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ABSTRACT Interactions between the ureteric bud (UB)
and metanephric mesenchyme are crucial for tubulogenesis
during kidney development. Two immortalized cell lines de-
rived from the day 11.5 embryonic kidney, UB cells, which
appear to be epithelial (cytokeratin-positive, E-cadherin-
positive, and ZO-1-positive by immunostaining) and BSN
cells, which are largely mesenchymal (vimentin-positive, but
negative for cytokeratin, cell surface E-cadherin, and cell
surface Z0O-1), were used to establish an in vitro tubulogenesis
system. BSN cells expressed hepatocyte growth factor (HGF)
and transforming growth factor-B1 mRNAs, and its condi-
tioned medium (BSN-CM) contained factors capable of acti-
vating the epidermal growth factor (EGF) receptor (EGFR).
When UB cells were cultured in an extracellular matrix gel in
the presence of the embryonic kidney or BSN-CM, the UB cells
underwent morphogenetic changes characteristic of early in
vitro branching tubulogenesis. These changes were largely
inhibited by a combination of neutralizing anti-HGF antibod-
ies and the EGFR inhibitor tyrphostin AG1478, suggesting
that EGFR ligands, together with HGF, account for much of
this early morphogenetic activity. Nevertheless, there was a
significant fraction of tubulogenic activity that could not be
inhibited, suggesting the existence of other soluble factors.
Whereas HGF, EGF, transforming growth factor «, basic
fibroblast growth factor (bFGF), and insulin-like growth
factor 1 (IGF-1), or a mixture of these growth factors, induced
epithelial processes for up to 3 days, only IGF-1, possibly
bFGF, and the mixture were able to sustain morphogenesis for
longer periods, though not nearly to the same degree as
BSN-CM. Moreover, only BSN-CM induced branching tubu-
lar structures with clear lumens, consistent with the existence
of other soluble factors crucial for the formation and/or
maintenance of branching tubular structures with lumens in
vitro.

In the murine embryo, metanephrogenesis is initiated when
the ureteric bud (UB) interacts with undifferentiated meta-
nephric mesenchyme around 11.5 days after conception. The
UB undergoes successive dichotomous branching steps as it
invades the metanephric mesenchyme, developing into the
kidney collecting system and ureteric tree. The cells of the
metanephric mesenchyme, which have been induced by the
UB, epithelialize and ultimately develop into the more prox-
imal nephron from the glomerular capsule to the distal tubule
(1, 2). Thus, UB interactions with the metanephric mesen-
chyme are essential for normal kidney development. Genetic
approaches have recently implicated several potentially diffus-
ible molecules in kidney development, including wnt-4 (3) and

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/946279-6$2.00/0

6279

bone morphogenetic protein 7 (4, 5). Furthermore, organ
culture studies suggest that a number of growth factors,
including hepatocyte growth factor (HGF) (6), epidermal
growth factor (EGF) receptor (EGFR) ligands (7), insulin-like
growth factor 1 (IGF-1) (8, 9), and others, play at least a
facilitory role in kidney development. Nevertheless, the spa-
tiotemporal complexity of cell interactions in the developing
kidney makes detailed analysis of cellular processes at the level
of the whole embryo or in organ culture difficult.

