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Abstract
In light of recent developments in the fields of genetics,

molecular, cell and developmental biology, the kidney is

receiving increasing attention as a model system for

organ development and human diseases. Gene disrup-

tion experiments have provided evidence for the essen-

tial role of a number of proteins in the earliest phase of

nephron development, but very little is known about the

identity of such proteins in more advanced stages. This

minireview will focus on the proximal tubule and its role

in the pathology of ischemic acute renal failure and poly-

cystic kidney disease. Like all other nephron segments,

the proximal tubule develops from the metanephrogenic

mesenchyme. So far the only genetic model which

affects the function of the proximal tubule is a strain of

knockout mice with an inactivation of the HNF1 gene.

After ischemic renal damage the proximal tubule re-

sponds with a different genetic program than the distal

tubule. Evidence from human polycystic kidney disease

and several animal models of polycystic kidney disease

suggests that proximal tubules are affected differently by

polycystic kidney disease than distal tubules and collect-

ing ducts.

The kidney is of the utmost importance for maintain-
ing homeostasis. It handles a filtrate of about 200 liters
per day, approximately two thirds of which is reabsorbed
isoosmotically in the proximal tubule. The proximal tu-
bule is also the major site for the reabsorption of glucose,
amino acids and peptides. In order to fulfil its task, the
proximal tubule is equipped with a specific set of proteins
(transporters, channels, enzymes). The first section of this
minireview will discuss how the proximal tubule differen-
tiates in order to fulfil its tasks, whereas the following two
sections will describe the specific response of the proximal
tubule to pathogenic stimuli.

What ‘Regulator’ Genes Orchestrate the
Differentiation of the Proximal Tubule?

The epithelial structures of the kidney originate from
two distinct compartments, which develop in a mutually
interactive fashion. The metanephrogenic mesenchyme
gives rise to the nephrons, whereas the invading ureteric
bud differentiates into the collecting ducts. Results from
gene disruption experiments and the analysis of genetic
diseases suggest that there are at least three stages of renal
development, an ‘inductive’ phase, a ‘morphogenetic’
phase and a ‘maturation’ phase. It is clear that transcrip-
tion factors play essential roles in each of these phases.
During the inductive phase the ureteric bud invades the



Inductive phase
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Table 1. Genes necessary for the proper development of the kidney

Developmental phase Regulator genes

WT1, Pax2, Emx2
Morphogenetic phase ?
Maturation phase HNF1

Renal development proceeds in at least three phases which
depend on regulator genes. In this review, genes are called regulators,
when they encode transcription factors which are necessary (but
maybe not sufficient) for a given phase. There may very well be more
checkpoints or phases than the ones suggested above, but evidence
from human genetic disorders and gene targeting studies in animals
argues for at least those three phases. References are given in the
text.

metanephrogenic mesenchyme and induces the meta-
nephrogenic mesenchyme to start characteristic morpho-
logical changes. The inactivation of genes necessary for
the inductive phase leads to renal agenesis; examples are
the knockout mice with disruption of the genes cod-
ing for the transcription factors WT1 [1], Pax2 [2] and
Emx2 [3].

Once the metanephrogenic mesenchyme is induced, it
epithelializes and is structured into the glomerulus, the
proximal tubule, the descending and ascending thin limb
and the distal tubule. For simplistic reasons, this phase
shall be called the morphogenetic phase, but it may very
well be that there are additional checkpoints at which the
development of the nephron can stop. We do not know
what genes control this phase and whether there are ‘regu-
lator’ genes for each nephron segment (in the context of
this review, a gene is called a regulator when it codes for a
transcription factor which is indispensable for the devel-
opment of a certain structure, although it may not be suf-
ficient – at the inductive phase, WT1, Pax2 and Emx2 are
all regulators). There are, however, examples of rare
genetic diseases which suggest that such regulators exist
for specific nephron segments. The rare human inherit-
able disorder renal tubular dysgenesis, which is character-
ized by the total absence of recognizable proximal tubules
[4 and references therein], may be due to a mutation in
such a regulator.

The last phase of nephron development is character-
ized by the acquisition of sets of proteins specific for each
nephron segment, the maturation phase. Whether the
maturation phase can be separated timewise from the
morphogenetic phase must remain a matter of debate at
present (to what extent is function also mirrored by struc-

ture?). In the case of the proximal tubule, there is at least
one example which supports the assumption that the
proximal tubule develops as a structure but lacks distinct
functional characteristics. In mice, the disruption of the
HNF1 gene leads to a renal Fanconi-like syndrome char-
acterized by polyuria, glucosuria, aminoaciduria and
phosphaturia [5]. The brush border of those mice ap-
peared normal by electron microscopy so that the HNF1
protein, which belongs to the homeodomain protein fami-
ly of transcription factors, probably only regulates target
genes coding for functional and not structural proteins (ta-
ble 1).

