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From Minu3D cultural system to aldosterone-induced

tubulogenesis***¢

Hu Kang-hong

Abstract: The existing technical disadvantages of culture systems so far developed have limited the molecular biological study of
tubulogenesis. Recently, a newly developed Minu3D system creates controllable growth conditions and allows the generation of
tubules from renal stem/progenitor cells. It is for the first time indicated that aldosterone is able to induce the formation of tubules.
Aldosterone may trigger some of mineralocorticoid receptor-mediated signaling pathways for the initiation and the regulation of
the tubulogenesis. The implication of these studies toward unveiling tubulogenesis is discussed.

INTRODUCTION

In the growing mammalian embryonic kidney, ureteric
bud (UB) that extends out from a pre-existing
epithelial tube, gives rise to the branched collecting
duct system while the surrounding metanephric
mesenchyme undergoes mesenchymal-epithelial
transition to form the proximal parts of the nephron.
Tubulogenesis, a process by which disorganised
mesenchymal cells become a highly organised
epithelial tubule, can be summarily divided into four
developmental stages ["!. (DCondensation, in which
groups of undifferentiated mesenchymal cells
condense tightly together to form a distinct mass; @
Epithelisation, in which condensed cells lose their
mesenchymal characteristics and gain epithelial
ones. At the end of this period they have formed a
small epithelial cyst complete with a basement
membrane, cell-cell tight junctions and a defined
apico-basal polarity; ®Early morphogenesis, in
which the cyst invaginates twice to form a comma
and then an S-shaped body, one of these
invagination sites later becoming the glomerular cleft.
@Tubule maturation, in which the specialized
transporting segments of nephron differentiate. In
this stage, tubules grow and extend in a
straightforward, a convoluting or a branching manner
to form the three-dimensional structures.

Observing the events of tubulogenesis within the
growing kidney, one has to admit that despite intense
investigations in the past decades, little information
on the underlying mechanism is available. A major
obstacle is the absence of a suitable in vitro culture
model, upon which the absolutely controllable
conditions are created to ensure not only the
formation of tubules but also the maintenance of
highly differentiated structures over a relatively long
cultural period so that one can investigate the
progression of tubule development. The present
review focuses on two aspects: (Dexperimental
systems now already available to analyze the
tubulogenesis and their existing technical limitations.
An innovative culture technique is recently
established by us ?* and its advantages are briefly
introduced. @Applying this unique in vitro culture
model, it was for the first time indicated that the
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steroid hormone aldosterone exerts a significantly
inductive action on the tubular development of renal
stem/progenitor cells ¥ Basing upon the so far
achieved data, the author described the process of
the aldosterone-mediated action and discussed the
implication of these studies toward unveiling
tubologenesis.

DISADVANTAGES OF CULTURE
SYSTEMS SO FAR DEVELOPED TO
STUDY TUBULOGENESIS

To study tubulogenesis of metanephros, genetically
manipulated mice are proven to be a useful in vivo
model. However, how a particular phenotype
associates with action of a specific gene is a complex
event because of influence of environment. Some
routine in vitro biochemical approaches to access
molecular mechanisms become to be infeasible in
the whole animal.

Embryonic kidney organ culture has been one of the
often applied approaches for many years . A piece
of embryonic tissue directly dissected from animal
embryos is isolated and cultured by an in vitro
transfilter experiment. However, lifespan and
developmental capacity of the isolated tissue
utilizing this kind of culture technique look limited.
Liking as the situation seen in animal experiment,
complexity of tubulogenesis hampers the detailed
analysis of the happening process. In addition, the
delivery of reagents to a specific structure is difficult
in many cases. An alternative approach later
broadly used is the culture of renal cells at bottom of
a culture dish or on a filter. However, the spreading
of cells in serum-containing medium results in a flat
outgrowth "%,

An exciting technical improvement is the introduction
of 3D culture 1. Embedding of certain
kidney-derived cells in extracellular matrix (ECM)
allows the generation of tubules. The used cells
include isolated renal cells ' and various kinds of
cell lines such as Madin-Darby canine kidney
(MDCK), murine inner medullary collecting duct 3
(miMCD3) and UB cells ['*'*. However, all these in
vitro systems have several obvious disadvantages
for studying tubulogenesis: e.g., the application of
serum-containing media, which contain plenty of
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unidentified compounds that may interfere with the performed
studies, the limited amount of materials available for
biochemical analysis and the low degree of nephron-specific
differentiation.