In vitro cell culture systems, while possessing their own
particular limitations, can be used to complement genetic or
organ culture approaches. To the extent that this kind of
approach reflects events occurring in vivo during development,
it can be used to gain mechanistic insights into complex
morphogenetic processes. One of the best-studied models
employs kidney epithelial cell lines, such as Madin-Darby
canine kidney (MDCK) and murine inner medullary collecting
duct (mIMCD3), seeded in three-dimensional type I collagen
gels to analyze mechanisms of epithelial tubulogenesis and
branching morphogenesis (10-17). In the mIMCD3 cell-
collagen gel system, HGF and EGFR ligands induce branching
tubulogenesis (10, 11), whereas transforming growth factor
(TGF)-B selectively inhibits branching events (14). Since these
cells are derived from the collecting duct (and thus ultimately
the UB), the results from this system have been used to
propose a model whereby gradients of growth factors which
might exist within the mesenchyme or elsewhere in the devel-
oping kidney lead to vectorial branching tubulogenesis such as
occurs during collecting system development (17-19). The fact
that multiple growth factors are capable of inducing branching
tubulogenesis has also been used to argue for “relative redun-
dancy” and explain why knockouts of individual growth factors
often fail to exhibit obvious abnormalities in kidney develop-
ment (20-24). However, the mIMCD3 and MDCK cells are
derived from differentiated kidney epithelial cells, and the
extent to which results from these models are applicable to the
embryonic kidney has not been established. A more authentic
in vitro model would be to use epithelial cells directly from the
embryonic kidney. We have therefore developed an in vitro
tubulogenesis system using immortalized UB cells and condi-
tioned medium from cells which appear to be derived from the
embryonic kidney mesenchyme. The results obtained with this
model system suggest that, in addition to HGF and EGFR
ligands, which are important for branching tubulogenesis in
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mIMCD3 cells, other known and yet-to-be-identified soluble
factors play an important role in tubulogenesis in vitro.

MATERIALS AND METHODS

Cell Lines and Three-Dimensional Extracellular Matrix
(ECM) Gel Culture. The UB cell line was obtained from
microdissected UB of a day-11.5 mouse embryo transgenic for
simian virus 40 (SV40) large T antigen (Immortomouse,
Charles River) as described previously (25). The UB cells were
maintained in MEM, supplemented with 10% fetal calf serum
(FCS) at 32°C in a 5% CO; incubator. The BSN cell line was
obtained from a day-11.5 murine embryonic kidney transgenic
for the early region of SV40 [TgN(SV)7Bri, kindly supplied by
R. L. Brinster, Univ. of Pennsylvania] (26)]. After embryonic
kidneys were microdissected, the UB was carefully removed.
The remaining metanephric mesenchyme was placed in DME/
F12 medium, with 10% FCS at 37°C in a 5% CO, incubator.
The cells outgrown from the metanephric mesenchyme were
transferred to plastic culture dishes and subselected. These
BSN cells were maintained in DME/F12 with 10% FCS at
37°C in a 5% CO; incubator. Passages 4-14, during which the
cells appeared to have a relatively stable character by marker
analysis, were used for experiments. Experiments with later
passage cells had greater variability. To obtain BSN cell
conditioned medium (BSN-CM), a confluent BSN cell mono-
layer was washed twice with serum-free DME/F12 medium,
followed by application of serum-free DME/F12 and incuba-
tion in a CO; incubator for 2-4 days. The collected BSN-CM
was centrifuged at low speed to remove cell debris. The culture
conditions for mIMCD3 cells have been previously described
(10, 27).

Three-dimensional culture of UB cells was performed as
previously described (10, 11, 14). In some experiments UB cells
were suspended in the mixture of growth factor-depleted
Matrigel and type I collagen. For the embryonic kidney
coculture experiment, day-13 embryonic kidneys were placed
on top of ECM gels in serum-free DME/F12 medium. The
morphology of the suspended UB cells was analyzed by a
phase-contrast microscope with Hoffman modulator. The
three-dimensional cultures were maintained in a 32° or 37°C
CO; incubator with daily medium change for 5 days and every
other day thereafter. At least morphologically, the incubation
temperature did not seem to affect UB cell morphogenesis.
Twenty randomly selected cells or colonies were evaluated for
process formation (an early stage of tubulogenesis) or multi-
cellular cord/tubule formation under the phase contrast mi-
croscope. The percentage of cells/colonies with processes was
used as a semiquantitative indicator of tubulogenesity under
each condition.