What Is So Special about the Proximal Tubule
in Ischemic Acute Renal Failure?

Ischemia as a model for acute renal failure has been
used for several decades [for a recent review, see 6]. Alrea-
dy 20 years ago it could be demonstrated that the S3 seg-
ment of the proximal tubule is particularly sensitive to the
ischemic insult, but nevertheless it possesses the ability to
recover completely [7, 8]. Up to now, however, no satisfy-
ing explanation can be given for the specific response of
the S3 segment. Hypoxia cannot be the only culprit
because the whole kidney is cut off from blood supply.
Results obtained over the last decade suggest that the S3
segment of the proximal tubule and the distal tubule
respond with different genetic programs to ischemic dam-
age (table 2). After ischemia, the proximal tubule ex-
presses increased amounts of secreted proteins such as
clusterin [9] and osteopontin [10, 22], injury molecules
such as the heat shock proteins Hsp25 [11] and Hsp72
[12], the pro-apoptotic protein Bax and the anti-apoptotic
protein Bcl-2 [13], and structural proteins such as the
intermediate filament protein vimentin [9, 14] and KIM-
1, a member of the immunoglobulin superfamily [14]. An
increased expression of calcyclin [15] and RACK1 [16]
probably reflects the important role of intracellular cal-
cium in the regenerative process. The high proliferation
rate in the S3 segment is mirrored by the transient expres-
sion of the protooncoprotein c-Fos and by the high levels
of PCNA, a DNA polymerase ‰-associated protein [9].
The distal tubule (and in some cases also the collecting
duct), however, expresses the JE antigen, a member of the
cytokine superfamily [17], the transcription factors Egr-1
[18], ATF3 [19], c-Fos [9, 20] and c-Jun [19, 20], the cell
cycle inhibitor p21WAF1/CIP1/SDI1 [21] and also calcyclin
[15] and the secreted proteins clusterin [9] and osteopon-
tin [10, 22]. The JE antigen, Egr-1, ATF3, c-Fos and c-Jun
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Table 2. Proteins and/or mRNAs with increased expression levels
after acute ischemic damage to the kidney

mRNA/protein Proximal tubule Distal tubule

+
Hsp72 +
Bax +
Bcl-2 +
Vimentin +
KIM-1 +
PCNA +
RACK1 +
Clusterin + +
Osteopontin + +
Calcyclin + +
c-Fos + +
JE antigen +
Egr-1 +
ATF3 +
c-Jun +
p21WAF1/CIP1/SDI1 +

The different nephron segments (and the collecting duct) display
distinct but also overlapping responses to an acute ischemic insult
(the emphasis in this review lies on the upregulation of genes,
although there are also examples where genes are shut off). Looking
at the data, it is clear that a Northern or Western blot from whole
kidney extracts will provide only limited information because of the
complex response patterns (mRNAs and proteins, which are ex-
pressed both in the proximal and distal tubule, may also follow dif-
ferent time courses of expression in the respective nephron seg-
ments). The various expression patterns may depend to some extent
on the experimental designs. References are given in the text.

are encoded by immediate-early genes, a family of genes
activated after exposure to very diverse stimuli such as
mitogens and stress, suggesting that not only the proximal
tubule, but also the distal tubule and the collecting duct
are injured, although it is puzzling that those proteins are
not strongly expressed in the proximal tubule, where the
injury is even more severe than in the distal tubule. Since
the injury in the distal tubule is obviously not serious
enough to cause marked cell death, the cells do not have to
enter the cell cycle, an effect possibly mediated by
p21WAF1/CIP1/SDI1. But why is the injury so much more
serious in the proximal tubule to cause pronounced cell
death? One of the challenges in the future will be to local-
ize the plethora of molecules implicated in cell injury in
the kidney (e.g. stress-activated protein kinases, NF-ÎB)
and correlate their expression pattern with functional
data. Once we are equipped with this knowledge, we can

Table 3. Differential origin of renal cysts in human and animal mod-
els of polycystic kidney disease