MINU3D: A PROMISING TOOL

Our aim is to construct a more effective in vitro cultural model
aiming at minimizing or eliminating disadvantages that so far
available culture systems have. Recently, Minuth’s group
developed an innovative Minu3D system through which a
perfusion culture container is introduced . No ECM is
coated in the culture container. Instead, renal stem/progenitor
cells are mounted at the interface of artificial interstitium
made of polyester. Only chemically defined IMDM medium is
applied. Therefore, a totally controllable growth environment
is established. In addition, due to the limited size of embryonic
mouse or rat kidneys, the neonatal rabbits are selected as
study materials since the embryonic cortex contains
significantly more stem cell niches in their original
extracellular environment. Thus, the embryonic tissue layer is
easily accessible for isolation and can be harvested in
sufficient amounts for tissue culture or cell biological
investigation.

ALDOSTERONE-INDUCED TUBULOGENIC
ACTION: A REVOLUTIONARY FINDING

regulates electrolyte and water homeostasis in adult kidney ['*?".

Interestingly, in comparison with its counterpart in adult
renal tissues, two isoforms of MCR with slightly different
molecular weights were identified and they exist only in
embryonic period ['®.

How both of MCR isoforms are involved in tubulogenesis is so
far still speculatively. However, the morphological induction
actions of receptor-mediated steroid hormones during the
embryonic phase in different tissues are increasingly reported.
Recently, Fujioka’s group studied the morphological
development of hippocampal neurons in prenatal rats. MCR is
found to stimulate the process of neurogenesis, whereas
GCR (glucocorticoid receptor) is involved in the suppression
of neuronal differentiation ??. The experiment by another
group demonstrated that both MCR and GCR are able to be
detected in the circulation from the 10" day of embryonic
development®®. They induce and regulate the differentiation
of growth hormone cells in the chicken embryos. Furthermore,
blocking MCR by the antagonist ZK 91587 leads to significant
inhibition of organogenesis in cultured rat embryos ?%. The
pronounced adverse effects on the total length, the somite
number and the embryo vascularization are observed in a ZK
91587 dose-dependent fashion.

SIGNALING PATHWAYS INVOLVED IN
INITIATION AND REGULATION OF
TUBULOGENESIS

Applying this innovative in vitro perfusion culture system,
embryonic renal tissue that is isolated from neonatal rabbit
kidney by microdissection and without enzymatic
disintegration is exposed to the interface of an artificial
interstitium. Over a 14-day culture period the fresh,
chemically defined Iscove’s Modified Dulbecco’s Medium
(IMDM, 1) supplemented with 50 mmol/L HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
HEPES) is constantly perfused (IH). To get new insight into
the process of the development of tubules, multiple growth
factors and hormones described in literatures to promote
tubulogenesis were tested. Surprisingly, none of them
induced recognizable development. During the further
experiments it was discovered that the steroid hormone
aldosterone exerts a clearly tubulogenic action on the
development of renal stem/progenitor cells. The developed
tubules are able to be recognized by immunohistochemical
label with soybean agglutinin (SBA) and epithelial
cell-specific antibodies. The newly generated tubules
exhibited polar differentiation with a continuously developed
basal lamina consisting of a lamina rara interna, lamina
densa, and lamina rara externa. Collagen type Ill was found
to be the linking molecule between the basal lamina and the
surrounding polyester fibers ¥ "¢l The effect of aldosterone
is shown to be specific since the antagonists of aldosterone
such as spirolactone and canrenoate abolish the tubular
development but the glucocorticoid hormone
dexamethasone does not demonstrate any comparable
tubulogenic action ®®. The subsequent results indicated that the
mineralocorticoid receptor (MCR) is involved in the
developmental process ['""®. MCR belongs to a member of
steroid receptor family and the Aldosterone-MCR complex

366

A central question is how to understand that aldosterone can
induce the tubulogenesis. It was noticed that aldosterone
exerts its pleiotropic actions by influencing expression of a
broad pool of genes or by a non-genomic way. In fact,
aldosterone-mediated signaling is quite complex with much
convergence and divergence onto key signaling factors that
program the intended cellular response. Furthermore, during
the tubulogenesis of a growing mammalian embryo the
mesenchymal-to-epithelial transition and the tubular
organization are driven by a series of regulatory factors that
act in a cooperative fashion to stimulate or suppress tubule
formation. Among the growing list of such molecules are the
members of growth factors, transcription factors, kinases
and regulatory proteins (Table 1). It appears that the
balance between stimulating growth factors such as
hepatocyte growth factor (HGF), epidermal growth factor
(EGF), EGF receptor ligands (EGFR) and negative
regulators such as transforming growth factor-g (TGF-B)
contributes to control the exact tubule development.
Impressively, intracellular signaling pathways mediated by
phosphoinositide 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) are required not only for
tubulogenesis in embryos but also for aldosterone-induced
electrolyte transport in adult kidneys.