Cytochemistry for Cell Characterization. Confluent mono-
layers of UB and BSN cells grown on glass coverslips were
prepared for immunofluorescence analysis after methanol
fixation as previously described (28). Antibodies and their
dilutions were as follows; mouse anti-pan cytokeratin (1:1,000,
Sigma) mouse anti-vimentin (1:200, Sigma), rat anti-ZO-1
(1:1, generous gift from D. A. Goodenough, Harvard), and rat
anti-E-cadherin (1:200, Sigma). In the case of staining with
Dolichos biflorus lectin, confluent monolayers of cells grown
on glass coverslips were fixed with 4% paraformaldehyde/PBS
at room temperature for 15 min. After a vigorous wash with
PBS (with Ca?* and Mg?") coverslips were incubated with
Texas red-conjugated Dolichos biflorus lectin (50 pg/ml in
Ca?*- and Mg?*-containing PBS; Sigma) at room temperature
for 1 hr, followed by washing with PBS with Ca?* and Mg?*.
To determine the specificity of the lectin staining, the lectin
was preincubated with N-acetylgalactosamine (1 mg/mlin PBS
with Ca?* and Mg?*"). Coincubation with the lectin binding-
sugar abolished cell surface staining. The coverslips were
mounted and examined with a fluorescence microscope.
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Growth Factors, Inhibitors, and Antibodies in Three-
Dimensional Cell Culture. Sources and working concentra-
tions of growth factors were as follows: HGF (R & D Systems)
40 ng/ml, EGF (Collaborative Research) 40 ng/ml, TGF-«
(Collaborative Research) 40 ng/ml, basic fibroblast growth
factor (bFGF; Upstate Biotechnology) 50 ng/ml, IGF-1 (Up-
state Biotechnology) 50 ng/ml, glial cell line-derived neuro-
trophic factor (GDNF; R & D Systems) 100 ng/ml, TGF-B1 (R
& D Systems) 1 ng/ml, and platelet-derived growth factor
(PDGF; Upstate Biotechnology) 20 ng/ml. Growth factors
were dissolved in the DME/F12 containing 0.1% BSA or 1%
FCS and applied on top of the ECM gels.

The specific inhibitor for EGFR tyrosine kinase, tyrphostin
AG 1478 (Calbiochem), was dissolved in dimethyl sulfoxide
and applied to ECM gels at 0.3 uM. Neutralizing anti-HGF
antibodies (generous gift from T. Nakamura, Osaka Univer-
sity, Japan) have been extensively characterized previously (6,
10). The antibodies react cleanly with HGF on Western blots,
detect subnanomolar concentrations of HGF by ELISA, and
inhibit HGF-induced mitogenesis (10) and tubulogenesis (6).
The antibodies were applied at 10 pg/ml.

Western Blot Analysis. Subconfluent mIMCD3 cells were
stimulated with BSN-CM or EGF (20 ng/ml) for 5 min in the
presence or absence of tyrphostin AG 1478 (0.3 uM). Tyr-
phostin AG 1478 was added 10 min before applying growth
factors. Subsequently cells were lysed and subjected to SDS/
PAGE as described previously (14, 28, 29). The membrane was
probed with anti-phosphotyrosine antibodies (4G10, Upstate
Biotechnology), followed by immunodetection.

Cytokeratin

Vimentin

E-cadherin

Z0-1

D.Biflorus

Fic. 1. Immunocytochemical characterization of UB and BSN
cells. Confluent monolayers of UB and BSN cells were stained for
cytokeratin, vimentin, E-cadherin, ZO-1, and binding of Dolichos
biflorus lectin. (X450.)
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TGF-p1
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F1G. 2. Northern blots of total RNA extracted from UB and BSN
cell monolayers were probed for HGF, c-met, and TGF-B1. Ethidium
bromide staining of 28S rRNA was used to estimate RNA loaded in
each lane.

Northern Blot Analysis. Total RNA was extracted from
confluent monolayers of UB and BSN cells by the acid/
guanidine/phenol/chloroform method (30), followed by 1%
agarose/formaldehyde gel electrophoresis. After transfer to a
nylon membrane, the blot was hybridized with a 3?P-labeled
cDNA probe. Probes were as follows: HGF (generous gift from
M. Park, McGill University), c-met (generous gift from M.
Park), and TGF-B1 (generous gift from K. Totsune, Brigham
and Women’s Hospital).