Model Proximal tubule Collecting duct

+
cpk/cpk mouse +1 +2

bpk/bpk mouse +1 +2

orpk/orpk mouse +1 +2

Pkd1 knockout mouse +1 +2

Bcl-2 knockout mouse + +
Human ADPKD + +
pcy/pcy mouse +2 +1

Pkd2 knockout mouse +
chi/chi rat +

The table lists the origin of cysts in human and various animal
models of polycystic kidney disease as far as it has been determined.
In some models, cysts can develop in a consecutive fashion in two
different locations, so that a ‘+1’ indicates the primary location of
cysts, whereas a ‘+2’ indicates the subsequent location of cysts. It
should not be concluded from this table, however, that under no cir-
cumstances do cysts originate from other locations than the one(s)
listed, but such alternative origins are rarer or cyst formation from
those origins is less prominent. References are given in the text.

try in a more targeted fashion to develop better therapeu-
tic strategies for a clinical syndrome whose prognosis has
not changed markedly over the last 40 years.

Are There ‘Proximal’ and ‘Distal’ Pathways to
Polycystic Kidney Disease?

Autosomal dominant polycystic kidney disease affects
in the order of 500,000 patients in the USA; it is one of the
most common genetic diseases. Our understanding of the
pathogenesis of this disease has been substantially fur-
thered by several animal models of both autosomal domi-
nant (ADPKD) and autosomal recessive polycystic kid-
ney disease (ARPKD). The analysis of these animal mod-
els suggests that the different nephron segments and the
collecting duct display a different degree of susceptibility
to cyst formation (table 3). The cpk/cpk mouse was one of
the first mouse models of polycystic kidney disease de-
scribed; it displays an autosomal recessive pattern of
inheritance. In the cpk/cpk mouse cyst formation begins
in the proximal tubule and only later does cystic develop-
ment also affect the collecting duct [23, 24]. This is very
similar to the situation in the Pkd1 knockout mouse [25]
and in two other mouse models of ARPKD, the bpk/bpk
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mouse [26] and orpk/orpk mouse (originally called
TgN737Rpw) [27]. The analysis of cyst formation in the
Han:SPRD cy/+ rat model of ADPKD has also clearly
shown that cysts originate predominantly in the proximal
tubule [28–30]. In contrast, in the Pkd2 knockout mouse
[31], in the pcy/pcy mouse model [32] and in the chi/chi
rat model [33] of ARPKD the cysts appear to start mainly
in the collecting ducts and in the distal tubules. It has to be
mentioned, however, that in some of those studies only
light and electron microscopy was used to determine the
origin of the cysts – in later stages of cyst development, the
cyst wall cells tend to lose their differentiation characteris-
tics (e.g. loss of the brush border in the proximal tubule),
and therefore it may be difficult to discriminate between
different nephron segments and the collecting duct. Fur-
thermore, at later time points cysts also cease to express
markers specific for those nephron segments they origi-
nate from [30], therefore the absence of a marker cannot
be taken as proof against a certain origin. The situation in
some of the animal models mimics human polycystic kid-
ney disease in as far as the renal cysts from ADPKD
patients probably originate mainly in the proximal tubule
and in the collecting duct [34, 35].

Looking at the evidence reviewed above, one has to
wonder what makes the proximal tubule and/or the col-
lecting duct so much more susceptible to cyst formation.
One clue might come again from the study of knockout
mice. The inactivation of the gene coding for tensin, a
protein located in focal adhesions, leads to the develop-
ment of cysts primarily in the proximal tubule, which is in
line with the strong expression of tensin in the proximal
tubules [36]. It may therefore be that the mutations in the
various animal models and in the PKD1 and PKD2 genes
affect structures (e.g. cell-cell contacts, cell-matrix con-
tacts) which are less dispensable for the regular function

of the proximal tubule and/or the collecting duct than for
the regular function of other nephron segments. Muta-
tions in such proteins would not affect the differentiation
program of the proximal tubule and the collecting duct
per se but could be interpreted as failing to provide a ‘stop
signal’ so that the prospective cyst wall cells would contin-
ue to proliferate and form ‘more lumen’. It is only at later
time points that the cyst-lining cells dedifferentiate. The
normal appearance of differentation markers in many
studies, the high proliferation rate of cyst wall cells, and
transgenic animal models with an increase in cellular pro-
liferation would also argue in favor of such a model.

Concluding Remarks

This minireview has tried to provide some new insight
and provoking thoughts into our concepts of how to look
at certain aspects of the kidney. Spontaneous and recom-
binant animal models for human diseases together with
the molecular analysis of those diseases have already pro-
vided a lot of insight into pathogenic mechanisms. If the
past years are a sign of what is yet to come, then the kid-
ney will continue to develop into one of the model organs
for many lines of research.
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