In addition, the abnormal modulation of PI3K, MAPK
pathways leads to the disease-related tissue remodelling.
Thus, it is reasonable to assume that aldosterone may trigger
some common signal transduction pathways that are
responsible for cellular growth, differentiation and tubule
formation (Figure 1). In the different developmental phases, it
seems that the different isoforms of MCR bind aldosterone to
form a functionally distinct complex.
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Table 1 The components so far reported involved in the signaling

pathways of tubulogenesis

Functions during References

Signaling components tubular formation

Growth factors and their receptors

Hepatocyte growth factor (HGF) + [25-26]
Epidermal growth factor (EGF) + [27]
EGF receptor ligands (EGFR) i [27-28]
Transforming growth factor-a (TGF-a) & [28]
Glial-derived neurotrophic factor (GDNF) + [29]
Bone morphogenetic protein 7 (BMP7) + [30]
Insulin-like growth factor (IGF) + [31]

Transforming growth factor-g (TGF-B) - [32]

Bone morphogenetic protein 2 (BMP2) - [30]
Transcription factors
Wnt family + [33]
Lim1 + [34-35]
Pax2/8 < [36]
Odd1 + [37]
Protein Kinases
P13k & [38-39]
MAPK + [39-40]
Extracellular signal-related kinase (ERK) + [40]
Ras + [38]
EphA - [41]
Regulatory proteins
integrins + [42]
E-cadherin and ZO-1 + [43]
B-catenin + [44]
Matrix metalloproteinase (MMP) family + [45-46]
Collagen 1, III + [16, 47-48]
Fibronectin + [47]
Collagen IV - [47
Vitronectin - [47]

+: positive stimulators; —: negative regulators

Common signaling pathways

B el 00 T ~=+ tubulogenesis
L e

Embryonic kidney

.=+EnaC Na+/K+ ATPase
Electrolyte transport

Adult kidney

Figure 1 MCR-aldosterone complex activates some of common
signaling transduction pathways such as TI3K and
MAPK. The consequences of these signaling cascades
may be either triggering tubulogenesis in embryonic
kideneys or stimulating electrolyte transport in adult
kidneys by up-regulation of expression of epithelial so-
dium channel and Na*/K* ATPase

Recently, Kellner et al. applied DNA microarray to analyse
mRNA expression profile of human renal epithelial cells in
response to aldosterone “%. Among altered expression of all
1 430 genes following aldosterone treatment, significant
up-regulation of sgk, p21/waf1, gadd45 and gadd153 was
found within 1 hour while long-term treatment (> 4 hours) with
aldosterone induced the mRNA de novo expression of
transcription factors ppara and pura. Moreover, transcription
factor gadd153 is reported to be involved in cell growth and
differentiation and can be phosphorylated by MAPK pathway,
leading to expression of a series of cytoskeletal structural
proteins 7.

However, although some data have been provided in the past,
numerous investigations remain to be performed so that we
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understand the implication of differential expression of these
genes and begin to construct an elaborate signaling network
involved in the initiation and regulation of the tubulogenesis.

DISCUSSION AND PROSPECTIVES

Then, how to explain that none of the growth factors, that have
been already reported to promote tubulogenesis by applying
other culture systems, is able to induce tubular formation in our
Minu3D model? Recently, aldosterone synthase knockout mice
were produced by Gomez et al. Despite abnormal electrolyte
homeostasis and decreased blood pressure these mice have
grossly normal kidney development and are still viable ®". In
fact, in many of the single growth factor knockout mice a
defective kidney phenotype fails to demonstrate 525, It is yet
unknown whether all these regulatory factors are
simultaneously indispensable to trigger tubulogenesis in vivo. It
is most likely that different growth factors are needed in different
developmental periods. We noticed differential expression
profile of such factors. For example, transforming growth
factor-a (TGF-a) is expressed in the embryonic kidney whereas
EGEF is expressed in the kidney mainly after birth. In addition,
most of growth factors express in redundancy in developing
tissues. Thus, compensatory pathways may exist in vivo in the
case that a single factor lacks.

In our experiments, aldosterone-induced tubules can be seen
only after the 5™ culture day ®. The applied embryonic explants
are a mixture of different cell populations. During such a long
culture period, it does not yet exclude the possibility whether
other endogenous factors, which may be already
over-expressed in neonatal kidneys, play a potential role to
facilitate tubulogenesis as well in concert with aldosterone.
Currently, by administration of aldosterone combined with
different growth factors, we are searching for the possible
candidates that are likely to improve or accelerate the action of
aldosterone.

Finally, the innovative Minu3D model allows us under absolutely
controllable culture conditions to investigate the progression of
tubulogenesis in different developmental phases. To understand
the specific subcellular process, numerous cell biological and
molecular biological approaches such as immunohistochemistry,
real-time PCR, 2D western blotting and proteomics are being
employed for analysis. Among them, antibody microarray may
provide a promising tool to find out key signaling
molecules/regulatory proteins for insights into the underlying
mechanisms of tubulogenesis.
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