RESULTS

Characterization of UB and BSN Cell Lines. The BSN cell
line was established as described above. To determine whether
it was of epithelial or mesenchymal character, both it and the
UB cell line were analyzed for the expression of E-cadherin,
Z0-1, cytokeratin, and vimentin as well as lectin binding. As
shown in Fig. 1, UB cells were cytokeratin-positive, E-
cadherin-positive, ZO-1-positive, and partially (5-30%, de-
pending on passage) vimentin-positive, consistent with an
epithelial character as previously described (25). In contrast,
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BSN cells (passage 4-14) were negative for cytokeratin,
though strongly positive for vimentin, consistent with a mes-
enchymal character. No cell surface staining for E-cadherin or
Z0-1 was observed, though some faint cytoplasmic staining of
Z0-1, which has been reported for a number of mesenchymal
cell lines (31), was observed. The UB cells were also positive
for cell surface staining by Dolichos biflorus lectin, known to
bind a cell surface glycoprotein expressed in developing ureter
but not mesenchyme, whereas BSN cells were negative for
lectin staining (Fig. 1). The stain appeared to be specific, since
preincubation with N-acetylgalactosamine eliminated the sig-
nal. We also examined HGF/c-met expression in these cells by
Northern blotting. The UB cells were HGF-negative, c-met-
positive, whereas the BSN cells were both HGF- and c-met-
positive (Fig. 2). The BSN cells also expressed TGF-S1 mRNA.
Together, these results confirm the origin and epithelial
character of the UB cells derived from day-11.5 UB and the
largely nonepithelial character of the BSN cells derived from
embryonic kidney mesenchyme of approximately the same
gestational day. In addition to expressing an intermediate
filament and junctional molecule profile consistent with mes-
enchymal origin, the BSN cells also express mRNAs for growth
factors believed to be made in the embryonic kidney mesen-
chyme (32, 33).

BSN-CM Induced UB Cell Tubulogenesis Comparable to
That Induced by the Embryonic Kidney. MDCK and mIMCD?3
cells are known to undergo impressive branching morphogen-
esis when cocultured in ECM gels with the embryonic kidney
(in the absence of apparent cell-cell contact between the
embryonic kidney and the MDCK or mIMCD3 cells) due to
the elaboration of soluble growth factors, including HGF and
EGFR ligands (6, 10). When day-13 embryonic kidneys were
placed on top of ECM gels containing UB cells, the embryonic
kidneys were able to induce UB cell processes and multicel-
lular cords, early steps in tubulogenesis in vitro. Thus, the
embryonic kidney elaborates soluble factors capable of induc-
ing UB cell morphogenesis; presumably these factors are in
large part made in the mesenchyme. To determine if the BSN
cells, which appear to be of mesenchymal origin, elaborated
similar factors, BSN-CM was added to UB cells in three-
dimensional ECM gel culture. A morphogenetic response
comparable to that induced by the embryonic kidney was
observed. The best response was obtained when the ECM gel
consisted of 80% type I collagen mixed with 20% growth
factor-reduced Matrigel (Fig. 34 and B). However, pure
growth factor-reduced Matrigel suppressed tubule formation;
instead, the matrix material promoted cyst formation even in
the presence of BSN-CM (Fig. 3C). Similar modulation of
tubulogenesis by ECM has been reported on MDCK cells in
the presence of HGF (16). To determine whether the growth

FiG. 3. UB cells exhibit multicellular cords, tubules with lumens, and multicellular cysts in ECM gels in BSN-CM, depending on matrix
composition. UB cells were suspended in 80% collagen type 1/20% growth factor reduced Matrigel in the presence of BSN-CM containing 1%
FCS. (4) After 7 days of culture, the cells grew to form multicellular cord-like structures. (B) After 15 days of culture, clear lumens could be seen
in UB tubules. (C) When UB cells were suspended in 100% growth factor reduced Matrigel, even in the presence of BSN-CM and 1% FCS, they

remained multicellular cysts even after 15 days of culture. (Bar = 50 um.)
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Fic. 4. BSN-CM shows tubulogenic activity comparable to that
elaborated by the embryonic kidney upon UB cells grown in three-
dimensional ECM gels. The percentages of UB cells/colonies exhib-
iting processes (an early step in tubulogenesis) were used for semi-
quantitative measures of tubulogenic activity under each condition.
The percentages were standardized to untreated control (= 100%)
and presented as means * SE. The results were representative of four
separate experiments. (4) Day-13 embryonic kidneys were placed on
top of the three-dimensional collagen gel culture system. UB cell
tubulogenesis was evaluated at 24 hr and 5 days of culture. At 24 hr,
a large portion of tubulogenic activity was inhibited by a combination
of neutralizing anti-HGF antibodies (10 wg/ml) and the EGFR
inhibitor tyrphostin AG 1478 (0.3 uM). However, at 5 days about 50%
of tubulogenic activity could not be inhibited. (B) BSN-CM with 1%
FCS was applied on top of UB cells in three-dimensional collagen gel
culture. As was the case for embryonic kidney coculture, there were
differences between 24 hr and 5 days in terms of tubulogenic inhibition
profile by anti-HGF antibodies and tyrphostin AG 1478. (C) BSN-CM
phosphorylated tyrosine residues of EGFR. A subconfluent mIMCD3
cell monolayer was stimulated with EGF (20 ng/ml) or BSN-CM in the
presence or absence of tyrphostin AG 1478 (0.3 uM). The whole cell
lysates were subjected to Western blotting with anti-phosphotyrosine
antibodies. In the second (EGF) and fourth (BSN-CM) lanes, ~190-
kDa protein was phosphorylated. The phosphorylation was completely
inhibited by tyrphostin AG 1478 (third and fifth lanes).

factors promoting UB cell morphogenesis that had been
secreted by the embryonic kidney and/or BSN cells were the
same as those which induce mIMCD3 cell tubulogenesis, we
attempted to neutralize the activity of HGF and EGFR ligands
separately and together with a well-characterized anti-HGF
antibody that is known to inhibit the mitogenic and tubulo-

Proc. Natl. Acad. Sci. USA 94 (1997)

genic activity of HGF (6, 10) and a specific EGFR tyrosine
kinase inhibitor, tyrphostin AG 1478, thus far not reported to
inhibit the activity of any other tyrosine kinase (34, 35).
Western blots with anti-phosphotyrosine antibodies confirmed
the ability of tyrphostin AG 1478 to virtually completely inhibit
EGFR autophosphorylation (Fig. 4C). At 24 hr, incubation
with the neutralizing anti-HGF antibodies had an inhibitory
effect on the ability of the embryonic kidney or the BSN-CM
to induce process formation, the earliest step in in vitro
tubulogenesis. Tyrphostin AG 1478 had a similar inhibitory
effect. Both agents together were able to inhibit all but a small
fraction of the soluble morphogenetic activity elaborated by
the embryonic kidney and BSN cells, suggesting that HGF and
EGFR ligands together account for the largest proportion of
activity involved in early process formation in this system (Fig.
4 A and B left panels). To examine the effect of prolonged
inhibition of HGF and EGFR, coculture was continued for up
to 5 days. Anti-HGF antibodies were replaced every day.
Although we administered tyrphostin AG 1478 only at the
beginning of culture, its continuous presence prevented TGF-
a-induced morphogenesis, suggesting long-term EGFR inac-
tivation (data not shown). Continuous incubation with these
inhibitory agents over 5 days, a period during which processes
become more complex and develop into multicellular cords,
was somewhat less effective in inhibiting the morphogenetic
activity (Fig. 4 A4 and B right panels). While this suggests that
the same set of factors (HGF and EGFR ligands) continues to
play an important role in morphogenesis for up to 5 days, it also
suggests that a significant fraction of the activity (=50%)
might not be accounted for by HGF and EGFR ligands.

A Number of Growth Factors Are Capable of Inducing in
Vitro UB Cell Tubulogenesis. To more directly examine the
role of HGF and EGFR ligands in UB cell tubulogenesis, and
also to determine if other factors could be found that might
account for the fraction of morphogenetic activity that could
not be inhibited by the anti-HGF antibody and tyrphostin AG
1478, purified growth factors were added to the UB cells grown
in type I collagen gels and compared with the effect of
BSN-CM. [Collagen gels were employed because even growth
factor-depleted Matrigel contains some remaining growth
factor activity (16) that could complicate the interpretation.|
During the initial 24—-48 hr, several growth factors, including
HGF, EGF, TGF-a, bFGF, and IGF-1, induced process for-
mation of UB cells in three-dimensional culture (Fig. 5 Left;
Table 1). GDNF, PDGF, and TGF-B1 did not induce initial
process formation (Fig. 5, Left; Table 1). BSN-CM induced UB
cell processes which became more complex over several days,
eventually forming multicellular cords (Fig. 34; Table 1).
However, while HGF, EGF, TGF-«, bFGF, and IGF-1 con-
tinued to induce complex processes for 2-3 days, after this time
only high concentrations of IGF-1 and bFGF were able to
sustain multicellular cords, though not nearly to the same
degree as BSN-CM (Fig. 5 Right; Table 1). Moreover, a mixture
of HGF, EGF, bFGF, IGF-1, and GDNF, which initially
appeared as potent as BSN-CM, did not sustain complex
multicellular structures (either cysts or cords) after 5—-6 days of
culture (Fig. 5; Table 1), and the “quality” and complexity of
the structures induced by BSN-CM was clearly superior. In
fact, only BSN-CM consistently induced branching tubular
structures with clearly distinguishable lumens (Table 1).

DISCUSSION

We have established a system in which soluble factors from an
apparently mesenchymal cell line (BSN) derived from the early
embryonic kidney are able to induce branching tubulogenesis
in a UB cell line in a three-dimensional ECM gel system. Only
minimal amounts of serum were used. Thus, this represents
perhaps the simplest system for the study of mesenchymal—
epithelial interactions relevant to early kidney development.
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Fi1G. 5. BSN-CM maintains UB cell morphogenesis better than any other purified growth factor or their combination. Purified growth factors,
a combination of growth factors (GF-mix: HGF, EGF, bFGF, IGF-1, and GDNF), or BSN-CM was applied on top of UB cells suspended in collagen
gels. Tubulogenic activity was semiquantified by evaluating percentage of UB cells/colonies with processes/cords/tubules. At 24 hr of serum-free
culture, HGF, EGF, TGF-a, bFGF, and IGF-1 were as capable of inducing UB cell processes as were GF-mix or BSN-CM medium. TGF-81, PDGF,
and GDNF were not effective. At 5 days of culture (with 1% serum), only high concentrations of bFGF and IGF-1 could sustain the growth of
UB cell processes into cord-like structures. BSN-CM was much more potent than any other growth factors listed or their combination. Statistical
significance was determined and is presented in Table 1, where a qualitative analysis of structures is also presented.

Systems for branching tubulogenesis that have been employed
previously utilize cell lines such as MDCK or mIMCD3 derived
from the mature kidney (10-16, 36). In these cell lines, the
major factors capable of inducing early cellular process for-
mation leading to branching tubulogenesis appear to be HGF
and EGFR ligands (e.g., EGF, TGF-q, heparin-binding EGF,
amphiregulin, betacellulin) (10, 11). In contrast, the UB cells,
apart from responding to HGF and EGFR ligands, also form

Table 1. Qualitative effect of growth factors on UB
cell tubulogenesis

Process Cord-like Tubules

Growth formation structure with lumen

factor (24-48 hr) (5-6 days) (>10 days)
HGF + + -
EGF + — -
TGF-a + — —
bFGF + + -
IGF-1 + + -
PDGF — ND ND
GDNF - - -
TGF-B1 — ND ND
BSN-CM + + +
GF-mix + + -

Growth factors were applied on top of UB cell collagen gel
suspension culture. Percentage of cells/colonies exhibiting tubules/
processes was evaluated for each condition and compared to control
condition (BSA or 1% FCS). If the specific growth factor treatment
significantly increased tubulogenesis (i.e., P < 0.05 vs. control by
unpaired Student’s ¢ test), the growth factor was marked +. If not, the
growth factor was marked —. * indicates variable result among
experiments. ND, not done. Process and formation data were derived
from five separate experiments, cord-like structure data were derived
from three separate experiments. Tubules with lumen data were
derived from two separate experiments. Only BSN-CM induced
tubules with lumens. GF-mix contains HGF, EGF, bFGF, IGF-1, and
GDNF.

processes in response to high concentrations of IGF-1 and
bFGF (Fig. 5, Table 1). These growth factors can also induce
the formation of multicellular cords in UB cells. Although a
receptor for bFGF has been reported in the collecting duct
(37), the fact that only high concentrations of bFGF induced
UB cell tubulogenesis raises the possibility that this growth
factor is not acting on classical bFGF receptors per se, but
rather, on some other receptor that binds bFGF. However,
neither alone nor in combination were these growth factors
able to induce tubules with lumens. Only BSN-CM was capable
of doing this (Table 1), suggesting that it contains additional
growth factors capable of leading to the formation of branch-
ing tubules with lumens.

This raises an interesting question. Heretofore, the literature
on in vitro tubulogenesis has been vague as to whether the
phenomenon of tubule formation is simply the evolution of a
single kind of process or whether multiple distinct steps are
involved. Morphologically, there appear to be at least three
clearly distinguishable morphogenetic events: the formation of
cellular processes, the development into branching multicel-
lular cords, and the establishment of tubules with lumens. Our
data raise the possibility that these are distinct steps dependent
on different sets of soluble factors. However, this issue prob-
ably cannot be clearly resolved until molecular markers specific
for these steps are found, if indeed they are distinct, or
relatively so.

Although perhaps somewhat less robust compared with the
MDCK cell and mIMCD3 cell systems, the system we describe
here may be viewed as a more authentic in vitro system for the
study of branching tubulogenesis relevant to the developing
kidney. Nevertheless, all these systems have potential limita-
tions. The cell lines we have used express simian virus 40
antigen, and it is difficult to determine what effect this has on
the behavior of the cells in the morphogenetic system. Nev-
ertheless, the animals from which these cells were derived
undergo apparently normal nephrogenesis with normal
branching morphogenesis. It is also reassuring that coculturing
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the embryonic kidney with the UB cells and incubating the UB
cells with the conditioned medium from the BSN cells gave
similar results (Fig. 4). Thus, in both cases, EGFR ligands and
HGF accounted for the bulk of branching tubulogenic activity,
but there was a significant fraction (=40-50%) of tubulogenic
activity which could not be neutralized by the combination of
neutralizing anti-HGF antibody and the specific EGFR an-
tagonist. This was especially apparent in the long-term assays
and is consistent with our finding that none of the growth
factors we employed, individually or in combination, was
capable of sustaining long-term morphogenesis leading to the
formation of tubules with lumens. The nature of this additional
factor remains to be determined. It is possible that this factor
simply sustains tubular growth, thereby allowing other mor-
phogens to act upon the developing multicellular structure, or
that it functions as a true morphogen.

Although the UB cells express c-ret, at least by reverse
transcription—polymerase chain reaction (25), we were unable
to induce branching tubulogenesis with its ligand, GDNF (Fig.
5). This may be due to low levels of expression or the
expression of a receptor that is not functionally active, at least
in the context of the ECM gels we used. It is also conceivable
that mesenchymal-epithelial cell contact is required for acti-
vation of the GDNF/c-ret axis.

Finally, while the BSN cells appear to be mesenchymal and
exhibit clear-cut differences in marker profile from the UB
cells (Fig. 1), it remains to be determined to what extent, if any,
they themselves are capable of undergoing tubulogenesis
and/or differentiating along the pathway leading to proximal
tubule formation, as occurs in metanephric mesenchyme of the
embryonic kidney. The fact that the BSN cells express c-met
may suggest that, although largely mesenchymal in character,
they have the potential for epithelialization or that they are at
one of the earliest steps in this process. This constitutes an
important area for future research.
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